
Supplemental information to: 

Uncoupling proteins 1 and 2 (UCP1 and UCP2) from Arabidopsis thaliana are mitochondrial 
transporters of aspartate, glutamate and dicarboxylates 

  
Magnus Monné≠¶, Lucia Daddabbo≠, David Gagneul#1, Toshihiro Obata¡, Björn Hielscher#, Luigi 
Palmieri≠«, Daniela Valeria Miniero≠, Alisdair R. Fernie¡, Andreas P.M. Weber# and Ferdinando 

Palmieri≠«2 

≠From the Department of Biosciences, Biotechnologies and Biopharmaceutics, Laboratory of 
Biochemistry and Molecular Biology, University of Bari, via Orabona 4, 70125 Bari, Italy 

¶Department of Sciences, University of Basilicata, Via Ateneo Lucano10, 85100 Potenza, Italy 
#Heinrich-Heine-Universität, Cluster of Excellence on Plant Science (CEPLAS), Institute of Plant 

Biochemistry, Universitätsstrasse 1, 40225 Düsseldorf, Germany 
¡Department Willmitzer, Max-Planck-Institut fur Molekulare Pflanzenphysiologie, Am Muhlenberg 1, 

14476 Potsdam-Golm, Germany 
«Center of Excellence in Comparative Genomics, University of Bari, via Orabona 4, 70125 Bari, Italy 

 
Running title: Transport properties of AtUCP1 and AtUCP2 

 

Supplemental Tables S1-S4 

Supplemental Figures S1-S6 

 



Supplemental Table S1. Levels of metabolite in AtUCP transgenic plants at the absence of salt. 
Metabolite with sucrose  without sucrose 
 WT ucp1 ucp2 dKO  WT ucp1 ucp2 dKO 
phenylalanine 1.0±0.2 0.8±0.1 0.7±0.2 0.8±0.1  1.0±0.1 0.8±0.1 1.6±0.5 1.3±0.1 
tryptophan 1.0±0.1 0.7±0.2 1.1±0.1 1.0±0.1  1.0±0.1 0.9±0.1 0.8±0.2 1.1±0.1 
asparagine 1.0±0.3 0.9±0.3 0.8±0.5 0.8±0.2  1.0±0.3 0.8±0.2 2.0±0.3 1.6±0.8 
lysine 1.0±0.2 0.8±0.1 0.8±0.2 0.9±0.1  1.0±0.1 1.3±0.2 1.6±0.4 2.0±0.1 
serine 1.0±0.1 0.9±0.1 0.9±0.1 0.7±0.2  1.0±0.1 1.2±0.1 1.4±0.1 1.3±0.1 
threonine 1.0±0.1 1.0±0.1 1.1±0.1 1.0±0.1  1.0±0.1 1.0±0.1 1.1±0.1 1.1±0.1 
isoleucine 1.0±0.1 1.1±0.2 1.0±0.1 0.9±0.1  1.0±0.1 1.0±0.1 1.1±0.2 1.2±0.1 
methionine 1.0±0.1 0.9±0.1 1.0±0.1 1.0±0.1  1.0±0.1 1.4±0.2 1.2±0.4 1.6±0.2 
leucine 1.0±0.1 1.0±0.1 1.0±0.1 0.9±0.2  1.0±0.1 1.1±0.1 1.3±0.3 1.3±0.1 
alanine 1.0±0.4 1.2±0.6 1.5±0.3 1.3±0.2  1.0±0.4 1.3±0.5 0.8±0.2 1.5±0.2 
beta.alanine 1.0±0.2 0.9±0.1 1.2±0.1 1.0±0.1  1.0±0.1 1.4±0.2 0.8±0.3 1.4±0.1 
ornithine 1.0±0.1 1.0±0.3 0.8±0.3 0.9±0.3  1.0±0.1 1.9±0.2 2.3±0.3 3.1±0.3 
proline 1.0±0.3 1.1±0.3 1.4±0.4 0.8±0.1  1.0±0.1 1.2±0.2 1.0±0.1 1.5±0.3 
valine 1.0±0.1 1.0±0.1 1.0±0.1 0.9±0.1  1.0±0.1 1.2±0.1 1.1±0.1 1.2±0.1 
glycine 1.0±0.2 1.0±0.2 0.7±0.1 0.6±0.4  1.0±0.1 1.1±0.2 1.8±0.4 1.6±0.1 
glutamine 1.0±0.2 1.3±0.1 0.9±0.1 1.4±0.9  1.0±0.2 1.3±0.2 1.8±0.5 1.8±0.7 
aspartate 1.0±0.1 1.1±0.2 1.3±0.3 0.9±0.1  1.0±0.1 1.1±0.1 0.8±0.1 1.0±0.1 
glutamate 1.0±0.2 1.0±0.2 1.2±0.1 1.2±0.2  1.0±0.1 0.9±0.1 1.0±0.1 1.1±0.3 
arginine 1.0±0.2 0.7±0.1 0.5±0.2 0.7±0.2  1.0±0.2 1.4±0.1 2.6±0.4 2.7±0.1 
glucose 1.0±0.2 1.0±0.2 0.9±0.2 0.8±0.1  1.0±0.1 0.8±0.1 0.7±0.2 0.5±0.1 
sucrose 1.0±0.1 1.0±0.1 1.0±0.1 1.0±0.1  1.0±0.2 0.9±0.1 0.4±0.1 0.9±0.1 
maltose 1.0±0.1 0.9±0.2 0.7±0.1 1.0±0.2  1.0±0.1 1.0±0.2 0.7±0.1 0.9±0.1 
raffinose 1.0±0.2 0.8±0.1 1.3±0.2 1.3±0.5  1.0±0.1 0.7±0.2 0.2±0.1 0.6±0.1 
glycerol 1.0±0.2 1.0±0.2 0.9±0.1 0.9±0.2  1.0±0.1 0.9±0.1 1.0±0.3 0.7±0.1 
erythritol 1.0±0.1 0.9±0.1 1.2±0.1 1.2±0.1  1.0±0.1 1.3±0.2 0.9±0.3 1.2±0.1 
myo.inositol 1.0±0.2 1.0±0.1 1.3±0.2 1.1±0.3  1.0±0.1 0.9±0.1 0.5±0.1 0.7±0.1 
malate 1.0±0.2 0.9±0.1 1.0±0.1 0.9±0.1  1.0±0.1 0.7±0.1 0.7±0.1 0.7±0.1 
fumarate 1.0±0.2 1.0±0.3 0.8±0.1 0.8±0.2  1.0±0.1 0.7±0.1 0.4±0.1 0.5±0.1 
citrate 1.0±0.2 0.7±0.1 1.1±0.2 0.9±0.1  1.0±0.1 0.4±0.1 0.4±0.1 0.4±0.1 
pyruvate 1.0±0.1 0.9±0.1 1.5±0.2 1.0±0.4  1.0±0.2 1.1±0.1 0.7±0.3 1.0±0.1 
glycerate 1.0±0.1 1.0±0.1 1.3±0.2 0.9±0.2  1.0±0.1 0.7±0.1 0.6±0.1 0.5±0.1 
succinate 1.0±0.4 0.8±0.2 0.8±0.2 0.6±0.1  1.0±0.1 0.8±0.2 0.7±0.1 0.7±0.1 
phosphate 1.0±0.7 1.9±0.6 0.7±0.3 1.4±0.8  1.0±0.1 3.3±0.6 2.9±1.7 5.2±1.1 
threonate 1.0±0.4 0.8±0.2 1.0±0.1 1.0±0.4  1.0±0.2 0.8±0.2 0.4±0.1 0.7±0.2 
dehydroascorbate 1.0±0.2 1.0±0.1 1.4±0.4 1.2±0.2  1.0±0.2 1.8±0.4 0.9±0.1 2.6±1.7 
GABA 1.0±0.3 0.8±0.2 0.7±0.2 0.8±0.4  1.0±0.1 0.6±0.1 1.3±0.2 1.3±0.1 
putrescine 1.0±0.3 0.6±0.1 0.8±0.4 1.0±0.2  1.0±0.1 1.2±0.1 1.7±0.2 1.8±0.1 
AMP 1.0±0.3 1.3±0.4 1.4±0.6 1.1±0.4  1.0±0.1 1.2±0.2 1.3±0.2 0.8±0.1 
benzoate 1.0±0.2 0.7±0.1 0.7±0.1 0.7±0.1  1.0±0.1 0.9±0.1 1.0±0.2 0.8±0.1 
sulfate - 3.5±1.3 - -  - - - 2.3±0.9 
nicotinate 1.0±0.1 0.5±0.1 0.7±0.1 0.7±0.1  1.0±0.1 0.7±0.1 0.8±0.3 1.3±0.1 
2-oxoglutarate 1.0±0.1 0.9±0.1 0.6±0.2 1.0±0.8  1.0±0.2 0.6±0.1 1.1±0.1 0.9±0.1 
fructose 1.0±0.2 0.8±0.1 0.9±0.1 0.7±0.1  1.0±0.1 0.7±0.1 0.8±0.2 0.6±0.1 
shikimate 1.0±0.2 0.6±0.1 0.8±0.1 0.7±0.1  1.0±0.1 1.1±0.1 0.8±0.1 0.9±0.1 
trehalose 1.0±0.2 0.8±0.3 1.3±0.4 0.9±0.1  1.0±0.1 1.1±0.2 - 0.6±0.1 
galactinol 1.0±0.2 0.7±0.1 1.5±0.4 1.6±0.8  1.0±0.1 0.6±0.1 - - 
Values are mean ± SEM (n=3) peak intensities normalized by the mean of those in wild-type (WT) 
samples in the corresponding sucrose condition at the absence of NaCl. The values in bold are 
statistically significantly different from those in wild-type plants in each growth condition by ANOVA 
analysis (p<0.05). Abbreviation: double knockout (dKO).  
  
	



	

Supplemental Table S2. Levels of metabolite in AtUCP transgenic plants at 50 mM NaCl. 
Metabolite with sucrose  without sucrose 
 WT ucp1 ucp2 dKO  WT ucp1 ucp2 dKO 
phenylalanine 0.8±0.2 0.6±0.1 0.7±0.1 0.4±0.1  0.9±0.2 0.7±0.1 0.7±0.1 0.7±0.2 
tryptophan 0.8±0.1 0.7±0.1 0.8±0.1 0.5±0.1  0.7±0.1 0.7±0.1 0.7±0.1 0.6±0.1 
asparagine 0.5±0.1 0.4±0.1 0.5±0.1 0.6±0.1  0.5±0.1 0.5±0.1 0.5±0.1 0.6±0.1 
lysine 1.0±0.2 0.7±0.1 0.9±0.1 0.9±0.1  1.2±0.1 1.2±0.1 1.2±0.1 1.6±0.2 
serine 1.4±0.2 1.1±0.3 1.2±0.1 1.0±0.1  1.1±0.1 1.1±0.1 1.1±0.1 1.2±0.1 
threonine 1.2±0.1 1.3±0.1 1.1±0.1 1.1±0.1  1.2±0.1 1.1±0.1 1.1±0.1 1.0±0.1 
isoleucine 1.5±0.3 1.0±0.1 1.5±0.1 0.9±0.1  1.3±0.1 1.2±0.1 1.2±0.1 1.1±0.1 
methionine 1.0±0.1 0.9±0.1 0.9±0.1 0.8±0.1  1.0±0.1 1.0±0.1 1.0±0.1 1.0±0.1 
leucine 1.5±0.3 1.0±0.2 1.4±0.2 0.8±0.1  1.3±0.1 1.2±0.2 1.2±0.1 1.1±0.1 
alanine 1.2±0.4 1.3±0.5 1.0±0.3 1.2±0.7  1.2±0.4 1.4±0.5 1.5±0.6 1.2±0.4 
beta.alanine 1.4±0.1 1.1±0.1 1.1±0.1 1.2±0.1  1.5±0.4 1.8±0.3 1.6±0.4 1.6±0.2 
ornithine 1.0±0.1 0.6±0.1 1.0±0.2 1.0±0.2  1.0±0.2 1.3±0.5 0.9±0.3 2.3±0.7 
proline 2.7±0.2 2.8±0.7 2.4±0.3 2.3±0.3  6.1±1.0 4.5±0.4 5.2±0.8 3.4±0.6 
valine 1.3±0.1 1.1±0.1 1.1±0.1 1.0±0.1  1.1±0.1 1.2±0.1 1.2±0.1 1.1±0.1 
glycine 0.3±0.1 0.2±0.1 0.3±0.1 0.2±0.1  0.3±0.1 0.2±0.1 0.3±0.1 0.2±0.1 
glutamine 1.5±0.3 1.6±0.3 1.4±0.4 1.2±0.3  1.1±0.1 1.3±0.1 1.3±0.2 1.2±0.3 
aspartate 1.2±0.1 1.2±0.1 0.9±0.1 0.8±0.1  1.2±0.2 1.1±0.1 1.3±0.2 0.9±0.1 
glutamate 1.1±0.1 1.2±0.1 1.0±0.1 1.0±0.2  1.0±0.2 0.9±0.1 1.0±0.2 0.8±0.1 
arginine 0.7±0.1 0.4±0.1 0.7±0.1 0.7±0.1  0.6±0.1 0.8±0.2 0.7±0.2 1.1±0.1 
glucose 0.8±0.2 0.6±0.1 0.8±0.1 1.2±0.4  0.8±0.2 0.6±0.1 1.5±1.0 0.9±0.5 
sucrose 0.8±0.2 0.9±0.1 0.8±0.1 0.8±0.1  0.9±0.4 0.8±0.1 0.7±0.3 0.6±0.3 
maltose 0.7±0.1 0.7±0.1 0.8±0.1 1.2±0.1  0.7±0.1 0.9±0.2 0.7±0.1 1.0±0.1 
raffinose 1.2±0.3 0.9±0.4 0.9±0.1 0.9±0.3  2.2±0.9 1.5±0.2 1.3±0.3 1.0±0.1 
glycerol 1.9±0.8 0.9±0.1 1.0±0.1 1.0±0.1  1.5±0.5 1.3±0.2 2.3±1.3 2.0±1.1 
erythritol 1.6±0.1 1.7±0.1 1.5±0.1 1.4±0.1  1.6±0.1 1.7±0.1 1.7±0.1 1.4±0.1 
myo.inositol 1.1±0.1 1.3±0.1 0.9±0.1 1.0±0.1  1.6±0.4 1.4±0.1 1.5±0.2 1.0±0.1 
malate 0.6±0.1 0.4±0.1 0.4±0.1 0.2±0.1  0.6±0.1 0.4±0.1 0.4±0.1 0.3±0.1 
fumarate 0.5±0.1 0.6±0.1 0.4±0.1 0.2±0.1  0.5±0.1 0.4±0.1 0.4±0.1 0.2±0.1 
citrate 1.1±0.2 0.7±0.1 0.7±0.1 1.0±0.3  0.9±0.3 0.7±0.1 1.0±0.4 0.7±0.1 
pyruvate 1.4±0.2 0.8±0.1 1.0±0.2 -  0.9±0.1 0.8±0.1 0.8±0.1 0.6±0.1 
glycerate 0.8±0.1 0.5±0.1 0.4±0.1 0.4±0.1  1.2±0.1 0.9±0.1 1.1±0.2 0.8±0.1 
succinate 0.4±0.1 - 0.4±0.1 -  0.3±0.1 - 0.3±0.1 0.3±0.1 
phosphate 7.5±5.1 9.7±2.9 3.5±1.3 8.5±0.7  6.4±1.9 9.3±1.1 8.0±0.5 8.5±0.7 
threonate 0.7±0.2 0.9±0.1 0.6±0.1 0.6±0.1  1.0±0.4 0.8±0.1 1.0±0.3 0.7±0.2 
dehydroascorbate 0.7±0.1 1.1±0.2 0.7±0.1 0.5±0.1  0.7±0.1 0.7±0.1 0.7±0.1 0.5±0.1 
GABA 0.4±0.1 0.2±0.1 0.3±0.1 0.2±0.1  0.4±0.1 0.4±0.1 0.5±0.2 0.4±0.1 
putrescine 0.3±0.1 0.3±0.1 0.4±0.1 0.3±0.1  0.3±0.1 0.4±0.1 0.3±0.1 0.4±0.1 
AMP 3.6±1.2 3.6±0.4 2.6±0.9 3.0±0.7  2.2±0.4 2.2±0.7 3.5±1.9 2.2±1.2 
benzoate 0.7±0.1 0.7±0.1 0.7±0.1 0.8±0.1  0.9±0.1 1.0±0.1 0.9±0.1 1.0±0.1 
sulfate 10±2 12±2 11±1 13±3  46±14 45±16 40±16 49±17 
nicotinate 0.6±0.1 0.4±0.1 0.5±0.1 0.5±0.1  1.0±0.1 0.9±0.2 0.8±0.2 1.0±0.3 
2-oxoglutarate 0.5±0.1 0.3±0.2 0.5±0.1 0.2±0.1  0.4±0.1 0.3±0.1 0.3±0.1 0.3±0.1 
fructose 0.6±0.1 0.6±0.1 0.6±0.1 1.1±0.3  1.0±0.2 0.7±0.1 1.1±0.4 0.8±0.3 
shikimate 0.6±0.1 0.6±0.1 0.6±0.1 0.8±0.1  0.8±0.2 0.8±0.1 0.8±0.1 0.6±0.1 
trehalose 0.8±0.1 0.9±0.1 0.5±0.1 0.6±0.1  1.1±0.3 1.0±0.1 1.1±0.2 0.5±0.2 
galactinol 0.8±0.3 0.5±0.1 0.5±0.1 0.4±0.1  1.7±0.9 1.0±0.1 1.1±0.4 0.7±0.1 
Values are mean ± SEM (n=3) peak intensities normalized by the mean of those in wild-type (WT) samples 
in the corresponding sucrose condition at the absence of NaCl. The values in bold are statistically 
significantly different from those in wild-type plants in each growth condition by ANOVA analysis (p<0.05). 
Abbreviation: double knockout (dKO).  
	



	

Supplemental Table S3. Levels of metabolite in AtUCP transgenic plants at 75 mM NaCl. 
Metabolite with sucrose  without sucrose 
 WT ucp1 ucp2 dKO  WT ucp1 ucp2 dKO 
phenylalanine 0.9±0.2 0.6±0.2 0.5±0.1 0.4±0.1  1.2±0.3 0.6±0.1 0.8±0.1 0.6±0.1 
tryptophan 0.8±0.1 0.7±0.1 0.7±0.1 0.6±0.1  0.7±0.1 0.6±0.1 0.6±0.1 0.6±0.1 
asparagine 0.4±0.1 0.4±0.1 0.4±0.1 0.4±0.1  0.5±0.1 0.5±0.2 0.5±0.1 0.4±0.1 
lysine 1.1±0.2 0.9±0.1 1.1±0.1 1.1±0.1  1.5±0.1 1.4±0.2 1.3±0.2 1.4±0.1 
serine 1.4±0.2 1.1±0.2 1.3±0.1 1.1±0.1  1.4±0.1 1.0±0.2 1.3±0.2 1.0±0.1 
threonine 1.7±0.1 1.8±0.1 1.4±0.1 1.3±0.1  1.6±0.1 1.3±0.2 1.5±0.2 1.4±0.2 
isoleucine 1.6±0.4 1.3±0.3 1.3±0.2 1.0±0.1  1.7±0.2 1.0±0.1 1.3±0.1 1.2±0.1 
methionine 1.2±0.1 1.2±0.1 1.1±0.1 1.0±0.1  1.2±0.1 1.1±0.1 1.2±0.1 1.1±0.1 
leucine 1.8±0.4 1.2±0.4 1.2±0.1 0.9±0.1  1.8±0.2 1.0±0.1 1.4±0.1 1.1±0.1 
alanine 1.3±0.5 1.5±0.5 1.4±0.5 1.4±0.5  1.4±0.5 1.3±0.5 1.5±0.5 1.5±0.5 
beta.alanine 1.4±0.2 1.5±0.2 1.6±0.2 1.5±0.1  1.9±0.1 1.7±0.3 1.8±0.3 1.8±0.2 
ornithine 0.5±0.2 0.5±0.1 1.1±0.3 1.1±0.3  1.4±0.3 1.8±0.6 1.4±0.5 1.3±0.1 
proline 5.3±1.5 4.3±1.0 3.8±0.7 3.5±0.9  12±2 7.4±0.9 12±2 7±2 
valine 1.4±0.2 1.2±0.1 1.2±0.1 1.1±0.1  1.3±0.1 1.0±0.1 1.3±0.1 1.2±0.1 
glycine 0.2±0.1 0.1±0.1 0.1±0.1 0.1±0.1  0.2±0.1 0.1±0.1 0.2±0.1 0.1±0.1 
glutamine 1.8±0.3 1.8±0.3 2.0±0.6 1.6±0.3  1.3±0.3 1.1±0.2 1.6±0.3 1.2±0.4 
aspartate 1.2±0.1 1.1±0.1 0.9±0.2 0.7±0.1  1.0±0.2 0.7±0.1 1.1±0.1 0.7±0.1 
glutamate 1.2±0.1 1.3±0.1 1.0±0.1 1.0±0.1  1.2±0.1 0.9±0.2 1.1±0.1 0.9±0.1 
arginine 0.4±0.1 0.3±0.1 0.7±0.1 0.7±0.1  0.9±0.1 0.9±0.2 0.8±0.2 0.7±0.1 
glucose 0.6±0.1 0.6±0.1 0.6±0.1 0.7±0.1  1.5±0.3 1.9±0.2 0.6±0.1 0.6±0.1 
sucrose 1.0±0.1 1.0±0.1 0.9±0.1 0.8±0.1  1.0±0.1 0.5±0.2 1.3±0.3 1.3±0.3 
maltose 0.5±0.1 0.5±0.1 0.5±0.1 0.6±0.1  0.6±0.1 1.1±0.3 0.6±0.1 1.0±0.2 
raffinose 1.8±0.7 1.6±0.8 1.1±0.6 1.1±0.6  5.1±3.1 1.8±0.7 3.3±1.6 3.2±0.3 
glycerol 1.6±0.6 1.5±0.5 1.6±0.6 1.3±0.5  1.9±0.6 1.8±0.4 1.6±0.7 1.3±0.3 
erythritol 2.1±0.1 2.1±0.2 2.0±0.2 1.6±0.1  2.0±0.2 1.6±0.2 2.0±0.1 1.9±0.3 
myo.inositol 1.5±0.1 1.5±0.1 1.2±0.2 1.1±0.1  2.1±0.2 1.7±0.5 2.1±0.5 2.0±0.5 
malate 0.6±0.1 0.3±0.1 0.3±0.1 0.2±0.1  0.5±0.1 0.2±0.1 0.4±0.1 0.2±0.1 
fumarate 0.5±0.1 0.4±0.1 0.2±0.1 0.1±0.1  0.5±0.1 0.2±0.1 0.4±0.1 0.2±0.1 
citrate 0.9±0.2 0.7±0.1 0.8±0.3 0.7±0.1  0.6±0.1 0.4±0.1 0.7±0.1 0.5±0.1 
pyruvate 1.1±0.1 0.9±0.1 0.8±0.1 0.9±0.1  1.0±0.1 0.7±0.1 0.9±0.1 0.7±0.1 
glycerate 0.8±0.1 0.7±0.1 0.5±0.1 0.5±0.1  2.1±0.3 1.3±0.2 1.1±0.2 0.7±0.1 
succinate - - - -  - - - - 
phosphate 9.4±1.4 11.0±2.2 13.5±4.1 12.0±2.4  7.8±2.7 9.1±0.5 7.0±1.7 9.5±3.1 
threonate 0.9±0.2 0.7±0.1 0.5±0.1 0.4±0.1  0.8±0.2 0.4±0.1 0.8±0.1 0.6±0.1 
dehydroascorbate 0.7±0.1 0.6±0.1 0.7±0.1 0.5±0.1  0.5±0.1 0.5±0.1 0.7±0.1 0.6±0.1 
GABA 0.2±0.1 0.1±0.1 0.2±0.1 0.2±0.1  0.5±0.2 0.6±0.1 0.3±0.1 0.2±0.1 
putrescine 0.2±0.1 0.2±0.1 0.3±0.1 0.3±0.1  0.3±0.1 0.3±0.1 0.4±0.1 0.4±0.1 
AMP 5.1±1.1 4.8±1.1 4.6±1.2 4.4±1.6  3.1±0.7 3.3±0.5 2.8±1.0 2.2±0.7 
benzoate 0.9±0.2 0.8±0.1 0.8±0.1 0.6±0.1  1.0±0.2 0.8±0.1 1.0±0.1 1.0±0.1 
sulfate 20±4 25±8 21±7 19±5  45±15 30±10 46±23 49±15 
nicotinate 0.5±0.1 0.4±0.1 0.5±0.1 0.5±0.1  0.9±0.2 0.8±0.2 1.0±0.2 0.9±0.1 
2-oxoglutarate 0.2±0.1 0.2±0.1 0.2±0.1 0.1±0.1  0.3±0.1 0.2±0.1 0.2±0.1 0.1±0.1 
fructose 0.5±0.1 0.5±0.1 0.5±0.1 0.6±0.1  1.7±0.1 1.9±0.1 0.8±0.2 0.7±0.2 
shikimate 0.6±0.1 0.6±0.1 0.5±0.1 0.5±0.1  0.9±0.1 0.8±0.1 0.9±0.1 0.8±0.1 
trehalose 1.2±0.1 1.0±0.1 0.7±0.1 0.6±0.1  1.2±0.2 1.0±0.2 1.1±0.3 1.4±0.3 
galactinol 1.0±0.2 0.7±0.2 0.5±0.1 0.4±0.2  2.5±1.0 1.7±0.8 2.0±0.8 1.8±0.3 
Values are mean ± SEM (n=3) peak intensities normalized by the mean of those in wild-type (WT) samples 
in the corresponding sucrose condition at the absence of NaCl. The values in bold are statistically 
significantly different from those in wild-type plants in each growth condition by ANOVA analysis (p<0.05). 
Abbreviation: double knockout (dKO).  
	



 

Supplemental Table S4. Primer sequences used in this study 

Name Sequence (5'-3') 

BH254 cgagtgcgggatcctctagagggccATGGTGGCGGCTGGTAAATC 

BH255 cttgctcacgccgctccctccccgcCCGTTTCTTTTGGACGCATC 

DG5 AAACAACCACCAGTAGAAGCC 

DG6 TCGATCAATCACTGTCACTGG 

DG8 TTCTAGCCACAGATCTGACCG 

DG9 TTTATCATCGAGGGCACTCTG 

DG23 CGAGGATTGTTGGGAACTGT 

DG24 AAAGAGCTCGGACTCCTTCC 

DG25 ATGGTGAGAATTTGCCCAAG 

DG26 GCCGGTAACTTTCCTTCTGA 

SALK- LBa1 TGGTTCACGTAGTGGGCCATCG 

SAIL-Lba TTCATAACCAATCTCGATACAC 

UCP2_BPF ggggacaagtttgtacaaaaaagcaggctccaccATGGCGGATTTCAAACCAAG 

UCP2_BPR-s ggggaccactttgtacaagaaagctgggtcATCGTACAAGACTTCTCTTAGAAACACTT 

 

 

 

 



PUMP1_ARATH          1        MVAAGK..SDLS..LPKTFACSAFAACVGEVCTIPLDTAKVRLQLQKSA.................................LAGD......VTLPKYRG....LLGTVGTIAREEGLRSLWK  
PUMP2_ARATH          1         MADFKPRIEIS..FLETFICSAFAACFAELCTIPLDTAKVRLQLQRKI.................................PTGDG.....ENLPKYRG....SIGTLATIAREEGISGLWK  
UCP2_HUMAN           1        MVGFKATDVPPT..ATVKFLGAGTAACIADLITFPLDTAKVRLQIQGESQ................................GPVRA.....TASAQYRG....VMGTILTMVRTEGPRSLYN  
DIC1_YEAST           1        MSTNAKESAGKN..IKYPWWYGGAAGIFATMVTHPLDLAKVRLQAAPMPKPT....................................................LFRMLESILANEGVVGLYS  
DIC_HUMAN            1        MAAEARVSR.........WYFGGLASCGAACCTHPLDLLKVHLQTQQEVKLR....................................................MTGMALRVVRTDGILALYS  
DIC2_ARATH           1         MG............VKSFVEGGIASVIAGCSTHPLDLIKVRLQLHGEA..............PSTTTVTLLRPALAFP...NSSPAAFLETTSSVPKVG....PISLGINIVKSEGAAALFS  
DIC1_ARATH           1         MG............LKGFAEGGIASIVAGCSTHPLDLIKVRMQLQGES..............APIQTN..LRPALAFQ...TST.....TVNAPPLRVG....VIGVGSRLIREEGMRALFS  
DIC3_ARATH           1         MG............FKPFLEGGIAAIIAGALTHPLDLIKVRMQLQGEHSFSLDQNPNPNLSLDHNLPVKPYRPVFALDSLIGSISLLPLHIHAPSSSTRSVMTPFAVGAHIVKTEGPAALFS  
A0A077DCK6_TOBAC     1        MGDHGKVKSDIS..FAGTFASSAFAACFAEVCTLPLDTAKVRLQLQKKA.................................VEGD......LSLPKYRG....LLGTVGTIAKEEGVASLWK  
Q2QZ12_ORYSJ         1        MP.EHGSKPDIS..FAGRFTASAIAACFAEVCTIPLDTAKVRLQLQKNV.................................AADAA........PKYRG....LLGTAATIAREEGAAALWK  
Q8S4C4_MAIZE         1        MPGDHGSKGDIS..FAGRFTASAIAACFAEICTIPLDTAKVRLQLQKNV.................................VAAAASGDAAPALPKYRG....LLGTAATIAREEGAAALWK  
C6T891_SOYBN         1        MVADSKSNSDLS..FGKIFASSAFSACFAEVCTIPLDTAKVRLQLQKQA.................................VAGDV.....VSLPKYKG....MLGTVGTIAREEGLSALWK  
B9GIV8_POPTR         1         MADLKPSSDIS..FVEIFLCSAFAACFAEFCTIPLDTAKVRLQLQRKT.................................FASEG.....VSLPKYRG....LLGTVATIAREEGLAALWK  
A9PAU0_POPTR         1        MVADSKGKSDIS..FAGTFASSAFAACLAEICTIPLDTAKVRLQLQKSA.................................VAGDG.....LALPKYRG....MLGTVATIAREEGLSALWK  
I3ST66_LOTJA         1        MVADSKSNSDIS..FAKTFASSAFSACFAEVCTIPLDTAKVRLQLQKQG.................................IAGDV.....ASLPKYKG....MLGTIATIAREEGASALWK  
A8J1X0_CHLRE         1        MVASSSSSQPLS..FPRTFLASAIAACTAEALTLPLDTAKVRLQLQAGGN..............................................KYKG....MLGTVATIAREEGPASLWK  
A4S0P6_OSTLU         1 MAREGDATATRTKTKTPLVNPFLGGLAASAFSASFAEFCTIPLDTVKVRLQLRGASA................................TATAT......TRGRGAG....MLGTMRAVAAEEGIGALWK  
 
PUMP1_ARATH         77 GVVPGLHRQCLFGGLRIGMYEPVKNLYVGKDFVGDVPLSKKILAGLTTGALGIMVANPTDLVKVRLQAEGKLAAGAPRRYSGALNAYSTIVRQEG.VRALWTGLGPNVARNAIINAAELASYDQVKETIL  
PUMP2_ARATH         79 GVIAGLHRQCIYGGLRIGLYEPVKTLLVGSDFIGDIPLYQKILAALLTGAIAIIVANPTDLVKVRLQSEGKLPAGVPRRYAGAVDAYFTIVKLEG.VSALWTGLGPNIARNAIVNAAELASYDQIKETIM  
UCP2_HUMAN          81 GLVAGLQRQMSFASVRIGLYDSVKQFYTKGSE..HASIGSRLLAGSTTGALAVAVAQPTDVVKVRFQAQAR..AGGGRRYQSTVNAYKTIAREEG.FRGLWKGTSPNVARNAIVNCAELVTYDLIKDALL  
DIC1_YEAST          70 GLSAAVLRQCTYTTVRFGAYDLLKENVIPREQ..LTNMAYLLPCSMFSGAIGGLAGNFADVVNIRMQNDSALEAAKRRNYKNAIDGVYKIYRYEGGLKTLFTGWKPNMVRGILMTASQVVTYDVFKNYLV  
DIC_HUMAN           63 GLSASLCRQMTYSLTRFAIYETVRDRVAKGSQGPLPFHEKVLLGS.VSGLAGGFVGTPADLVNVRMQNDVKLPQGQRRNYAHALDGLYRVAREEG.LRRLFSGATMASSRGALVTVGQLSCYDQAK.QLV  
DIC2_ARATH          90 GVSATLLRQTLYSTTRMGLYEVLKNKWT.DPESGKLNLSRKIGAGLVAGGIGAAVGNPADVAMVRMQADGRLPLAQRRNYAGVGDAIRSMVKGEG.VTSLWRGSALTINRAMIVTAAQLASYDQFKEGIL  
DIC1_ARATH          83 GVSATVLRQTLYSTTRMGLYDIIKGEWT.DPETKTMPLMKKIGAGAIAGAIGAAVGNPADVAMVRMQADGRLPLTDRRNYKSVLDAITQMIRGEG.VTSLWRGSSLTINRAMLVTSSQLASYDSVKETIL  
DIC3_ARATH         111 GVSATILRQMLYSATRMGIYDFLKRRWT.DQLTGNFPLVTKITAGLIAGAVGSVVGNPADVAMVRMQADGSLPLNRRRNYKSVVDAIDRIARQEG.VSSLWRGSWLTVNRAMIVTASQLATYDHVKEILV  
A0A077DCK6_TOBAC    79 GIVPGLHRQCLFGGLRIGMYEPVKNFYVGKDHVGDVPLSKKVLAALTTGALGITIANPTDLVXVRLQAEGKLPAGVPRRYSGALNAYSTIVRQEG.VAKLWTGLGPNIGRNAIINAAELASYDQVKQTIL  
Q2QZ12_ORYSJ        76 GIVPGLHRQCIYGGLRIGLYEPVKSFYVGKDHVGDVPLTKKIAAGFTTGAIAISIANPTDLVKVRLQAEGKLAPGAPRRYAGAMDAYAKIVRQEG.FAALWTGIGPNVARNAIINAAELASYDQVKQTIL  
Q8S4C4_MAIZE        85 GIVPGLHRQCIYGGLRIGLYEPVKSFYVGKDHVGDVPLSKKIAAGFTTGAIAISIANPTDLVKVRLQAEGKLAPGVPRRYTGAMDAYSKIARQEG.VAALWTGLGPNVARNAIINAAELASYDQVKQSIL  
C6T891_SOYBN        80 GIVPGLHRQCLYGGLRIGLYEPVKTFYVGKDHVGDVPLSKKILAAFTTGAFAIAVANPTDLVKVRLQAEGKLPPGVPRRYSGSLNAYSTIVRQEG.VGALWTGLGPNIARNGIINAAELASYDQVKQTIL  
B9GIV8_POPTR        79 GITAGLHRQFIYGGLRIGLYEPVKSFLVGSDFVGDIPLYQKILAALLTGAMAIVIANPTDLVKVRLQAEGKLPAGVPGRYAGALDAYFTIVRQEG.LGALWTGLGPNIARNAIINAAELASYDEVKQTIL  
A9PAU0_POPTR        80 GIVPGLHRQCVFGGLRIGLYEPVKNYYVGSDFVGDVPLTKKILAALTTGAIGITVANPTDLVKVRLQAEGKLPPGVPRRYSGALNAYSTIVRQEG.VRALWTGIGPNVARNAIINAAELASYDQVKQTIL  
I3ST66_LOTJA        80 GIVPGLHRQCLYGGLRNGLYEPVKALYVGSDHVGDVPLSKKILAAFTTGAVAITVANPTDLVKVRLQAEGKLAPGVPRRYSGSLNAYSTIVRQEG.VGALWTGLGPNIARNGIINAAELASYDQVKQTIL  
A8J1X0_CHLRE        72 GIEPGLHRQCLFGGLRIGLYEPVRNLYVGKDFKGDPPLHLKIAAGLTTGALGISVASPTDLVKVRMQSEGKLAPGVAKKYPSAIAAYGIIAREEG.ILGLWKGLGPNIARNAIINAAELASYDQIKQSLL  
A4S0P6_OSTLU        89 GITPGIHRQVLFGGLRIGLYEPVKTFYVGEEHVGDVPLHLKIAAGLTTGGIGIMVASPTDLVKVRMQAEGKLAPGTPKKYPSAVGAYGVIVRQEG.LAALWTGLTPNIMRNSIVNAAELASYDQFKQSFL  
 
PUMP1_ARATH        206 KIPGFTDN.VVTHILSGLGAGFFAVCIGSPVDVVKSRMMGDSG.A.....YKGTIDCFVKTLKSDGPMAFYKGFIPNFGRLGSWNVIMFLTLEQAKKYVRELDASKRN    
PUMP2_ARATH        208 KIPFFRDS.VLTHLLAGLAAGFFAVCIGSPIDVVKSRMMGDS..T.....YRNTVDCFIKTMKTEGIMAFYKGFLPNFTRLGTWNAIMFLTLEQVKKVFLREVLYD      
UCP2_HUMAN         206 KANLMTDD.LPCHFTSAFGAGFCTTVIASPVDVVKTRYMNSALGQ.....YSSAGHCALTMLQKEGPRAFYKGFMPSFLRLGSWNVVMFVTYEQLKRALMAACTSREAPF  
DIC1_YEAST         198 TKLDFDASKNYTHLTASLLAGLVATTVCSPADVMKTRIMNGSG......DHQPALKILADAVRKEGPSFMFRGWLPSFTRLGPFTMLIFFAIEQLKKHRVGMPKEDK     
DIC_HUMAN          190 LSTGYLSDNIFTHFVASFIAGGCATFLCQPLDVLKTRLMNSKG......EYQGVFHCAVETA.KLGPLAFYKGLVPAGIRLIPHTVLTFVFLEQLRKN.FGIKVPS      
DIC2_ARATH         218 ENGVMNDG.LGTHVVASFAAGFVASVASNPVDVIKTRVMNMKVGA.....YDGAWDCAVKTVKAEGAMALYKGFVPTVCRQGPFTVVLFVTLEQVRKLLRDF          
DIC1_ARATH         211 EKGLLKDG.LGTHVSASFAAGFVASVASNPVDVIKTRVMNMKVVAGVAPPYKGAVDCALKTVKAEGIMSLYKGFIPTVSRQAPFTVVLFVTLEQVKKLFKDYDF        
DIC3_ARATH         239 AGGRGTPGGIGTHVAASFAAGIVAAVASNPIDVVKTRMMNADKEI.....YGGPLDCAVKMVAEEGPMALYKGLVPTATRQGPFTMILFLTLEQVRGLLKDVKF        
A0A077DCK6_TOBAC   208 KIPGFTDN.VVTHLFAGFGAGFFAVCIGSPVDVVKSRMMGDS..T.....YKNTLDCFVKTLKNDGPLAFYKGFIPNFGRLGSWNVIMFLTLEQAKKFVKNLESA       
Q2QZ12_ORYSJ       205 KLPGFKDD.VVTHLLSGLGAGFFAVCVGSPVDVVKSRMMGDS..A.....YTSTIDCFVKTLKNDGPLAFYKGFLPNFARLGSWNVIMFLTLEQVQKLFVRKPGS       
Q8S4C4_MAIZE       214 KLPGFKDD.VVTHLFAGLGAGFFAVCVGSPVDVVKSRMMGDS..A.....YKSTLDCFVKTLKNDGPLAFYKGFLPNFARLGSWNVIMFLTLEQVQKLFVRKATS       
C6T891_SOYBN       209 KIPGFTDN.VVTHLLAGLGAGFFAVCIGSPVDVVKSRMMGDS..S.....YKNTLDCFIKTLKNDGPLAFYKGFLPNFGRLGSWNVIMFLTLEQTKKFVKSLESS       
B9GIV8_POPTR       208 QIPGFTDS.AFTHVLAGLGAGFFAVCIGSPIDVVKSRMMGDS..S.....YKNTVDCFIKTLKNEGILAFYKGFLPNFGRLGSWNVVMFLTLEQVKKIVTGQAYYD      
A9PAU0_POPTR       209 KIPGFTDN.IVTHLFAGLGAGFFAVCIGSPVDVVKSRMMGDS..A.....YKSTLDCFIKTLKNDGPLAFYKGFIPNFGRLGSWNVIMFLTLEQAKKFVRNLESS       
I3ST66_LOTJA       209 KIPGFTDN.VVTHLLSGLGAGFFAVCIGSPVDVVKSRMMGDS..T.....YKSTLDCFVKTLKNDGPFAFYRGFIPNFGRLGSWNVIMFLTLEQTKKFVKSLESS       
A8J1X0_CHLRE       201 GIG.MKDN.VGTHLAAGLGAGFVAVCIGSPVDVVKSRVMGDREGK.....FKGVLDCFVKTARNEGPLAFYKGFIPNFGRLGSWNVAMFLTLEQVKKLLTPAPSH       
A4S0P6_OSTLU       218 GVG.MKDD.VVTHIASALGAGFVACCVGSPVDVVKSRVMGDSTGK.....YKGFVDCVTKTLANEGPMAFYGGFLPNFARLGGWNVCMFLTLEQVRKLMRDNNIM       

Supplemental Fig. S1. Sequence alignment of AtUCP1, AtUCP2 and their homologues. Protein sequences nominated with their UniProtKB entry names were selected based on their sequence identity with AtUCP1 
(PUMP1_ARATH) and AtUCP2 (PUMP2_ARATH). They include their closest human, S. cerevisiae and Arabidopsis homologues as well as their homologues in other plants. The alignment was done with ClustalW. 
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Supplemental Fig. S2. Isolation of ucp1 and ucp2 T-DNA homozygous  insertion lines 
and ucp1/ucp2 double mutants. Genomic DNA PCR analysis of wild-type A. thaliana 
Col-0 plants (WT), ucp1, ucp2 and double knockout (dKO). A DNA ladder (L) with the 
number of base pairs (bp) is shown to the right. The g letter (in AtUCP1g and AtUCP2g) 
indicates PCR reaction with primers surrounding the T-DNA insertion and the letter t (in 
AtUCP1t and AtUCP2t ) indicates PCR reaction with primers specific for T-DNA/gene 
flanking region. ACT7 refers to ACT7 control gene amplification.  



Supplemental Fig. S3. Semiquantitative RT-PCR in wild-type (WT), ucp1 
single mutant and ucp2 single mutant. A: Agarose gel of total RNA for 
qualitative and quantitative assessements. Total RNA extractions have been done 
on 2 independent plants (WT1 and 2, ucp1-1 and 2 and ucp2-1 and 2). B: RT-PCR 
with AtUCP1 specific primer pair, AtUCP2 specific primer pair or Act7 specific 
primer pair as a control. A DNA ladder (L) with the number of base pairs (bp) is 
shown to the left. Note: All reactions have been done at the same time and loaded 
on the same gel.  

WT 
1 

ucp1 
1 

ucp2 
1 

WT 
2 

ucp1 
2 

ucp2 
2 A

B WT ucp1 ucp2 

AtUCP1 

AtUCP2 

ACT7 

20 25 30 35 20 25 30 35 20 25 30 35 cycles L bp 
750 
500 
250 

750 
500 
250 

750 
500 

1000 



Supplemental Fig. S4. Tissue expression of AtUCP1. 



Supplemental Fig. S5. Tissue expression of AtUCP2. 



Supplemental Fig. S6. Gene co-expression networks of AtUCP1. The microarray 
data from the ATTED database show the genes co-expressed with At3g54110 
(AtUCP1). Among these genes are several citric acid cycle enzymes such as aconitase 
(At4g26910), isocitrate dehydrogenase (At4g35260, At2g17130, At5g03290 and 
At3g09810), α-ketoglutarate dehydrogenase (At4g26910) and succinyl-CoA ligase 
(At2g20420 and At5g08300) as well as the peroxisomal transporter for NAD+ 
(At2g39970). 




