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Fig. S1. Growth habit of Arabidopsis thaliana plants transformed with HvALMT1. Plants 
were transformed with HvALMT1 and selected on media containing kanamycin to produce the 
T0 generation shown here. The three plants on the left are representative of the range of 
growth phenotypes in the T0 generation as compared to normal wild-type growth (shown on 
the right). All plants are of approximately the same age. 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 
 
Fig. S2. Expression of HvALMT1 in transgenic Arabidopsis thaliana plants. Expression of 
HvALMT1 was determined by qRTPCR and is shown relative to the internal reference gene 
cyclophilin. Each bar is the relative expression value of one plant only. A non-specific PCR 
product with a relative expression of 0.0006 was detected in wild-type plants. 
 
 
 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
Fig. 3. The pH-independent efflux of malate from transgenic barley (Hordeum vulgare) that 
over-express HvALMT1.  Plants of the T1 generation segregating for the presence of the 
HvALMT1 transgene (L4 (Trans)) were separated from null segregants of the T1 generation 
and plants of the homozygous null line of the T2 generation (L4 (Null)).  Exudates were 
collected for 3.5 h from root apices of 9-day-old seedlings at pH 4.5 or pH 7.5.  Shown is the 
mean and s.e.m. (for pH 4.5 n = 2 for transgenic, n = 6 for null; for pH 7.5 n = 4 for 
transgenic, n = 5 for null). 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Table S1. The concentration of elements in leaves of barley (Hordeum vulgare) 
transformed with HvALMT1 
Shown is the elemental concentration in the second youngest fully emerged leaf of the T0 
generation of barley transformed with HvALMT1 (L1 to L6) or non-transformed controls (C1 
to C3) expressed on a dry weight basis.  For each element, values followed by a different 
letter are significantly different (P < 0.05).  There were no significant differences in the 
concentration of B or Na (n = 3 for L5 and n = 6 for all other lines) 
 
Line B (µg g‐1) Ca (mg g‐1) Cu (µg g‐1) Fe (µg g‐1) K (mg g‐1) Mg (mg g‐1) Mn (µg g‐1) Na (mg g‐1) P (mg g‐1) S (mg g‐1) Zn (µg g‐1)

C1 12.4 ± 8.1 4.8 ± 0.5b 17.2 ± 0.7bc 83.0 ± 2.6b 48.7 ± 1.3b 2.11 ± 0.07cd 28.0 ± 2.7ab 0.72 ± 0.08 8.2 ± 0.3ab 5.2 ± 0.3b 61 ± 3b

C2 3.7 ± 2.7 4.8 ± 0.2b 18.8 ± 0.6ab 92.3 ± 4.0a 50.6 ± 1.0ab 2.05 ± 0.03cd 27.8 ± 0.9ab 0.74 ± 0.03 9.2 ± 0.4b 4.9 ± 0.2b 77 ± 3a

C3 8.3 ± 5.2 4.1 ± 0.5b 16.9 ± 0.5bc 80.7 ± 2.9b 49.5 ± 0.8b 1.92 ± 0.09d 26.8 ± 1.1ab 0.55 ± 0.06 8.9 ± 0.2ab 6.1 ± 0.4a 61 ± 2b

L1 3.9 ± 1.8 6.1 ± 0.8ab 15.9 ± 0.4c 76.6 ± 0.8b 48.8 ± 0.7b 2.26 ± 0.09bcd 27.1 ± 3.5ab 0.85 ± 0.12 8.1 ± 0.5b 4.6 ± 0.2bc 49 ± 4c

L2 14.9 ± 12.6 4.2 ± 0.6b 19.3 ± 0.6a 77.6 ± 3.2b 51.8 ± 1.0ab 2.08 ± 0.06cd 29.3 ± 1.6a 0.70 ± 0.08 9.5 ± 0.5a 5.0 ± 0.2b 67 ± 2ab

L3 15.1 ± 7.3 5.2 ± 0.6b 16.9 ± 0.6bc 82.2 ± 3.6b 53.6 ± 0.8a 2.12 ± 0.08cd 27.7 ± 2.7ab 0.75 ± 0.11 9.2 ± 0.3ab 5.1 ± 0.3b 62 ± 3b

L4 5.3 ± 4.5 8.3 ± 0.7a 16.0 ± 0.3c 75.4 ± 2.0b 48.0 ± 1.3b 2.50 ± 0.15abc 32.6 ± 2.4a 0.91 ± 0.12 8.4 ± 0.4ab 4.5 ± 0.1bc 62 ± 2b

L5 17.1 ± 6.2 9.2 ± 2.4a 10.7 ± 1.4d 50.1 ± 2.7c 31.1 ± 0.3d 3.11 ± 0.75ab 16.5 ± 1.3c 0.78 ± 0.19 4.6 ± 0.6d 3.1 ± 0.2d 37 ± 6d

L6 13.2 ± 7.3 9.6 ± 1.7a 12.0 ± 0.9d 54.3 ± 1.9c 35.7 ± 1.7c 3.17 ± 0.39a 20.4 ± 3.4bc 0.94 ± 0.17 6.3 ± 0.3c 3.9 ± 0.2c 42 ± 3cd  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 



Table S2. The concentration of metabolites in leaves of barley transformed with HvALMT1 
Shown is the mean concentration of each metabolite (in arbitrary units) expressed on a fresh weight basis.  Data derived from TBS analysis is 
italicised whereas all other data was derived from TMS analysis.  Metabolites highlighted in bold are those that were significantly different (P < 
0.05) in the transgenic lines expressing HvALMT1 at a high level (L4, L5 and L6) compared to transgenic lines expressing HvALMT1 at wild-type 
levels (L1, L2 and L3) and non-transformed control lines (C1, C2 and C3).  The SEM is shown (for TBS data n = 3 for L5, n = 5 for L3 and n = 6 
for all other lines; for TMS data n = 3 for L5, and n = 6 for all other lines).  The significance column indicates the statistical significance between 
lines as determined by ANOVA; ns denotes not significant (P>0.05), * denotes P < 0.05, **denotes P < 0.01, ***denotes P < 0.001.  The statistical 
significance was determined from raw data, or where skewed, from square root or log10 transformed data.  Where the identification of compounds 
was not fully validated the metabolites are marked (put).  Compounds with MST in the name (e.g., 126003-101 MST 1428.3) were identified based 
on matching mass spectra from the Max Plank Institute for Plant Physiology mass spectrum library (http://csbdb.mpimp-golm.mpg.de/csbdb/dbma/ 
msri.html) for which the metabolite had not been identified (i.e. known unknowns).  Note: values presented for each metabolite are relative only and 
cannot be compared between metabolites.



 



 



 



Table S3. The concentration of metabolites in roots of barley (transformed with 
HvALMT1) 
Shown is the mean concentration of each metabolite (in arbitrary units) from the roots of the 
T0 generation of barley transformed with HvALMT1 segregating as either null segregants for 
the transgene (Null), heterozygous for the transgene (Het) or homozygous for the transgene 
(stunted individuals; Hom).  The data is expressed on a fresh weight basis and where derived 
from the TBS analysis is italicised whereas all other data was derived from the TMS analysis.  
Metabolites highlighted in bold are those that were significantly different (P < 0.05) in the 
segregants of the T0 generation of line L4 that contained the HvALMT1 transgene compared to 
null segregants.  The standard error of the mean (SE) is shown and the significance column 
indicates the statistical significance between lines as determined by ANOVA; ns denotes not-
significant (P > 0.05), *denotes P < 0.05, **denotes P < 0.01, ***denotes P < 0.001 (n = 6 
for L4 (Null), n = 10 for L4 (Het) and n = 2 for L4 (Hom)).  The statistical significance was 
determined from raw data or log10 transformed data. When transformation was unable to 
yield normally distributed data a Kruskal-Wallis ANOVA on ranks was undertaken.  ** The 
identification of galactinol was not fully validated.  Note: values presented for each 
metabolite are relative only and cannot be compared between metabolites.   
 
 
 



 



 
 




