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   Pollen represents an important nitrogen sink in fl owers to 
ensure pollen viability. Since pollen cells are symplasmically 
isolated during maturation and germination, membrane 
transporters are required for nitrogen import across the 
pollen plasma membrane. This study describes the 
characterization of the ammonium transporter AtAMT1;4, 
a so far uncharacterized member of the Arabidopsis AMT1 
family, which is suggested to be involved in transporting 
ammonium into pollen. The  AtAMT1;4  gene encodes a 
functional ammonium transporter when heterologously 
expressed in yeast or when overexpressed in Arabidopsis 
roots. Concentration-dependent analysis of  15 N-labeled 
ammonium infl ux into roots of  AtAMT1;4 -transformed 
plants allowed characterization of AtAMT1;4 as a high-
affi nity transporter with a  K  m  of 17  µ M. RNA and protein 
gel blot analysis showed expression of  AtAMT1;4  in fl owers, 
and promoter–gene fusions to the green fl uorescent 
protein (GFP) further defi ned its exclusive expression in 
pollen grains and pollen tubes. The AtAMT1;4 protein 
appeared to be localized to the plasma membrane as 
indicated by protein gel blot analysis of plasma membrane-
enriched membrane fractions and by visualization of 
GFP-tagged AtAMT1;4 protein in pollen grains and 
pollen tubes. However, no phenotype related to pollen 
function could be observed in a transposon-tagged line, in 
which  AtAMT1;4  expression is disrupted. These results 
suggest that AtAMT1;4 mediates ammonium uptake 
across the plasma membrane of pollen to contribute to 
nitrogen nutrition of pollen via ammonium uptake or 
retrieval.  

  Keywords: Ammonium uptake • AMTs • Germination • 
Nitrogen transport • Pollen • Pollen tube.  

  Abbreviations:     AMT/MEP/Rh  ,    ammonium transporter/
methylamine permease/rhesus    ;    CaMV  ,    caulifl ower mosaic 
virus    ;    GFP  ,    green fl uorescent protein    ;    GUS  ,     β -glucuronidase    ; 
   MeA  ,    methylammonium    ;    MS  ,    Murashige and Skoog    ;    ORF  , 
   open reading frame    ;    V-ATPase  ,    vauolar ATPase    ;    VPPase  , 
   vacuolar pyrophosphatase.         

 Introduction 

 Pollen development, pollen germination and pollen tube 
growth are critical stages during sexual reproduction of 
higher plants. At these stages in particular, pollen represents 
a signifi cant sink for carbon and nitrogen which must be 
imported from source organs such as leaves ( Schneidereit 
et al. 2003 ,  Lee and Tegeder 2004 ). Since there are no plas-
modesmal connections to surrounding cells after microspores 
have been released from the tetrad, pollen grains and pollen 
tubes develop as symplasmically isolated organs ( Scott et al. 
1991 ). This isolation requires the presence of plasma 
membrane-localized transporters that load nutrients into the 
pollen. Therefore, pollen has been proposed as an ideal sub-
ject to study the role of membrane transport processes in 
nutrition and development ( Schwacke et al. 1999 ). In fact, a 
recent genome-wide analysis of membrane transporter 
genes expressed in the male gametophytes of Arabidopsis 
revealed 757 transporter genes which are expressed in pollen, 
and even 16% of those are specifi cally or at least preferen-
tially expressed relative to sporophytic tissues, revealing the 
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essential roles of membrane transporters in pollen function 
( Bock et al. 2006 ). Based on further Arabidopsis transcrip-
tome data ( Honys and Twell 2004 ,  Pina et al. 2005 ,  Schmid 
et al. 2005 ,  Sze et al. 2006 ), several Lys/His transporters (LHT) 
are specifi cally expressed in pollen at certain developmental 
stages of the fl ower, suggesting distinct roles of the individ-
ual transporters for organic nitrogen supply during pollen 
development, pollen germination and pollen tube growth. 
Further amino acid transporters, such as tobacco NsAAP1 
and tomato LeProT1, have also been suggested to contrib-
ute to nitrogen transport into pollen ( Lalanne et al. 1997 , 
 Schwacke et al. 1999 ). 

 Ammonium is a primary nitrogen source and key metab-
olite for plant nitrogen metabolism. Membrane transport of 
ammonium is mediated by ammonium transporters of the 
ammonium transporter/methylamine permease/rhesus 
(AMT/MEP/Rh) protein family, which has been found in all 
domains of life ( von Wirén and Merrick 2004 ). While NH 3  
has been identifi ed as the substrate being transported by 
either prokaryote AMT or eukaryote Rh-type ammonium 
transporters ( Khademi et al. 2004 ,  Ripoche et al. 2004 ,  Zheng 
et al. 2004 ), plant transporters of the AMT1 subfamily have 
been described as NH 4  +  uniporters or NH 3 /H +  co-transport-
ers ( Ludewig et al. 2002 ,  Ludewig et al. 2003 ,  Mayer et al. 
2006 ). All plant AMT proteins investigated so far were local-
ized to the plasma membrane, implicating their roles in 
ammonium acquisition by plant cells ( Ludewig et al. 2002 , 
 Sohlenkamp et al. 2002 ,  Simon-Rosin et al. 2003 ,  Ludewig et 
al. 2003 ,  Loqué et al. 2006 ,  Yuan et al. 2007a ). In Arabidopsis, 
fi ve members of the AMT1 subfamily have been identifi ed 
( Loqué and von Wirén 2004 ), and the physiological roles of 
four of them have been intensively investigated in roots 
( Kaiser et al. 2002 ,  Loqué et al. 2006 ,  Yuan et al. 2007a ). 
AtAMT1;1, AtAMT1;3 and AtAMT1:5  are highly expressed 
in nitrogen-defi cient rhizodermal cells, including root hairs, 
and contribute additively to approximately 70–80% of the 
overall high-affi nity ammonium uptake capacity in Arabi-
dopsis roots ( Loqué et al. 2006 ,  Yuan et al., 2007a ). In con-
trast, AtAMT1;2, presenting a relatively lower affi nity for 
ammonium than the other members of the subfamily, is 
localized in endodermal and cortical cells, and appears to be 
responsible for the uptake of ammonium that has entered 

the root tissue via the apoplastic route ( Yuan et al. 2007a ). In 
contrast to roots, the physiological functions of AMTs in 
other plant organs remain to be elucidated. 

 So far, AtAMT1;4 (At4g28700) represents the only 
member of the AMT1 subfamily in Arabidopsis which has 
not yet been characterized. Here, we describe the functional 
expression in yeast and in planta, as well as the tissue-specifi c 
expression and membrane localization of AtAMT1;4. Even 
though a transposon-tagged line in  AtAMT1;4  did not show 
any phenotype, substantial evidence is provided to propose 
a role for AtAMT1;4 in ammonium uptake or retrieval in 
pollen.   

 Results  

 Heterologous expression of AtAMT1;4 in yeast 
 Out of the six AMT proteins identifi ed in Arabidopsis, fi ve 
have been subjected to functional analysis to date. For a 
functional characterization of AtAMT1;4 (At4g28700), the 
corresponding gene was amplifi ed by PCR from genomic 
DNA of the Arabidopsis ecotype Col-0 which was possible 
due to the absence of introns. The open reading frame (ORF) 
in  AtAMT1;4  is 1,515 bp long and encodes a protein of 504 
amino acids with a calculated molecular mass of 53.7 kDa. At 
the amino acid level, AtAMT1;4 shares a high degree of 
homology (69.7–74.3% identity) to other members of the 
AMT1 family in Arabidopsis. 

 To investigate the functional properties of the AtAMT1;4 
protein, the ORF of  AtAMT1;4  was cloned into the yeast 
expression vector p426 and placed under control of the con-
stitutively active yeast hexose transporter promoter  HXT7 . 
The resulting construct was used for transformation of the 
yeast stain 31019b, which is defective in the expression of 
three endogenous ammonium transporter genes ( mep1 , 
 mep2  and  mep3 ) ( Marini et al. 1997 ). This strain grows poorly 
on low ammonium concentrations (<5 mM) as a sole nitro-
gen source. In contrast to transformants carrying the empty 
vector, yeast cells expressing either AtAMT1;4 or AtAMT1;1 
were able to grow on 1 mM ammonium, indicating that 
AtAMT1;4, similarly to AtAMT1;1, encodes a functional 
ammonium transporter ( Fig. 1 ).   

 Fig. 1  .    Growth complementation of the ammonium uptake-defective yeast strain  31019b  by AtAMT1;4. The triple  mep  yeast mutant  31019b  was trans-
formed with the empty vector  p426 ,  p426-AtAMT1;4  or  p426-AtAMT1;1 . Transformants were pre-cultured for 24 h on YNB medium supplemented with 
5 mM arginine. A 1 ml aliquot of a saturated culture was harvested, and resuspended in 1 ml of water. One- to 5-fold dilutions of a 5  µ  l aliquot of yeast cell 
suspension were spotted on YNB medium supplemented with either 5 mM arginine or 1 mM NH 4 Cl at pH 6.0.  
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 Ectopic expression of AtAMT1; 4 in an Arabidopsis 
line defective in high-affi nity ammonium uptake 

  AtAMT1;4  was then constitutively expressed in Arabidopsis 
plants to examine whether AtAMT1;4 has the potential to 
contribute to ammonium uptake in roots. To circumvent 
transport activities from endogenous AtAMTs in Arabidop-
sis roots, a multiple insertion line ( qko ) was chosen for trans-
formation, in which the high-affi nity ammonium uptake 
capacity is reduced by approximately 90% due to the genetic 
disruption of the  AtAMT1;1 ,  1;2 ,  1;3  and  2;1  genes ( Yuan et al. 
2007a ). Four independent homozygous lines from the T 2  
generation of  CaMV35S:AtAMT1;4  transformants were 
selected for further investigation. RNA gel blot analysis of root 
RNA from 6-week-old plants grown in nitrogen-suffi cient 
nutrient solution showed that  AtAMT1;4  transcripts were 
highly expressed in roots of the transgenic lines  H2f ,  H3a , 
 H6d  and  H8g  ( Fig. 2A ). No hybridization signal was detected 
in  qko , confi rming that  AtAMT1;4  is not or at least very 
weakly expressed in roots under these conditions. Further-
more, large amounts of AtAMT1;4 protein were found in the 
same transgenic lines by protein gel blot analysis of 
microsomal membrane fractions from roots using a rabbit 
antibody directed against 15 amino acid residues in the 
C-terminus of AtAMT1;4. Also no protein signal was detected 
in  qko  ( Fig. 2B ). Two AtAMT1;4-specifi c bands were observed 
with an apparent molecular mass of approximately 40 and 
80 kDa. Although the predicted molecular weight of the 
AtAMT1;4 protein is approximately 53.7 kDa, the 40 kDa 
band is supposed to correspond to the monomer, since lipo-
philic membrane proteins usually migrate at a lower appar-
ent molecular mass ( Sauer and Stadler 1993 ). The 80 kDa 
band probably represents the dimer of AtAMT1;4 or a stable 
complex with another unknown protein. 

 To examine the subcellular localization of AtAMT1; 4 in 
these transgenic lines, shoot microsomal membrane frac-
tions of the line  H3a  were separated by two-phase partition-
ing into a plasma membrane-enriched upper phase (U) and 
a lower phase (L) enriched in endosomal membranes includ-
ing endoplasmic reticulum, Golgi, chloroplast and tonoplast 
membranes ( Fig. 2C ). The purity of these membrane frac-
tions was verifi ed by the abundance of the DET3 protein, a 
subunit of the vacuolar ATPase (V-ATPase;  Schumacher et 
al. 1999 ), and, alternatively, by the abundance of the vacuo-
lar pyrophosphatase (VPPase;  Takasu et al. 1997 ), which 
both were enriched in the lower phase. In contrast, AtAMT1;4 
protein accumulated in the upper phase, coinciding with 
high expression levels of the plasma membrane H + -ATPase 
AHA2 ( DeWitt et al. 1996 ). This observation strongly indi-
cated a localization of the AtAMT1;4 protein in the plasma 
membrane.   

 Fig. 2  .    Overexpression of AtAMT1;4 in a multiple insertion line 
defective in high-affi nity ammonium uptake. (A) RNA gel blot analysis 
of root RNA from a quadruple knock-out line ( qko ), and 
 qko-35S:AtAMT1;4  transgenic plants (lines  H2f ,  H3a ,  H6d  and  H8g ) 
using the ORF of  AtAMT1;4  as a probe. Ethidium bromide-stained 
 rRNA  served as loading control. Six-week-old plants were cultured 
hydroponically under continuous supply of 2 mM ammonium nitrate. 
(B) Protein gel blot analysis of microsomal membrane fractions from 
roots of the same plants as in (A) using an antibody directed against 15 
amino acids from the C-terminus of AtAMT1;4 (anti-AtAMT1;4). 
Numbers at the right border indicate molecular mass (kDa). Protein 
levels of DET3 served as a loading control. (C) Microsomal fractions 
(M) from shoots of  qko-35S:AtAMT1;4  transgenic plants ( H3a ) were 
separated by aqueous two-phase partitioning into a plasma 
membrane-enriched upper phase (U) and an endosomal membrane-
enriched lower phase (L). Protein gel blot analysis was conducted with 
antibodies against AtAMT1;4, an Arabidopsis plasma membrane 
H + -ATPase (AtAHA2), a V-ATPase (DET3) and a VPPase.  
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 Analysis of the in planta transport capacity of 
AtAMT1;4 
 To test the functionality of overexpressed AtAMT1;4 protein 
in roots,  qko  and three transgenic lines ( H2f ,  H3a  and  H8g ) 
were grown on agar medium supplemented with either 
ammonium or nitrate as the sole nitrogen source. At 250  µ M 
ammonium,  qko  plants grew poorly because of a low 

ammonium uptake capacity in roots ( Yuan et al. 2007a ), 
while the transgenic lines were able to increase shoot biomass 
signifi cantly, indicating that AtAMT1;4 is able to mediate 
ammonium uptake into plant roots ( Fig. 3A, B ). In contrast, 
plant growth did not differ between  qko  and transgenic 
plants with the supply of 250  µ  M nitrate. Besides ammo-
nium, plant AMT1-type transporters have also been shown 

 Fig. 3  .    Growth of  qko-35S-AtAMT1;4  transgenic lines on ammonium and its toxic analog methylammonium (MeA). (A) Growth of  qko  plants and 
transgenic  qko-35S:AtAMT1;4  plants (lines  H2f ,  H3a  and  H8g ) on agar containing 250  µ  M NH 4  +  (125  µ  M as ammonium succinate) or 250  µ  M 
NO 3  −  (250  µ  M as potassium nitrate) for 10 d after pre-culture on half-strength MS medium (containing 5 mM nitrate as sole nitrogen source) for 
7 d. (B) Shoot dry weights of the same plants as in (A). Bars indicate means ± SD ( n  = 6), and signifi cant differences at  P  < 0.001 within each group 
are indicated by different letters. (C) Growth of  qko  plants and transgenic  qko-35S:AtAMT1;4  plants (lines  H2f ,  H3a  and  H8g ) on agar containing 
no or 10 mM MeA in the presence 1 mM nitrate and 1% sucrose for 10 d after pre-culture on half-strength MS medium (containing 5 mM nitrate 
as sole nitrogen source) for 8 d. (D) Shoot dry weights of the same plants as in (C). Bars indicate means ± SD ( n  = 4), and signifi cant differences at 
 P  < 0.001 within each group are indicated by different letters.  
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to permeate the substrate analog methylammonium (MeA) 
which is toxic to plants ( Loqué et al. 2006 ,  Yuan et al. 2007a ). 
When grown on 1 mM nitrate in the presence of 10 mM 
MeA, the transgenic lines showed a much higher sensitivity 
to MeA than  qko  plants ( Fig. 3C, D ), supporting that 
AtAMT1;4 is also able to transport MeA. 

 To evaluate the ammonium uptake capacity in roots, a 
short-term infl ux study was conducted using  15 N-labeled 
ammonium, and  15 N was subsequently determined by stable 
isotope mass spectrometry. Six-week-old plants grown 
hydroponically under nitrogen-suffi cient conditions were 
subjected to infl ux analysis at 200  µ  M  15 N-labeled ammo-
nium as a measure for high-affi nity uptake. All four lines 
showed an almost 2-fold higher ammonium uptake capacity 
compared with  qko  ( Fig. 4A ). In contrast, no signifi cant dif-
ference was observed when the infl ux analyses were con-
ducted at 5 mM  15 N-labeled ammonium supply 
(Supplementary Fig. S1). Low-affi nity ammonium uptake 
capacity, as calculated by subtraction of the infl ux value at 
200  µ  M from that at 5 mM, did not differ among the lines 
(data not shown). Therefore, these results indicate that over-
expression of AtAMT1;4 in  qko  roots increases the capacity 
for high-affi nity but not for low-affi nity ammonium uptake. 
To investigate the biochemical properties of AtAMT1;4 in 
more detail, a concentration-dependent infl ux analysis was 
performed with  qko  and the transgenic line  H8g  ( Fig. 4B ). 
Ammonium infl ux in  qko  roots followed almost a linear con-
centration dependency, indicative of a lack of high-affi nity 
uptake as described in  Yuan et al. (2007a) . However, ammo-
nium infl ux in  H8g  roots saturated above approximately 
100  µ  M. Net ammonium infl ux mediated by the AtAMT1;4 
protein was then determined by subtraction of values of  qko  
from those of  H8g , allowing calculation of a  K  m  value of 
approximately 17  µ  M ( Fig. 4C ).   

 Tissue-specifi c expression of AtAMT1;4 
 Organ-specifi c expression of  AtAMT1;4  was determined by 
RNA and protein gel blot analysis ( Fig. 5A, B ). Total RNA 
was extracted from roots and shoots of hydroponically 
grown Arabidopsis plants, or from leaves, stems, fl owers and 
siliques of mature plants grown in soil ( Fig. 5A ). The ORFs of 
 AtAMT1;4  and  AtAMT1;1  were used as probes. While 
 AtAMT1;1  showed a ubiquitous expression pattern with rel-
atively weak expression in fl owers,  AtAMT1;4  was detected 
exclusively in fl owers. Furthermore, using the AtAMT1;4-
specifi c antibody, AtAMT1;4 protein was also exclusively 

 Fig. 4  .    Increased high-affi nity ammonium uptake capacity in  
qko-35S:AtAMT1;4  transgenic plants. (A) Infl ux of  15 N-labeled ammo-
nium into roots of  qko  and transgenic  qko-35S:AtAMT1;4  lines 
( H2f ,  H3a ,  H6d  and  H8g ).  15 N-labeled ammonium was supplied at 
200  µ  M. Bars indicate means ± SD,  n  = 8–10 plants, and signifi cant differ-
ences at  P  < 0.001 are indicated by different letters. (B) Concentration-
dependent infl ux of  15 N-labeled ammonium into roots of  qko  and the 
transgenic  qko-35S:AtAMT1;4  line  H8g . Symbols indicate means ± SD, 
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detected in the microsomal membrane fractions of fl ower 
tissue ( Fig. 5B ). There, the AtAMT1;4 protein appeared at a 
molecular mass of approximately 80 kDa. In contrast to the 
overexpressed AtAMT1;4 protein in transgenic roots and 
shoots of  qko  ( Fig. 2B, C ), the putative monomer at 40 kDa 
was not observed in fl owers.   

 Analysis of transgenic lines expressing AtAMT1;4-
promoter:ORF:GFP or AtAMT1;4-promoter:GFP 
fusion constructs 
 To localize  AtAMT1;4  expression in more detail, a genomic 
DNA fragment corresponding to 1,935 bp of the upstream 
region of AtAMT1;4 including the start codon and the  ORF  
of  AtAMT1;4  was fused to the  EGFP  (enhanced green fl uores-
cent protein) reporter gene and used for transformation of 
Arabidopsis wild-type plants. Thus, in these transgenic lines, 
the AtAMT1;4–GFP fusion protein was expressed under 
control of its native promoter. Within all of six independent 
T 2  homozygous transgenic lines, GFP-dependent fl uores-
cence of the fusion protein was detected exclusively in pollen 
( Fig. 5C ). According to  Smyth et al. (1990 ), green fl uores-
cence in pollen was initiated at fl ower stage 10 and became 
more intense with pollen maturity during fl oral develop-
ment (Supplementary Fig. S2).  AtAMT1;4  promoter activity 
also appeared to be high during pollen germination on the 
stigmata of fl owers ( Fig. 5C ). 

 To determine the subcellular localization of the AtAMT1;4 
protein in pollen, transgenic plants expressing the  AtAMT1;4-
promoter:ORF:GFP  construct were investigated in parallel 
using the same promoter sequence as for generation of the 
 AtAMT1;4-promoter:GFP  lines. Mature pollen from trans-
genic plants was germinated in vitro on solid agar medium. 
By fl uorescence imaging, AtAMT1;4-dependent green fl uo-
rescence appeared as a thin layer along the border of pollen 
grains ( Fig. 6A ) and pollen tubes ( Fig. 6B ), although some 
fl uorescence was also observed in internal cell compart-
ments. In the transgenic plants expressing the  AtAMT1;4-
promoter:GFP  construct, GFP-derived fl uorescence was also 
found to be expressed only in pollen grains and pollen tubes 
( Fig. 6C, D ), which further confi rmed the pollen-specifi c 
promoter activity of  AtAMT1;4 . In contrast to the AtAMT1;4–
GFP fusion protein, soluble GFP produced fl uorescence 
throughout the whole body of the pollen grain ( Fig. 6C ) or 
pollen tube ( Fig. 6D ). These observations indicated that the 
AtAMT1;4 protein localizes to the plasma membrane of 
pollen grains and pollen tubes.   

 Analysis of AtAMT1;4 T-DNA and transposon 
insertion lines 
 To investigate further the physiological role of AtAMT1;4 in 
Arabidopsis pollen, six independent insertion lines for the 
 AtAMT1;4  gene were identifi ed by screening of publicly avail-
able libraries, and homozygous plants were generated and 
selected by PCR analysis. The T-DNA insertion sites were 
verifi ed by sequencing to be upstream of the start codon of 
the  AtAMT1;4  gene in fi ve independent lines, named 
 atamt1;4-1  to  atamt1;4-5  (Supplementary Fig. S3). How-
ever, RNA gel blot analysis revealed that  AtAMT1;4  gene 
expression was neither absent nor repressed. When com-
pared with their corresponding wild-type Col-0,  AtAMT1;4  

 Fig. 5  .    Expression of AtAMT1;4 is restricted to pollen. (A) RNA gel blot 
analysis of RNA from various Arabidopsis tissues using the ORFs of 
 AtAMT1;4  and  AtAMT1;1  as probes. Ethidium bromide-stained  rRNA  
served as loading control. The tissues of roots (R) and shoots (S) were 
harvested from 6-week-old plants grown hydroponically under con-
tinuous supply of 2 mM ammonium nitrate, while leaves (L), stems 
(St), fl owers (Fl) and siliques (Si) were obtained from 6-week-old plants 
grown in soil. (B) Protein gel blot analysis of microsomal membrane 
fractions from the same tissue as in (A) using anti-AtAMT1;4 antibody. 
Numbers at the left border indicate molecular mass (kDa). The 
AtAMT1;4-specifi c signal was detected at approximately 80 kDa. (C) 
Fluorescence microscopy of stamen (left) and pollinated stigmata 
(right) of transgenic plants expressing  AtAMT1;4-promoter:ORF:GFP  
construct.  
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expression was even higher in the lines  atamt1;4-2 , - 3 , - 4  and 
- 5 , probably resulting from the presence of an additional 
promoter activity within the T-DNA insertion ( Uelker et al. 
2008 ), or from the ectopic expression of  AtAMT1;4  in other 
parts of fl owers due to the disruption of pollen-specifi c ele-
ments in the  AtAMT1;4  promoter region. With regard to the 
considerable level of  AtAMT1;4  mRNA that could still be 

detected, only  atamt1;4-1  appeared to represent a knock-
down line (Supplementary Fig. S3). However, in the line 
 atamt1;4-6 , a transposon insertion was identifi ed to be 
located within the ORF of  AtAMT1;4 , 654 bp downstream 
of the start codon ( Fig. 7A ). As a consequence,  AtAMT1;4  

 Fig. 6  .    AtAMT1;4 localizes to the plasma membrane of pollen grains 
and pollen tubes. Fluorescence microscopy of (A) a mature pollen 
grain and (B) a pollen tube of transgenic plants expressing the 
 AtAMT1;4-promoter:ORF:GFP  construct or (C and D) expressing the 
 AtAMT1;4-promoter:GFP  construct. GFP fl uorescence micrographs in 
(A–D) were present on a black background, alongside equivalent light 
micrographs on a gray background. Flowers and pollen grains were 
harvested from 6-week-old plants grown in soil, and pollen tubes were 
germinated in vitro.  
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D

 Fig. 7  .    Characterization of the transposon-tagged line  atamt1;4-6 . (A) 
The position of the transposon insertion in the ORF of  AtAMT1;4  
located 654 bp downstream of the start codon. (B) RT–PCR analysis of 
RNA from fl owers of  atamt1;4-6 , the corresponding wild-type (ecotype 
Nössen), and three independent lines recomplemented with the ORF 
of  AtAMT1;4  driven by its native promoter ( 3b ,  9b  and  17a ). Expression 
of the  Actin8  gene served as loading control. The plants were grown in 
soil for 6 weeks. (C) Protein gel blot analysis of microsomal membrane 
fractions from the same tissues as in (B) using anti-AtAMT1;4 anti-
body. Numbers at the right border indicate molecular mass (kDa). The 
AtAMT1;4-specifi c signal was detected at approximately 80 kDa. (D) In 
vitro pollen germination assay of  atamt1;4-6  and wild-type Nössen in 
the medium with the supply of different concentrations of MeA.  
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transcript abundance was absent, as revealed by RNA gel 
blot analysis of fl ower RNA ( Fig. 7B ) and, in addition, no 
more AtAMT1;4 protein was detected in microsomal mem-
brane fractions of fl ower tissue ( Fig. 7C ). Subsequently, three 
independent transgenic lines were generated, in which 
 AtAMT1;4  gene expression was conferred to  atamt1;4-6  
plants under control of its native promoter. The expression 
of AtAMT1;4 in these lines was evaluated at the transcript 
and protein levels as shown in  Fig. 7B  and C. 

 The mutant line  atamt1;4-6  was then analyzed regarding 
phenotypic differences in comparison with the correspond-
ing wild-type Nössen and the complemented transgenic 
lines. However, when grown in nutrient solution or in soil 
substrate, no phenotypic difference appeared. The mutant 
plants were fertile and produced normal seeds. Moreover, 
no signifi cant difference was observed with regard to pollen 
development, pollen size or pollen abundance (data not 
shown). In in vitro pollen germination assays, germination 
rates did not differ between mutant and wild-type pollen 
( Fig. 7D ). Since the AtAMT1;4 protein is able to transport 
MeA ( Fig. 3C, D ), in vitro pollen germination in the presence 
of MeA was analyzed ( Fig. 7D ). Pollen germination was 
strongly inhibited by increasing concentrations of MeA in 
the medium, indicating the acquisition of toxic MeA by 
pollen during the germination process. However, no signifi -
cant difference in the pollen germination rate was observed 
between mutant and wild-type plants.    

 Discussion  

 AtAMT1;4 mediates high-affi nity ammonium 
uptake across the plasma membrane 
 The present study describes the cloning of a new member of 
the Arabidopsis ammonium transporter family and its func-
tional characterization in yeast and plant roots. First, 
AtAMT1;4 complemented growth of an ammonium uptake-
defective yeast strain using ammonium as the sole nitrogen 
source ( Fig. 1 ). Secondly, AtAMT1;4 mediated ammonium 
uptake in roots of transgenic plants overexpressing 
AtAMT1;4, as assayed by short-term infl ux studies using  15 N-
labeled ammonium ( Fig. 4A ; Supplementary Fig. S1) or by a 
long-term growth assay on agar supplemented with ammo-
nium as a sole nitrogen source ( Fig. 3A, B ). In addition, these 
transgenic plants showed a strongly enhanced growth sensi-
tivity to MeA ( Fig. 3C, D ), indicating that AtAMT1;4 also 
permeates this toxic ammonium analog similarly to other 
members of the AtAMT1 subfamily but unlike AtAMT2 
( Gazzarrini et al. 1999 ,  Sohlenkamp et al. 2002 ,  Yuan et al., 
2007a ). 

 AtAMT1;4-mediated ammonium uptake into roots pre-
sumed a localization of the corresponding protein in the 
plasma membrane. Indeed, a large majority of the AtAMT1;4 

protein expressed in transgenic  qko  plants partitioned into a 
plasma membrane-enriched protein fraction ( Fig. 2C ). Fur-
thermore, using a GFP fusion protein, AtAMT1;4 was shown 
to be localized to the plasma membrane of pollen grains and 
pollen tubes ( Fig. 6A, B ). Thus, plasma membrane localiza-
tion represents a common feature of all members of plant 
AMT proteins that have been investigated so far ( Sohlen-
kamp et al. 2002 ,  Ludewig et al. 2003 ,  Simon-Rosin et al. 2003 , 
 Loqué et al. 2006 ,  Yuan et al. 2007a ), supporting their role in 
ammonium acquisition by plant cells. Interestingly, in addi-
tion to the monomer observed in both roots and shoots, the 
overexpressed AtAMT1;4 protein formed a putative dimer 
or a stable complex with another unknown protein of simi-
lar size ( Fig. 2B, C ). A similar feature was also observed in the 
case of AtAMT1;2, but not for AtAMT1;1 or AtAMT1;3 
( Yuan et al. 2007a ). This complex probably represents the 
functional form in plants, since the endogenous AtAMT1;4 
protein in pollen was detected exclusively as a dimer ( Fig. 5B ). 
However, other members of the AMT/MEP/Rh family have 
been demonstrated to form trimeric complexes ( Khademi 
et al. 2004 ,  Zheng et al. 2004 ,  Andrade et al. 2005 ), and 
homology modeling also suggested a trimeric structure for 
AtAMT1;1 ( Loqué et al. 2007 ). Considering a high degree of 
structural conservation within the AMT family, the 
AtAMT1;4 protein might also form a trimer, but the trimeric 
complex may be sensitive to SDS and hence become unde-
tectable on SDS–PAGE. 

 Short-term infl ux studies revealed that AtAMT1;4 medi-
ates ammonium uptake in the high-affi nity range but not in 
the low-affi nity range ( Fig. 4A ; Supplementary Fig. S1). 
Taking advantage of the genetic background of  qko , in which 
high-affi nity uptake is reduced by >90%, the kinetic proper-
ties of AtAMT1;4 were investigated and a  K  m  value for 
ammonium of 17  µ  M was determined in nitrogen-suffi cient 
roots ( Fig. 4B, C ). Although infl ux analysis was conducted 
with an overexpressed protein, the measured  K  m  value most 
probably also refl ects the natural substrate affi nity in pollen. 
In comparison, the  K  m  values of AtAMT1;1 and AtAMT1;3 
were determined to be approximately 50–60  µ  M, while that 
of AtAMT1;2 was > 230  µ  M in nitrogen-defi cient roots 
( Yuan et al. 2007a ). The residual high-affi nity uptake capac-
ity in nitrogen-defi cient  qko  roots with a  K  m  of 4.5  µ  M was 
supposed to refl ect the activity of AtAMT1;5. Thus, 
AtAMT1;4 together with AtAMT1;5 represent those ammo-
nium transporters in Arabidopsis plants which exhibit the 
highest affi nity for ammonium.   

 AtAMT1;4 is expressed specifi cally in pollen 
 A major fi nding of the present study was the localization of 
AtAMT1;4 exclusively to pollen, which was demonstrated by 
several independent approaches. First, RNA and protein gel 
blot analysis showed that the  AtAMT1;4  transcript is only 
detected in fl owers but not in other tissues such as roots, 
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leaves, stems or siliques ( Fig. 5A, B ). Secondly, a more 
detailed expression in fl oral tissues was obtained using trans-
genic plants expressing either an  AtAMT1;4-promoter:GFP  or 
an  AtAMT1;4-promoter:ORF:GFP  construct, and showed the 
corresponding promoter activity to be localized only to pollen 
grains and pollen tubes ( Figs. 5C ,  6 ). This pollen-specifi c 
expression was further confi rmed by microarray data from 
the AtGenExpress project, in which  AtAMT1;4  was reported 
to be specifi cally expressed in the tissue of stamens 
(ATGE_36) or mature pollen (ATGE_73), but not in other 
fl oral parts, such as sepals, petals, carpels and pedicels, or in 
any other Arabidopsis tissue ( Schmid et al. 2005 ). 

 Transcriptome analysis of pollen at four different devel-
opmental stages revealed that many membrane transporter 
genes are developmentally regulated in pollen, most proba-
bly refl ecting their distinct physiological roles in pollen ( Bock 
et al. 2006 ,  Sze et al. 2006 ). The genes expressed in early 
stages (microspores or bicellular pollen) are most likely to be 
important for pollen development, while those expressed at 
later stages (tricellular or mature pollen) seem to be more 
essential for post-pollination events such as pollen tube 
growth. By these transcriptome analyses,  AtAMT1;4  was 
assigned to a group of pollen-specifi c and pollen-preferential 
genes whose expression peaked during early stages, but was 
low or even undetectable during later stages ( Bock et al. 
2006 ). In our study,  AtAMT1;4  was found to be constitutively 
expressed throughout these stages, with a high promoter 
activity from fl ower stage 10 to 14, corresponding to the 
period of microspore development to pollen maturity. The 
promoter activity of  AtAMT1;4  at later developmental stages 
did not correlate with reported transcript levels, which 
might be due to a slow turnover of GFP in vivo. Moreover, 
AtAMT1;4 was also expressed in pollen tubes after their ger-
mination in vitro ( Figs. 5B ,  6 ; Supplementary Fig. S2). In the 
case of the monosaccharide transporter gene  AtSTP2 , which 
was clustered in the same group as  AtAMT1;4  in the above-
mentioned transcriptome studies, mRNA and protein were 
not detected by in situ hybridization and immunohis-
tochemistry in mature pollen or pollen tubes, respectively, 
whereas promoter-dependent  β -glucuronidase (GUS) activ-
ity was detectable, which might be supported by the high 
stability of the soluble GUS protein ( Truernit et al., 1999 ). 
However, our approach with the AtAMT1;4–GFP fusion 
protein confi rmed expression in mature pollen and pollen 
tubes (Fig. 6A, B), which does not agree with the transcrip-
tome-based characterization ( Bock et al. 2006 ). It has been 
shown for several membrane transporters that their mRNA 
in developing pollen was not translated before hydration 
and germination of pollen on the stylar tissue ( Stadler et al. 
1999 ,  Schneidereit et al. 2003 ,  Schneider et al. 2006 ). It is thus 
recommended to verify the occurrence of the endogenous 
AtAMT1;4 protein at certain developmental stages in pollen 

by an immunohistochemical approach using the AtAMT1;4-
specifi c antibody.   

 The possible physiological role of AtAMT1;4 in 
pollen 
 Nitrogen presents a major limiting factor not only during 
vegetative plant growth but also during reproductive plant 
growth, because transport of nitrogen to the developing 
fl owers has a signifi cant infl uence on fl ower set, pollen and 
embryo development, as well as seed production ( Lee and 
Tegeder 2004 ). It has also been shown that the nitrogen 
status of pollen donor plants affects kernel set and seed yield 
in maize ( Zhang et al. 2007 ). Nitrogen import into pollen 
appears essential for protein synthesis not only during the 
development of pollen grains in the anthers or during pollen 
germination but in particular during the rapid pollen tube 
growth in the pistil. Because of the symplasmic isolation of 
pollen from the surrounding tissue, nitrogen sources present 
in the fl uid of the anther locule and exudates from the stylar 
canal need to be taken up via transporters across the plasma 
membrane of the pollen grains and the pollen tubes, respec-
tively. In general, amino acids are supposed to be the major 
nitrogen form being imported into pollen, which was sup-
ported by studies on the amino acid transporters LeProT1 or 
NsAAP1 in pollen grains and pollen tubes ( Lalanne et al. 
1997 ,  Schwacke et al. 1999 ). Moreover, there are even fur-
ther transporter homologs in Arabidopsis found to be spe-
cifi cally or at least preferentially expressed in pollen, e.g. 
several  AtLHT  genes and  AtProT1  ( Bock et al. 2006 ,  Sze et al. 
2006 ,  Foster et al. 2008 ). Whether ammonium, a major nitro-
gen form being continuously generated in metabolically 
active tissue, is present in the apoplasmic fl uid around pollen 
still remains to be shown. However, we show here that 
ammonium can be taken up by pollen, because pollen ger-
mination in vitro was sensitive to the toxic ammonium 
analog MeA (Fig. 7D). In addition, proteome studies indi-
cated the presence of glutamine synthetase in the pollen 
tubes of rice and white pine ( Fernando et al. 2005 ,  Dai et al. 
2006 ), and pollen-specifi c gene expression of  AtGLN1;5  
(At1g48470) was reported in mature Arabidopsis pollen as 
well as in growing pollen tubes on the basis of transcriptome 
data ( Honys and Twell 2004 ,  Wang et al. 2008 ). This suggests 
that in pollen ammonium can be assimilated into amino 
acids. The importance of functional ammonium assimilation 
in pollen has been further supported by antisense  NADH-
GOGAT  alfalfa plants, which were found to be male sterile 
due to inviable pollen ( Schoenbeck et al. 2000 ). Besides 
uptake across the plasma membrane, large amounts of cyto-
plasmic ammonium in pollen may also derive from an inter-
nal breakdown of amino acids, particularly in fast growing 
pollen tubes. Since ammonium effl ux across the plasma 
membrane has been demonstrated in roots and leaves 
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( Wang et al. 1993 ,  Husted et al. 2002 ), ammonium leakage 
from pollen or pollen tubes should be expected. In this case, 
an ammonium retrieval process might be required for pollen 
nutrition, which would be mediated by high-affi nity ammo-
nium transporters, such as AtAMT1;4. Together with other 
amino acid transporters, AtAMT1;4 may thus contribute to 
nitrogen nutrition during pollen development, pollen ger-
mination and pollen tube growth. 

 To elucidate further the physiological role of AtAMT1;4 in 
pollen, the insertion line  atamt1;4-6 , in which  AtAMT1;4  
gene expression is completely disrupted, was subjected to 
phenotypic analysis (Fig. 7). However, there was no visible 
difference between the mutant line and its corresponding 
wild type in terms of pollen function. One explanation might 
be a compensation by other AtAMTs, such as by AtAMT1;1, 
which is also expressed in mature pollen according to 
microarray data ( Honys and Twell 2004 ). Additionally, a 
compensation for the lack of AtAMT1;4 expression might be 
conferred by amino acid transporters, which may transport 
organic nitrogen forms into pollen. Considering nitrogen 
uptake by pollen as an essential prerequisite for pollen func-
tion, it is not surprising if this function could be conferred by 
several independent membrane proteins. For example, 
expression in pollen of fi ve monosaccharide transporter 
genes ( AtSTP2 ,  4 ,  6 ,  9  and  11 ) indicates that the import of 
carbon into pollen is of major importance for pollen survival 
( Truernit et al. 1999 ,  Schneidereit et al. 2003 ,  Scholz-Starke 
et al. 2003 ,  Schneidereit et al. 2005 ). However, so far, no 
pollen-specifi c phenotype has been observed in any single 
knock-out line of these genes. Therefore, the generation of 
double or multiple knock-out lines might be required before 
a pollen-specifi c role for AtAMT1;4 can be observed, similar 
to the situation in roots, where AtAMTs display non-over-
lapping but additive functions in nitrogen nutrition ( Yuan et 
al. 2007a ).    

 Materials and Methods  

 AtAMT1;4 cloning and expression in yeast 
 The ORF of  AtAMT1;4  was amplifi ed by PCR from genomic 
DNA ( Arabidopsis thaliana  Col-0) using the specifi c 
primers AMT1;4- Hin dIII, CCCAAGCTTATGGCGTCGGCTC
TCTCTTG; and AMT1;4- Xho I, CCGCTCGAGTCAAACAC
TACATTGGGAT. The amplifi ed fragment was cloned into 
the pGEM-T Easy vector (Promega, Madison, WI, USA) and 
DNA sequences were verifi ed. The  Hin dIII– Xho I fragment 
was subcloned into the yeast expression vector p426-HXT7 
(kindly provided by Eckhard Boles, University of Düsseldorf, 
Germany) resulting in the plasmid, which was used for the 
transformation of the triple  mep  deletion yeast strain  31019b  
( Marini et al. 1997 ). Growth complementation assays were 
performed on solid YNB medium supplemented with 3% 
glucose, and 5 mM arginine or 1 mM ammonium chloride 

as nitrogen sources, and buffered at pH 6.0 by 50 mM 
MES-Tris.   

 Generation of transgenic Arabidopsis plants 
overexpressing AtAMT1;4 

 Using the  Not I restriction site, the DNA fragment containing 
the ORF of  AtAMT1;4  was released from pGEM-T, and then 
subcloned into the plant transformation vector pGreen-Hyg 
which was modifi ed based on pGreen0029 between the cau-
lifl ower mosaic virus (CaMV) 35S promoter and terminator 
sequence. A multiple knock-out line ( qko ) defective in the 
expression of  AtAMT1;1 ,  1;2 ,  1;3  and  2;1  ( Yuan et al. 2007a ) 
was transformed by  Agrobacterium , and transformants were 
selected via hygromycin resistance. Homozygous T 2  lines 
were further selected by segregation analysis.   

 Generation of transgenic Arabidopsis plants 
expressing AtAMT1;4-promoter:GFP and 
AtAMT1;4-promoter:ORF:GFP constructs 

 The 1,935 bp promoter region upstream of the start codon 
of  AtAMT1;4  was amplifi ed by PCR from genomic DNA ( A. 
thaliana  Col-0) using the specifi c primers AMT1;4-pro- -
Bam HI, CGGATCCCCAGACGTTTTGTGAGATGGTAAGAA
TGTG; and AMT1;4-pro- Nco I, GCCATGGTGTTGCAAA
GATTAAGAGAGATTTTGTGAG, and then cloned into the 
PCR-Blunt II-TOPO vector (Invitrogen, San Diego, CA, USA). 
The  Bam HI– Nco I fragment was subcloned into the plant 
transformation vector pBI101 (Clontech, Palo Alto, CA, 
USA) upstream of the  EGFP  coding sequence, resulting in 
the plasmid  AtAMT1;4-promoter:GFP . The fragment of the 
 AtAMT1;4  promoter was inserted in front of the  AtAMT1;4  
ORF sequence in pGEM-T, and then the  AtAMT1;4 
promoter:ORF  fragment was subcloned into the binary 
vector pTKan derived from pPZP212 (kindly provided by 
Karin Schumacher, ZMBP, Tübingen, Germany) at the 
 Bsp 120I restriction site. The ORF of  AtAMT1;4  was amplifi ed 
without a stop codon by PCR, ligated to the  EGFP  coding 
sequence, and this fragment was introduced into the 
plasmid  AtAMT1;4-promoter:ORF -pTKan using the  Pst I 
restriction site and yielding the plasmid  AtAMT1;4-
promoter:ORF:GFP . Arabidopsis Col-0 transformed with both 
of these constructs by  Agrobacterium  were selected via kana-
mycin resistance, and homozygous T 2  lines were further 
selected by segregation analysis. The fl uorescence of GFP in 
the transgenic plants was observed by an inverted fl uores-
cence microscope equipped with an Apotome (Zeiss Axio-
vert 200M, Jena, Germany) and by a confocal laser scanning 
microscope (Olympus, Tokyo, Japan) as described by Loqué 
et al. (2005, 2006).   
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 Plant culture 
  Arabidopsis thaliana  plants were grown hydroponically as 
described by  Loqué et al. (2006)  under non-sterile condi-
tions for 6 weeks (±2 d) in a growth cabinet under the fol-
lowing conditions: 10/14 h light/dark at a temperature of 
22°C/18°C and a light intensity of 280  µ mol m −2  s −1  at 70% 
humidity. The nutrient solution contained 1 mM KH 2 PO 4 , 
1 mM MgSO 4 , 250  µ M K 2 SO 4 , 250  µ M CaCl 2 , 2 mM NH 4 NO 3 , 
100  µ M Na-Fe-EDTA, 50  µ  M KCl, 50  µ M H 3 BO 3 , 5  µ  M 
MnSO 4 , 1  µ M ZnSO 4 , 1  µ M CuSO 4  and 1  µ M NaMoO 4 , pH 
adjusted to 6.0 with KOH. In plate growth tests of transgenic 
lines, Arabidopsis seeds were surface-sterilized and plated 
onto half-strength Murashige and Skoog (MS) medium 
(containing 5 mM nitrate as the sole nitrogen source) solidi-
fi ed with Difco agar. The plants were pre-cultured for 7 d and 
transferred to vertical plates containing half-strength MS 
medium supplemented with different nitrogen sources at 
the indicated concentrations. Plants were grown under 
axenic conditions in a growth chamber under the above-
mentioned conditions except that the light intensity was 
120  µ mol photons m −2  s −1 . In addition, the plants were grown 
in a pre-fertilized peat-based substrate ( www.einheitserde.
de ) in a climate-controlled greenhouse (16/8 h light/dark, 
temperature 22°C/18°C).   

 RNA extraction and gel blot analysis 
 Total RNA was extracted from various tissues by the 
phenol–guanidine extraction method. Northern blot analyses 
were performed as described by  Loqué et al. (2005) . Total 
RNA (20–30  µ  g per lane) was separated by formaldehyde 
agarose gel electrophoresis, and RNA was transferred to a 
nylon membrane. DNA fragments carrying the ORFs of 
 AtAMT1;1  or  AtAMT1;4  were labeled with  32 P as probes for 
RNA hybridization.   

 Preparation of membrane fractions and protein gel 
blot analysis 
 Total microsomal membrane fractions were extracted from 
Arabidopsis roots, shoots and fl owers, and fractionated by 
aqueous two-phase partitioning as described by  Yuan et al. 
(2007b) . Protein concentrations were determined using the 
Bradford Protein Assay (Bio-Rad, Munich, Germany) and 
bovine serum albumin served as the standard. A polyclonal 
antibody was raised against the peptide representing a 
sequence of the C-terminus of AtAMT1;4 (n-MVRRVG-
GDNDPNVGV-c) (Biotrend, Köln, Germany). The antiserum 
from rabbits was further affi nity purifi ed using a nitrocellu-
lose membrane for binding of the corresponding peptide. 
For protein gel blot analysis, proteins (5–10  µ g per lane) were 
electrophoresed on SDS–polyacrylamide gels, transferred 
to a polyvinylidene fl uoride membrane, and blots were 
developed using an ECL Advance Western Blotting 

Detection Kit (Amersham, Little Chalfont, UK). Primary anti-
bodies and secondary antibody (peroxidase-conjugated 
anti-rabbit IgG, Amersham) were diluted in blocking solu-
tion at the following combinations: anti-AtAMT1;4 at 1 : 200 
with secondary antibody at 1 : 10,000; anti-AtAHA2 (DeWitt, 
et al. 1996) at 1 : 20,000, anti-VPPase ( Takasu et al. 1997 ) at 
1 : 2,000, and anti-DET3 ( Schumacher et al., 1999 ) at 1 : 20,000 
with secondary antibody at 1 : 100,000. Rainbow marker 
(Amersham) was used as molecular weight marker. Protein 
blots of DET3, a subunit of the V-ATPase, were used as a con-
trol for equal loading.   

 [ 15 N]Ammonium uptake analysis 

 Ammonium infl ux measurements in Arabidopsis roots were 
conducted after rinsing the roots of hydroponically grown 
plants in 1 mM CaSO 4  solution for 1 min, followed by an 
incubation during 6 min in nutrient solution containing dif-
ferent concentrations of  15 N-labeled NH 4  +  (95 atom%  15 N) as 
the sole nitrogen source, and a fi nal wash in 1 mM CaSO 4  
solution. Roots were harvested and stored at –70°C before 
freeze-drying. Samples were ground and approximately 
1.6 mg of powder was used for  15 N determination by isotope 
mass spectrometry (Thermo-Finnigan, Bremen, Germany).   

 Isolation of insertion lines for AtAMT1;4 

 Information about T-DNA and transposon mutants for the 
 AtAMT1;4  gene was obtained from the SIGnAL database 
( Alonso et al. 2003 ). The  atamt1;4-1  (SAIL_912_E05), 
 atamt1;4-2  (SAIL_761_F02) and  atamt1;4-3  (SAIL_557_C08) 
lines were obtained from the Syngenta SAIL collection 
(Torrey Mesa Research Institute, San Diego, CA, USA). The 
atamt 1;4-4  (194B10) and atamt 1;4-5  (359E07) lines were 
obtained from the GABI-KAT collection (MPIZ, Köln, Ger-
many) ( Rosso et al. 2003 ). The  atamt1;4-6  (53-2537-1) line 
was obtained from RIKEN BioResource Center (Tsukuba, 
Japan). The genotypes of plants were determined by PCR 
using left or right border-specifi c primers and gene-specifi c 
primers, and the locations of the insertions were verifi ed by 
sequencing of the PCR products.   

 Pollen germination 

 Mature pollen was harvested from fl owers at stage 13. Pollen 
was germinated on a liquid or solid agar medium containing 
0.6% agar, 1.65 mM boric acid, 2 mM CaCl 2 , 17% sucrose 
(adjusted to pH 7.0 with 1 M NaOH), and incubated for 
12–24 h at room temperature at 100% humidity.   

 Supplementary data 

 Supplementary data are available at PCP online.    
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