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P  Phosphorus

Introduction

Nitrogen (N) is the most important mineral nutrient for 
plants, and the form and concentration in soils are major 
factors determining plant productivity and crop yield. 
Besides, in certain cereals as malting barley (Hordeum vul-
gare L.) is also important achieve very specific grain pro-
tein content. Studies in different plants such as Arabidopsis, 
pea and barley demonstrated that the amount and compo-
sition of amino acids that arrive to developing organs via 
phloem is essential for both grain yield and quality (Veliz 
et al. 2014; Tegeder 2014; Gourieroux et al. 2016; Santiago 
and Tegeder 2016), and although the study of phloem regu-
lation is complex, progress has been made in recent years. 
Tegeder (2014) has pointed out that amino acid transporters 
are crucial for improving N use efficiency. In that respect, 
the amino acid permease 8 (AAP8) in Arabidopsis (San-
tiago and Tegeder 2016) and AAP7 in barley (Veliz et al. 
in press) have been suggested to play an important role 
in source to sink partitioning of N, and that their function 

Abstract The phloem transport of amino acids is a key 
step in the efficient use of nitrogen (N). Despite the impor-
tance of this issue, little information is known about the 
regulation of phloem transport of amino acids in plants with 
low phosphorus (P) supply and even less in relation to N 
availability. To this end, we studied not only the assimilate 
partitioning in young barley plants grown with low N or/
and P supply, but also we analyzed the implications of the 
different isoforms of glutamine synthetase, cytokinin oxi-
dase/dehydrogenase 2 and several senescence-related pro-
teases. Our results demonstrated that low P supply causes 
an accumulation of different nitrogenous compounds in 
expanded leaves depending on N availability and an inhibi-
tion of the phloem exudation rate of amino acids only in 
high-N plants, indicating an interaction between N and P 
in the establishment of N-partitioning. The accumulation 
of nitrogenous compounds in leaves of low-P plants with-
out the accompaniment in amino acid export to the phloem 
was not related to an increase in nitrate assimilation path-
way neither with the modulation of glutamine synthetase 
1_1 expression, as it had been observed for N availability. 
But, these results could be explained as a consequence of 
a delay in the transition from sink to source of leaves, thus 
keeping the older leaves as sink organs, as indicated by the 
increase in cytokinin oxidase/dehydrogenase 2 expression 
and the repression of several senescence-related proteases 
in low-P plants with good availability of N.
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affects source leaf physiology and seed yield. On the other 
hand, phloem transport of amino acid has been shown to 
fluctuate both diurnally and seasonally (Caputo and Bar-
neix 1999; Gourieroux et  al. 2016) and that the principal 
form of translocated organic N is species specific being 
glutamine in barley (Winter et  al. 1992), glutamate and 
glutamine in wheat (Simpson and Dalling 1981; Caputo 
and Barneix 1997), but arginine and glycine in grape ber-
ries (Gourieroux et  al. 2016). Despite the importance of 
this issue and the progress made in this regard, informa-
tion about the cellular and molecular details of N phloem 
transport and N partitioning between source and sink tis-
sue is still fragmented. Thus, it becomes important to close 
existing gaps in the knowledge of whole-plant N partition-
ing since this process may well be important component 
of cereal N use efficiency (Distelfeld et al. 2014; Tegeder 
2014).

Generally for most cereal crops including barley, 
the absorbed nitrate is reduced first to nitrite and then to 
ammonium, via nitrate reductase (NR) and nitrite reduc-
tase, respectively. Next, the ammonium is assimilated into 
organic N compounds via the glutamine synthetase/gluta-
mate synthase (GS/GOGAT) pathway. The fate of the syn-
thesized amino acids will depend on development state of 
the leaf. Developing (young) leaves constitute significant 
net importers (sink) for all nutrients, which are utilized 
to build the organ’s cellular and molecular components. 
After sink-source transition, leaves become net exporters 
(sources) of carbohydrates from photosynthesis, while the 
import (through the xylem) and the export (through the 
phloem) of mobile nutrients are in equilibrium (Fischer 
2007). The onset of N remobilization and leaf senescence 
is associated to a decrease in net nutrient content and with 
a transition to net export of mobile compounds (Fischer 
2007). During senescence, numerous senescence-associ-
ated proteases are up-regulated to enable the remobilization 
of nutrients, such as N, from senescent tissues to develop-
ing organs; however, they not only have a nutrient recy-
cling function, but also are involved in the regulation of the 
senescence process (Roberts et al. 2012).

Cytokinins (CKs) are important plant growth regula-
tors that control many plant developmental events such as 
leaf expansion, chloroplast formation, growth of lateral 
buds, sink-source relation and the delay of leaf senescence, 
among others (Mok and Mok 2001). Cytokinin oxidase/
dehydrogenase (CKX) enzyme is the only enzyme that 
has been unequivocally shown to catalyze the catabo-
lism of specific CKs and, therefore, regulates the lev-
els of CKs. The enzyme is encoded by a multigene fam-
ily of CKX genes and the expression of particular genes 
is known to be organ-specific (Massonneau et  al. 2004; 
Werner et al. 2006). Particularly, in barley, HvCKX1 tran-
scripts were found in all organs tested, HvCKX2 transcripts 

were detected in grains and young and mature leaves, and 
HvCKX3 transcripts were detected in grains and young 
leaves (Galuszka et al. 2004). However, the biological role 
of each isoform and their regulation are far from clear.

As already mentioned, GS is a key enzyme for assimila-
tion of  NH4

+ derived from primary or secondary sources, 
into glutamine GS, but it also plays a central role in N 
metabolism. There are two major isoforms of GS, GS1 
in the cytosol and GS2 in plastids, which are assumed to 
play non-overlapping roles (Caputo et  al. 2009). Besides, 
while a single gene encodes the plastidic isoform in plants, 
the cytosolic isoform is encoded by a multigene family 
(Goodall et al. 2013). The function of GS1 is not yet fully 
elucidated, but it has been found to influence diverse pro-
cesses such as amino acid phloem loading (Bernard and 
Habash 2009; Caputo et al. 2009), senescence (Miflin and 
Habash 2002) and grain filling (Tabuchi et al. 2005; Martin 
et  al. 2006). On the other hand, it is well-known that the 
major role of GS2 is the re-assimilation of the ammonium 
released during photorespiration (Wallsgrove et al. 1987).

After N, phosphorus (P) is the second most frequently 
limiting nutrient for plant growth. It is known that P defi-
ciency results in alterations in the absorption and assimi-
lation of N and in increments of amino acid concentra-
tions in leaves and roots (Rufty et  al. 1993; Huang et  al. 
2008); however, the way in which the deficiency of P and 
its interaction with N influences the regulation of internal 
translocation of N is far from clear. Therefore, the aim of 
this study was to obtain new insights into the regulation 
of amino acid transport via phloem and the partition of 
assimilates in response to low P or/and N supply in young 
barley plants. Our results not only provide information on 
the metabolic changes associated with phloem transport in 
response to low P supply and their interaction with N avail-
ability in young barley plants, but also analyses the possible 
causes of such metabolic changes, particularly the implica-
tions of the different isoforms of GS, CKX2 and various 
proteases associated with senescence on the regulation of 
the fate of amino acids in leaves.

Materials and methods

Plant material and growth conditions

Barley plants (Hordeum vulgare L. cv. Scarlett) were kept 
in a growth chamber (16  h light/8  h dark; irradiance of 
300  µmol  m− 2  s− 1, temperature 25 °C light/18 °C dark) 
in 350-cm3 pots, using vermiculite as substrate. Each pot 
containing five plants represented one independent biologi-
cal replicate. Plants were watered twice a week with 50 ml 
per pot of Hoagland’s nutrient solution (pH 6) (Hoagland 
and Arnon 1950) with modifications so as to obtain the 
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combinatorial of high (H) or low (L) supply of P and N: 
HNHP (200 μM  KH2PO4, 10 mM  KNO3), HNLP (50 μM 
 KH2PO4, 10 mM  KNO3), LNHP (200 μM  KH2PO4, 2 mM 
 KNO3) and LNLP plants (50 μM  KH2PO4, 2 mM  KNO3). 
After 19 days, when the third leaf reached full expansion, 
chlorophyll content was estimated by measurement of the 
greenness index of the leaves using a SPAD-MINOLTA. 
Samples of shoot, developing leaves (sink leaves), last 
expanded leaves (source leaves) and their phloem exudates 
were collected. Shoots were oven-dried at 60 °C for 48 h, 
whereas leaves were stored in freezer at −80 °C until analy-
sis. The collection of phloem exudates was carried out by 
the facilitated exudation technique (Caputo and Barneix 
1997). The last expanded leaf of the five plants of each pot 
was cut and placed in 2 ml of a 20 mM EDTA solution (PH 
6) for 15 min to avoid contamination with xylem or cellular 
fluid and then the leaves were transferred to a fresh EDTA 
solution for 3  h in the dark to avoid transpiration. After-
ward, the exudation solution was stored at −20 °C for fur-
ther analysis.

Biochemical analysis

Leaf tissue was homogenized (2.5  ml buffer  g−1 fresh 
weight) with 50 mM Tris–HCl buffer pH 7.5 containing 1% 
(w/v) polyvinyP-olypyrrolidone (PVPP). The homogen-
ates were centrifuged at 10,000×g for 20 min and 4 °C. The 
supernatant was used for the determination of soluble pro-
teins (Bradford 1976), nitrates (Cataldo et  al. 1975), free 
amino acids by the ninhydrin method (Yemm and Cocking 
1955), soluble sugars by the anthrone method (Yemm and 
Willis 1954) and NR (EC 1 .6.6.1) activity (Lewis et  al. 
1982). In phloem exudates, free amino acids and soluble 
sugars were also determined by ninhydrin and anthrone 
methods.

Total RNA extraction, cDNA synthesis and quantitative 
PCR

TRIzol® Reagent (Ambion, by Life Technologies) was used 
for RNA extraction following the manufacturer’s protocol. 
One microgram of DNAse treated total RNA was used 
for cDNA synthesis by reverse transcription with M-MLV 
Reverse Transcriptase (Promega) following the manufac-
turer’s protocol. cDNA samples were used as templates 
to quantify the expression of target genes. Quantitative 
PCR analysis was carried out using gene-specific primers 
obtained as follows: GS1_1, GS1_2, GS2 (Goodall et  al. 
2013), SAG12, PAPAIN, SUBTILASE and CND41 (Par-
rott et al. 2010), CKX2 (Galuszka et al. 2004) and ACTIN 
(Hansen et  al. 2007) as reference gene. The analysis was 
carried out with a FastStart Universal SYBR Green Mas-
ter (ROX) from Roche. Samples were denatured at 95 °C 

for 10  min, followed by 40 cycles (95 °C for 15  s, 60 °C 
for 30  s, and 60 °C for 1  min), and the comparative Ct 
(threshold cycles) method (DDCt) was applied for rela-
tive quantification of gene expression using the Stratagene 
Mx3000Pro thermocycler  software®.

Statistical analysis

The results were analyzed using two-way Analysis of 
Variance (ANOVA). When N × P interaction was signifi-
cant (p < 0.05), the post-hoc test of variance (Least Sig-
nificant Difference or LSD) was used and different letters 
were assigned to differentiate groups significantly differ-
ent. When N × P interaction resulted non-significant, the 
ANOVA result was shown inside each graphic.

Results

Shoot biomass

Low-N or/and P barley plants had a lower dry weight (DW) 
than those well supplied (HNHP plants). However, the 
effect of low P-supply was greater in high-N plants than in 
low-N ones, since the DW was reduced by 42% in HNLP 
plants compared to HNHP and 19% in LNLP plants com-
pared to LNHP, reaching HNLP and LNLP plants the same 
biomass accumulation (Fig. 1). The fact that the low P-sup-
ply did not cause the same response according to the sta-
tus of N plants evidences the interaction N × P obtained by 
statistical analysis. Finally, the low N and P availabilities 
imposed caused a clear deficiency status of each nutrient, 
but did not produce a severe limitation to growth.

Fig. 1  Effect of low P-supply on shoot dry weight according to N 
availability in young barley plants. Plants were grown for 19 day in 
controlled conditions of temperature and irradiance, and watered with 
nutrient solution with modifications so as to obtain the combinatorial 
sufficient or insufficient supply of P and N: HNHP (striped gray bar), 
HNLP (solid gray bar), LNHP (striped white bar) and LNLP plants 
(solid white bar). Data are the means ± SE (n = 5). Means with differ-
ent letters are significantly different (LSD test at p < 0.05)
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Source leaves biochemical analysis

Low P-supply resulted in lower chlorophyll content in the 
source leaves of high-N plants (HNLP), but not of low-N 
ones (LNLP), showing an interaction between P and N. 
Besides, chlorophyll contents were lower in low-N and/
or P plants compared with HPHN plants (Fig.  2a). Dif-
ferently, effects of P and N, but not interaction, were 
observed for sugar concentration. That is, low-P plants 
had less sugar concentration than high-P ones, and low-N 
plants had higher sugar concentration than high-N ones 
(Fig.  2b). With regard to nitrogenous compounds, the 
effect of low P-supply changed depending on N avail-
ability, thus showing a N × P interaction. Low P-supply 
caused an increase in nitrate concentration only in high-
N plants while this increase was not observed in low-N 
plants (Fig.  2c, N p < 0.01, P p < 0.01, N × P p < 0.01). 
Leaf amino acid concentration increased as a result of 
low p-supply and it decreased by low N-supply compared 
to HNHP plants; however, the effect of low P-supply was 
greater in high-N plants than in low-N ones (Fig. 2d, N 
p < 0.01, P p < 0.01, N × P p = 0.03). Finally, low P-sup-
ply provoked an increase in protein concentration in 
low-N plants, but no differences were found between 
HNHP and HNLP plants (Fig. 2e, N p < 0.01, P p < 0.01, 
N × P p < 0.01). In addition, low-N plants showed fewer 
nitrate, amino acid and protein concentrations than high-
N ones (Fig. 2c–e).

Source leaves N assimilation

Regarding to NR activity, an interaction effect between N 
and P was observed. Low N and P-supply caused a decrease 
in NR activity relative to HNHP treatment; however, while 
low P-supply caused a decrease in high-N plants, it did 
not produce it in low-N plants (Fig.  3a). GS1_1, GS1_2 
and GS2 gene expression showed different regulation in 
response to the low N and P supply (Fig. 3b–d). The rela-
tive expression of GS1_1 increased only as a result of low 
N-supply, showing higher relative expression in low-N 
plants compared to high-N ones (Fig.  3b). As to GS1_2, 
low-P plants showed higher relative expression than high-
P ones, whereas low-N plants showed less expression that 
high-N ones (Fig. 3c). Finally, relative expression of GS2 
decreased as a result of low N and P-supply; but the effect 
of low P-supply was higher in high-N plants than in low-N 
ones (Fig. 3d). The expression of GS isoforms allows dis-
tinguishing their different regulations, and a positive corre-
lation between abundance and activity has been determined 
(Caputo et al. 2009).

Source leaves CKX2 and proteases

The relative expression of CKX2 was affected by the 
availability of P, but not by N; however the effect of P 
depended on N status, thus reflecting a N × P interac-
tion. Namely, whereas low P-supply caused a decrease 

Fig. 2  Effect of low N and/or P 
supply on greenness index (a), 
soluble sugars (b),  NO3

− (c), 
free amino acids (d) and soluble 
proteins (e) in the source leaves 
of HNHP (striped gray bar), 
HNLP (solid gray bar), LNHP 
(striped white bar) and LNLP 
plants (solid white bar). Data 
are the means ± SE (n = 5). 
Means with different letters are 
significantly different (LSD test 
at p < 0.05)
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in the relative expression of CKX2 in high-N plants, it 
showed no changes in low-N plants (Fig. 4a).

With respect to the relative expression of senescence-
associated proteases SAG12, PAPAIN and SUBTILASE 
(Fig.  4b–d), interaction effects were found in all cases 
between N and P since both nutrients caused a decreased 
in the expression of these genes only in the high condi-
tion of the other nutrient (HNLP and LNHP relative to 
HNHP), while remained constant in SUBTILASE and 
caused an increased in SAG12 and PAPAIN, showing the 
same value that HNHP plants in the case of SAG12 and 
an intermediate one in PAPAIN, when the plants were 
deficient in the other nutrient. Conversely, low P-supply 
increased the relative expression of CND41 in high-N 
plants, whereas it decreased it in low-N ones, showing 
HNHP and LNLP plants the same values (Fig. 4e).

Phloem exudates

Both amino acid and sugar exudation rate decreased as 
a consequence of low N and P-supply and also a NxP 
interaction was observed (Fig.  5a, b). Plants with low 
P-supply showed lower amino acid exudation rate only 
when N was high, but not when N was low (Fig.  5a). 
Differently, low P-supply provoked a decreased in sugar 
exudation in both states of N plants, however the effect 
was higher in high-N plants than in low-N ones (Fig. 5b). 
Because no significant differences in the source leaf DW 
between treatments (data not shown), the rates of exuda-
tion of amino acids and sugars were expressed as nmol 
 h−1 pot−1.

Fig. 3  N assimilation pathway 
and central role of GS in N 
metabolism: Effect of low N 
and/or P supply on NR activity 
(a) and relative expression 
of GS1_1 (b), GS1_2 (c) and 
GS2 (d) determined by qRT-
PCR in real time in the source 
leaves of HNHP (striped gray 
bar), HNLP (solid gray bar), 
LNHP (striped white bar) and 
LNLP plants (solid white bar). 
The values were normalized 
according to actin expression. 
Data are the means ± SE (n = 5). 
Means with different letters are 
significantly different (LSD test 
at p < 0.05)
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Sink leaves—biochemical analysis

The chlorophyll contents in the sink leaves of low-N and 
P plants were lower than HNHP ones, and also, a N × P 
interaction effect was observed as in source leaves. Spe-
cifically, low P-supply decreased the chlorophyll content in 

high-N plants, but did not change in low-N plants (Fig. 6a). 
Regarding sugar concentration, effects of N and P, but not 
N × P interaction were observed in the sink leaves as in 
the source ones. That is, whereas low P-supply caused a 
decrease in sugar concentration, low N-supply induced 
a slight increase (Fig.  6b). N, P and N × P effects were 
observed on nitrate concentrations in the sink leaves as in 
sources ones. Low P-supply increased nitrate concentration 
in high-N plants but not in low-N ones. Also, low-N plants 
showed fewer nitrates than HNHP plants (Fig.  6c). With 
regards to amino acid and protein concentrations, while 
N, P and N × P effects were observed in the source leaves, 
in the sink leaves only N effect was notice, being lower in 
LNHP and LNLP plants with respect to HNHP and HNLP 
ones (Fig. 6d, e).

Discussion

It is known that low P-supply produces alterations in the 
uptake and assimilation of N, resulting in increments of N 
concentration in leaves and roots (Rufty et al. 1993; Huang 
et al. 2008), but the effects of low P-supply and its interac-
tion with N over phloem transport of amino acids is less 

Fig. 4  Effect of low N and/or P supply on relative expression of 
CKX2 (a), SAG12 (b), PAPAIN (c), SUBTILASE (d) and CND41 
(e) determined by qRT-PCR in real time in the source leaves of 
HNHP (striped gray bar), HNLP (solid gray bar), LNHP (striped 

white bar) and LNLP plants (solid white bar). The values were nor-
malized according to actin expression. Data are the means ± SE 
(n = 5). Means with different letters are significantly different (LSD 
test at p < 0.05)

Fig. 5  Phloem exudation rate of amino acids (a) and sugars (b) 
obtained from 5 leaves of HNHP (striped gray bar), HNLP (solid 
gray bar), LNHP (striped white bar) and LNLP plants (solid white 
bar). Data are the means ± SE (n = 5). Means with different letters are 
significantly different (LSD test at p < 0.05)
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understood. The results obtained in this work show that 
the effect of low P-supply on the increment of nitrogenous 
compounds in the source leaf and the amino acid export via 
phloem depend on N availability. Low P-supply increased 
the nitrogenous compounds in source leaves such as 
nitrates and amino acids in high-N plants, and amino acids 
and proteins in low-N plants, but low P-supply decreased 
amino acid exports via phloem in high-N plants and pro-
duced no changes in low-N plants (Figs. 2, 5). In addition, 
low P-supply did not change protein and amino acid con-
centrations in the sink leaves, compared to the correspond-
ing N status, but increased the concentration of nitrate in 
high-N plants (Fig. 6), suggesting that the xylem transport 
remains unchanged. On the other hand, the low supply of 
N, but not of P (LNHP plants) also produced a reduction 
in the phloem export rate of amino acids as it was previ-
ously reported (Caputo and Barneix 1997; Hammond and 
White 2008) but, unlike low P-supply, N also decreases 
the concentrations of nitrates, amino acids and proteins 
in both source and sink leaves compared to HNHP plants 

(Figs. 2, 5). The fact that amino acids are accumulated in 
the leaves without being exported to the phloem in low-P 
plants support the hypothesis that the rate of exudation of 
amino acids is not dependent on free amino acid concen-
tration in leaves (Caputo and Barneix 1997). Besides, it is 
interesting to point out that no additive effect of N and P 
was observed in the reduction of the amino acid export via 
phloem. These results suggest that for plants to be able to 
export amino acids efficiently, it would be necessary not 
only a good availability of N, but also of P. Therefore, the 
supply of each nutrient separately would not be sufficient to 
induce amino acid export.

To establish if the increment of amino acids in expanded 
leaves (Fig. 2) is related to an induction of the nitrate assim-
ilation pathway, NR activity and the expression of the dif-
ferent isoforms of GS were studied. The reduction of nitrate 
to ammonium is regulated by NR activity, being nitrate 
itself the primary positive regulator factor, but in addi-
tion to nitrate, NR is also regulated by a number of other 
factors, including light, growth, hormones, and reduced 

Fig. 6  Effect of low N and/or P supply on greenness index (a), solu-
ble sugars (b),  NO3

− (c), free amino acids (d) and soluble proteins 
(e) in the sink leaves of HNHP (striped gray bar), HNLP (solid gray 

bar), LNHP (striped white bar) and LNLP plants (solid white bar). 
Data are the means ± SE (n = 5). Means with different letters are sig-
nificantly different (LSD test at p < 0.05)
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N metabolites (Sueyoshi et  al. 1995; Stitt and Feil 1999). 
Accordingly, here we observed that NR activity decreased 
in plants that received low supply of nitrates (Fig. 3a). The 
effect of low P-supply and its interaction with N on the reg-
ulation of the activity of this enzyme is less well known, 
but even if the nitrate concentration was high, P deficiency 
also provoked a decrease in the NR activity, probably as a 
result of the increased amino acid concentration. In con-
cordance, Wu et  al. (2003) found that the gene encoding 
NR was repressed in leaves of Arabidopsis after 24 h of P 
starvation. But interestingly, GS1_2 expression increased 
(Fig. 3c), which would indicate an increase in ammonium 
assimilation. It was observed in barley that GS1_2 mRNA 
is localized in the leaf mesophyll cells, in the cortex and 
pericycle of roots being the dominant GS1 isoform in these 
tissues and that GS1_2 expression increases in leaves with 
an increasing supply of N, suggesting a role in the primary 
assimilation of N (Goodall et al. 2013). On the other hand, 
it is known that low P-supply decreases photosynthesis and 
carbon assimilation, and therefore, carbon-limiting condi-
tions are generated (Wu et  al. 2003; Huang et  al. 2008). 
As barley is very sensitive to ammonium toxicity, a highly 
effective strategy for ammonium assimilation mechanism 
under the carbohydrate-limiting conditions caused by P 
would be the synthesis of glutamine and asparagine since 
they have a high C/N ratio as it has been pointed out by 
Huang et al. (2008). Regarding GS2 expression, it is well 
known that the major function of GS2 in chloroplasts is the 
reassimilation of ammonium released during photorespira-
tion (Wallsgroove et al. 1987) and that low N-supply has a 
repressor effect over GS2 expression (Caputo et  al. 2009) 
as it was seen here (Fig.  3d). Then, the down-regulation 
of GS2 expression in the leaves of low-P plants (Fig.  3d) 
could be explained by the known diminution of photosyn-
thesis and photorespiration process under P deficiency (Wu 
et al. 2003; Huang et al. 2008).

GS plays a central role in N metabolism and this com-
plex role varies according to the context in which the 
metabolism is taking place (Miflin and Habash 2002). 
Particularly, many studies have suggested that the cyto-
solic GS1 plays a central role in amino acid phloem load-
ing given its location in the phloem and its modulation by 
N availability (Caputo et  al. 2009). Furthermore, Goodall 
et al. (2013) reported in barley that GS1_1 mRNA is local-
ized in vascular cells of different tissues, mainly in the stem 
and its expression changes in response to N supply. In this 
sense, our work showed that GS1_1 expression increased in 
low-N plants (Fig. 3a); but interestingly, also demonstrated 
that it did not vary with the availability of P, thus indicat-
ing that the expression of this gene would not be involved 
in the regulation of amino acid transport via phloem in 
response to P availability, differently to the response to N 
availability.

It is known that CKs retain the sink activity of the older 
leaves by inhibiting export of amino acids and sugars by 
the phloem, decreasing protein degradation and maintain-
ing protein synthesis (Criado et  al. 2009). Therefore, the 
non-exportation of the accumulated amino acids in sources 
leaves of low-P plants may be attributed to a delay in the 
leaf transition from sink to source state and consequently 
a delay in the onset of senescence. To test this hypothesis 
we measured the expression of HvCKX2, the principal 
enzyme that irreversibly degrades CKs in barley mature 
leaves (Galuszka et  al. 2004), together with the expres-
sion of several proteases related to senescence as SAG12, 
PAPAIN and SUBTILASE and the expression of a pro-
tease non-related to senescence such as CDN41 as a control 
(Parrott et al. 2010; Roberts et al. 2012). Indeed, we found 
a decrease in the expression of HvCKX2 and the senes-
cence-associated proteases in HNLP plants (Fig.  4a–d). 
As Galuszka et  al. (2004) reported that transformation of 
the HvCKX2 gene into the tobacco genome unambigu-
ously elevates the level of the endogenous CKX activity 
and causes phenotypic alterations typical for cytokinin-
deficient plants, we postulate that the repression of CKX2 
in HNLP plants leads to an increase in the concentration 
of CKs, which in turn, delay the onset of sink-source leaf 
transition and of the induction of the proteases involved in 
senescence. In that respect, Werner et  al. (2006) reported 
that transcript abundance of AtCKX4, which is expressed 
in adult rosette leaves, lowered in response to P starvation. 
On the other hand, proteins encoded by the CKX fam-
ily are known to differ in their biochemical properties, in 
particular the substrate affinity for the different cytokinins 
(Galuszka et al. 2007). Interestingly, isopentenyl adenosine 
(iPA) is both the best substrate for HvCKX2 (Galuszka 
et al. 2004) and the first signal that trigger senescence by N 
deficiency (Criado et al. 2007), suggesting that the onset of 
senescence would be triggered by the fall of iPA product of 
cleavage of CKX2, however it remains to be experimentally 
examined. In a different way, in low-N plants, low P-supply 
did not change CKs concentration in comparison to LNHP 
plants as indicated by CKX2 expression (Fig. 4a), suggest-
ing that there is not a delay in the sink to source transition 
in expanded leaves. Besides, in LNLP plants the senes-
cence process is advance compared to low N or P plants, as 
evidenced by the expression of senescence-associated pro-
teases (Fig.  4b–d). This differential regulation remains an 
open question and, therefore, further studies are needed to 
provide new insights into the mechanism of accumulation 
of nitrogenous compounds in the leaves of plants with low 
N and P-supply.

Finally, very little is known about the effect of low P-sup-
ply on the export of sugars to the phloem. Cakmak et  al. 
(1994) showed that P deficiency either had no effect or stimu-
lated sucrose export in common bean. However, in our work, 
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low P-supply decreased phloem exudation rate of sugars in 
both high and low-N plants (Fig. 5). There are considerable 
variation in the responses of shoot carbohydrate metabolism 
during P starvation, and some of this variation depend on the 
species, light intensity, leaf studied and treatment deficiency 
used (Hammond and White 2008) which could explain the 
differences in sugar levels in phloem, pointed out in the bib-
liography. The decay in this parameter observed here may 
be related with the suggested maintenance of source leaves 
as sink tissue under P deficiency by inhibiting CKs degrada-
tion, which was mentioned above to repress both sugar and 
amino acid transport via phloem (Criado et al. 2009). On the 
other hand, the observation that low P-supply did not caused 
a decrease in amino acid exportation rate in low-N plants, 
but it did it in the sugar exportation rate (Fig. 5), supports the 
hypothesis that the regulation of the export of amino acids 
and sugars are on separate ways, as it was pointed out before 
(Caputo and Barneix 1999) and it refuted the idea suggested 
previously that amino acid transport via phloem depends on 
the mass flow of sucrose driven by the active transport of 
sucrose involving phloem loading (Winter et al. 1992).

In summary, little information is known about the regula-
tion of phloem export of amino acids in barley plants with 
low P-supply and even less in relation to N availability. Our 
results not only demonstrate that the accumulation of nitroge-
nous compounds in leaves of low-P plants is not accompanied 
by an increase in amino acid export to the phloem neither by 
an increase in nitrate assimilation, but also that the effects 
of low P-supply vary according to the N status of plants. 
In addition, we evidenced that both the increase in amino 
acid concentration in expanded leaves and the reduction in 
phloem exports, at least in high-N plants, might be explained 
as a consequence of a delay in the leaf transition from sink 
to source state, keeping the older leaves as sink organs, and 
bringing about a delay in the onset of senescence as indi-
cated by the increase in CXK2 expression and the repression 
of several senescence-related proteases. Besides, there was 
no effect of P or NxP interaction on the relative expression 
of GS1_1, suggesting that the decrease in the export rate of 
amino acids by low P-supply is not related to the expression 
of this gene in contrast to what had been pointed out to the 
availability of N.
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