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Abstract 
 
Leymus chinensis (Trin.) Tzvel is a rhizomatous grass species in the Eastern Eurasian steppe zone that is often limited 
by low soil nitrogen availability. Although a previous study showed that the rhizomes of L. chinensis have the capacity 
to take up nitrogen, the importance of such uptake for nitrogen nutrition is unclear. Moreover, little is known regarding 
the inorganic nitrogen uptake kinetics of roots and rhizomes in response to nitrogen status. Here, we first found that 
ammonium is preferred over nitrate and glycine for L. chinensis growth. Using the 15N-labelling method, we found that 
the rate of ion influx into roots was approximately five-fold higher than into rhizomes under the same nitrogen content, 
and the ion influxes into roots and rhizomes under 0.05 mM N were greater than in the presence of 3 mM N, especially 
in the form of NH4

+. Using a non-invasive micro-test technique, we characterised the patterns of NH4
+ and NO3

– fluxes 
in the root mature zone, root tip, rhizome mature zone, and rhizome tip following incubation in the solution with 
different N compounds and different N concentrations. These results suggest a dynamic balance between the uptake, 
utilisation, and excretion of nitrogen in L. chinensis. 

Additional key words: ion fluxes, HATS, LATS, 15N-labelling, non-invasive micro-test. 

 
 
Introduction 
 
Nitrogen is an essential element and a limiting factor in 
agricultural plant production. It is available to plant roots 
in several forms, including nitrate (NO3

–), ammonium 
(NH4

+), and organic compounds (Miller et al. 2007). 
Nitrogen fertilisers are extensively applied to increase 
seed production (Mengel et al. 2006) and forage 
(Kingston-Smith et al. 2006). However, crop plants 
convert only 30 - 40 % of this N to useful products; the 
remaining N is largely lost to the environment in gaseous 
form (NH3, NO, N2O, and N2) or dissolved in water 
(NH4

+ and NO3
–) (Ju et al. 2009). These fluxes result in 

considerable waste of resources and environmental 
pollution (Liu et al. 2013). Therefore, it is essential to 
understand the physiological and molecular mechanisms 
of plant N uptake and utilisation to improve nitrogen-use 
efficiency (NUE). 

 Nitrogen usage is a stepwise process that includes 
uptake, assimilation, translocation, and remobilisation 
(Masclaux-Daubresse et al. 2010). Plant root systems 
have evolved specific anatomical, morphological, and 
physiological characteristics to absorb different 
nitrogenous compounds, resulting in spatial and temporal 
variability in the uptake of NH4

+ and NO3
– along plant 

roots (Fang et al. 2007, Li et al. 2010). The highest NO3
– 

influx in Pinus pinaster occurs in an area of 20 - 50 mm 
along the root axis from the root tip (Plassard et al. 
2002). The NO3

– net flux near the root apex appear to be 
low in maize (Henriksen et al. 1992) but high in barley 
(Taylor and Bloom 1998). Persson et al. (2006) reported 
that the uptake of organic N in Scots pine is greater than 
or equal to that of NH4

+, whereas NO3
– uptake is 

comparatively low. Many studies have also shown that 
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some species of boreal forest plants preferentially absorb 
NH4

+ or amino acids over NO3
–, even when the content of 

NO3
– in soil exceeds that of NH4

+ by as much as ten-fold 
(Kronzucker et al. 1997, Näsholm et al. 1998). These 
results suggest that the uptake of different nitrogen 
species by diverse plants is characterised by spatial and 
temporal specificity and ion selectivity.  
 Plants possess various kinetically distinct transport 
systems for the uptake of inorganic nitrogen, including 
the high-affinity transport system (HATS) for NO3

– and 
NH4

+ uptake and low-affinity transport system (LATS) 
for NO3

– absorption (Crawford and Glass 1998, Loqueé 
and Von Wireé 2004). In Arabidopsis, the nitrate 
transporter 1 (NRT1) family consists of 53 members, 
16 of which have been shown to transport NO3

– with low 
affinity (Krapp et al. 2014), with the exception of 
NRT1.1, which works at both high- and low-affinity 
ranges for NO3

– (Liu and Tsay 2003) and also functions 
in NO3

– sensing (Ho et al. 2009). In addition, seven 
members of the NRT2 family encode putative HATS for 
NO3

– (Liu and Tsay 2003). Arabidopsis ammonium 
transport proteins (AMTs), AtAMT1;1 to AtAMT1;5, 
show the greatest identity and are putative HATS for 
NH4

+ (Loqueé and Von Wireé 2004). AtAMT2 represents 
another class of AMTs, which are homologues of the 
Mep1, 2, and 3 ammonium transporters of 
Saccharomyces cerevisiae, and transports NH4

+ in an 
energy-dependent manner when expressed in yeast cells 
(Sohlenkamp et al. 2000). No LATS for NH4

+ have been 
characterised to date in plants. 
 Amino acids are the primary organic nitrogen 
compounds, accounting for 15 - 60 % of the total nitrogen 
in soil (Schulten and Schnitzer 1997). Functional and 
homologous sequence analyses have identified a large 
number of potential amino acid transporters from several 

gene families in plant genomes, which can be classified 
into two major groups: the amino acid transporter family 
(ATF) and the amino acid polyamine choline superfamily 
(APC) (Rentsch et al. 2007, Wipf et al. 2002). The main 
subfamilies are the amino acid permeases (AAP), cationic 
amino acid transporters (CAT), and lysine/histidine 
transporters (LHT), which mediate proton-dependent 
import of amino acids into the cell (Elashry et al. 2013). 
In addition, some members, such as AtAAP1 and the 
AtAAP5-AtLHT1 double system, have been shown to 
mediate amino acid uptake in plant root cells (Lee et al. 
2007, Svennerstam et al. 2008). Although some of these 
nitrogen transporters have been characterised in plants, 
the uptake dynamics of different nitrogen sources at the 
whole plant level remains unclear . 
 Leymus chinensis, a rhizomatous, dominant, perennial 
grass species, shows marked adaptability to N-deficient 
soils and it may have specific traits in terms of the uptake 
and utilisation of diverse nitrogen sources (Kang et al. 
2007, Gao et al. 2008). Liu et al. (2011) reported that 
rhizomes and roots have the same ability to absorb N, 
although the roots of L. chinensis have greater 
N accumulation capacity. However, the importance of 
rhizome uptake for plant N nutrition is unclear, and there 
have been no reports to date regarding the inorganic 
N uptake kinetics of roots and rhizomes in response to 
nitrogen status in Leymus plants. In this study, we 
examined the effects of three forms of nitrogen on the 
growth of L. chinensis, particularly on the growth of roots 
and rhizomes. Then, we investigated and compared the 
dynamic absorption of these N forms into the roots and 
rhizomes of L. chinensis using the 15N-labelling method 
and non-invasive micro-test (NMT) to demonstrate 
possible spatial and temporal variability of N fluxes. 

 
 
Materials and methods 
 
Plants and treatments: Seeds of Leymus chinensis 
(Trin.) Tzvel were obtained from the Institute of Forage 
and Grassland Sciences, Heilongjiang Academy of 
Agricultural Sciences, Heilongjiang, China. Seeds were 
soaked in tap water at 4 °C for 3 d and then germinated in 
pots containing moistened quartz sand in a greenhouse at 
a temperature of 25 °C, an air humidity of 50 %, a 14-h 
photoperiod, and an irradiance of 1 300 mol m-2 s-1. 
After 21 d, seedlings were transplanted into new pots and 
grown for another 21 d in the sand with Hoagland 
nutrient solution containing [mM]: 3 KNO3, 
0.5 NaH2PO4, 1.5 Ca(NO3)2, 0.1 NaFeEDTA, 2.9 × 10-7 
CuCl2 .·2 H2O, 2.1 × 10-7 CoCl2 . 6 H2O, 1.8 × 10-6 
MnCl2·. 4 H2O, 0.8 × 10-7 ZnSO4·. 7 H2O, 4.6 × 10-5 
H3BO3, and 1.0 × 10-7 (NH4)6Mo7O24 .·4 H2O (the 
draining solution was removed).  
 The 45-d-old plants were randomly divided into three 
groups and watered with Hoagland nutrient solution or 

with Hoagland nutrient solution in which the KNO3 had 
been replaced by either 3 mM NH4Cl or 3 mM glycine. 
After growth for 28 d, all plants were separated into 
parent shoots, daughter shoots, rhizomes and roots, and 
were weighed after freeze-drying. In addition, the 
nitrogen content of shoots, roots, and rhizomes was 
determined using a Vario EL cube CHNOS elemental 
analyzer (Elementat, Langenselbold, Germany) following 
the method described by Nakamura et al. (2010).  
 The 21-d-old seedlings were transplanted into a black 
plastic basin containing full-strength Hoagland nutrition 
solution under a plastic cover. Plants were grown in a 
growth cabinet under conditions mentioned above for 
6 weeks (the medium was renewed weekly). Then plants 
were transferred into Hoagland nutrition solution without 
nitrogen for 3 d and exposed to different N sources and 
concentrations. The nutrient solution was supplied with 
3 mM or 50 µM NH4Cl, 3 mM or 50 µM KNO3, 3 mM or 
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50 µM glycine, respectively. After 12 h, plants were 
prepared for the 15N-nitrogen uptake experiments and net 
NH4

+ and NO3
– flux measurements.  

 
15N-nitrogen uptake analysis: The measurement of  
15N-labelled nitrogen uptake was conducted according to 
Yuan et al. (2007) with minor modifications. Roots and 
rhizomes of plants grown in 3 mM N were rinsed with 
1 mM CaSO4 for 1 min, incubated for 6 min in nutrient 
solution containing 200 µM 15N-labelled NH4Cl, KNO3, 
or glycine (95 atom% 15N), and finally washed in a 
solution of 1 mM CaSO4. For plants grown in 50 µM N, 
roots and rhizomes were directly incubated for 6 min in a 
nutrient solution containing 200 µM 15N-labelled NH4Cl, 
KNO3, or glycine and washed with 1 mM of CaSO4. 
Roots and rhizomes were harvested separately and stored 
at -80 °C before freeze-drying. Each sample was ground 
and ~1.0 mg of powder was used for 15N determination 
by isotope mass spectrometry (Thermo Scientific, 
Suwanee, USA).  
 
Measurements of net NH4

+ and NO3
– fluxes: Net fluxes 

of NH4
+ and NO3

– were measured using the non-invasive 
micro-test (NMT; http://www.youngerusa.com/mageflux 
or http://xuyue. net/mageflux) at room temperature  
(24 - 26 °C), as described by Sun et al. (2009) with 
modifications. Plants grown in a complex nutrient 
solution, nitrogen-deficient solution, and solutions 
separately supplied with 3 mM KNO3, NH4Cl, or glycine 
after growth under nitrogen-starved conditions were 
selected for the ionic flux measurements. The plant 
underground parts, including root mature zone, root tip, 
rhizome mature zone, and rhizome tip, were immobilised 
on a small piece of quartz coverglass at the bottom of the 
dish and incubated in 2 - 3 cm3 of measuring solution, 
3 mM NH4

+ or NO3
-, and 0.1 mM NH4

+ or NO3
–, for 

10 min to equilibrate before the measurements.  
The concentration gradients of the target ions were 

measured by moving the ion-selective microelectrode 
between two positions close to the plant material in a pre-
set path (1 ± 0.5 μm for excised roots and rhizomes) at a 
programmable frequency in the range of 0.3 to 0.5 Hz. 

The ionic fluxes were measured slowly at ~6 s per point 
for 4 min. The electrode was stepped from one position to 
another with the computer-controlled NMT system.  

Prepulled and silicified glass microelectrodes (diameter 
5 ± 1 μm, XY-DJ-02 for NH4

+ measurement; diameter  
9 ± 1 μm, XY-DJ-02 for NO3

–; Younger, Amherst, USA) 
were back-filled with a solution (100 mM NH4Cl and 10 
mM KNO3) to a length of ~1 cm from the tip and front-
filled with 15 to 50 μm columns of selective liquid ion-
exchange cocktails (LIX, XY-SJ-NH4 for NH4

+ 
measurement; LIX, XY-SJ-NO3 for NO3

–, Younger). An 
Ag/AgCl wire electrode holder (XYEH01-1; Xuyue Sci. 
and Tech. Company, Beijing, China) was inserted in the 
back of the electrode to make electrical contact with the 
electrolyte solution. DRIREF-2 (World Precision 
Instruments, Sarasota, USA) was used as the reference 
electrode. Before and after each flux measurement, the 
microelectrodes were calibrated with the measuring 
solution and the electrodes with a Nernstian slope 
> 56 mV per ion flux unit for NH4

+ and >50 mV per ion 
flux unit for NO3

– were used for data collection. 
The net fluxes were calculated using JCal 1.0 (a free 

MS Excel spreadsheet, http://youngerusa.com/jcal or 
http://ifluxes.com/jcal). This calculation method is based 
on the Fick’s law of diffusion: J = -D0 (dc/dx), where J is 
the ion flux [pmol cm-2 s-1], D0 is the diffusion coefficient 
of a specific ion in a given medium, dc is the ion 
concentration difference based on microvolt differences, 
and dx is the distance the microelectrode moved from one 
point to another perpendicular to the root mature zone, 
root tip, rhizome mature zone, or rhizome tip. Three-
dimensional ionic fluxes were calculated using 
MageFlux. Trace is a recording of a typical experimental 
plot illustrating ion influx (negative) and efflux (positive) 
in five areas of plant underground parts.  

 
Statistical analysis: Data are presented as means ± SEs. 
Each measurement was performed in triplicate (10 - 12 
seedlings per measurement). All data were statistically 
analysed using the software package SPSS (for Windows, 
v. 13.0). Significant differences are indicated by different 
letters (Fisher’s two-independent-samples test, P < 0.05). 

 
 
Results 
 
To explore the effects of different forms of nitrogen on 
the growth of L. chinensis plants, we investigated the dry 
mass (DM) and total N content of shoots, roots, and 
rhizomes in the presence of 3 mM NH4

+, NO3
–, and 

glycine. We found that the DM and N content of the 
parent shoots were almost two-fold greater than those in 
daughter shoots under different N sources. The DM and 
total N content of parent and daughter shoots were higher 
in solution with 3 mM NH4

+ than with 3 mM NO3
– or 

3 mM glycine, and there was no significant difference in 
plant growth between the glycine and NO3

–  (Fig. 1A,B). 

We further found that the DM and total N content of roots 
and rhizomes at the NH4

+ treatment were two-fold those 
at the glycine and NO3

– treatments (Fig. 1C,D). These 
results revealed that NH4

+ is preferable for the growth of 
L. chinensis plants compared to NO3

– and organic N.  
 To evaluate the nitrogen uptake capacities of the roots 
and rhizomes of L. chinensis, short-term influx of three 
15N-labelled nitrogen species was determined in the 
presence of different concentrations of N. In plants 
supplied with a high concentration of N, i.e., 3 mM 
NH4Cl, KNO3, or glycine, there was no significant 
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difference in ion influx into roots and rhizomes between 
KNO3 and NH4Cl, but the glycine influx was lower 
(Fig. 2A,B). However, in plants supplied with low 
concentration of N, i.e., 50 µM NH4Cl, KNO3, or glycine, 
NH4

+ influx into roots and rhizomes was greatest, 
followed by NO3

–, and glycine influx was lowest 
(Fig. 2C,D). More interestingly, the N uptake capacity of 
roots and rhizomes was higher when supplied with a low 
than a high concentration of N. In addition, rhizomes had 
the ability to take up three different N compounds but 
exhibited almost a five-fold lower ion influx than roots 
for the same N compound.  
 We further used NMT to assess the pattern of NH4

+  
 

 
Fig. 1. Biomass and nitrogen content of L. chinensis after
culture at 3 mM NO3

–, 3 mM NH4
+, or 3 mM glycine for 76 d.

A - biomass of parent and daughter shoots; B - total N content of
parent and daughter shoots; C - biomass of the roots and
rhizomes; D - total N content of the roots and rhizomes. Each
measurement was performed in triplicate (65 - 70 seedlings per
measurement). Means ± SEs. Significant differences at P < 0.05
are indicated by different letters. 
 
fluxes in two root sites, the root mature zone and root tip, 
and two rhizome sites, the rhizome mature zone and 
rhizome tip. We found that 3.0 mM NH4

+ flux was 
inward in these four sites, and the influx values in the 
root mature zone, root tip, and rhizome tip under N-
deficient conditions were higher than those under N-
sufficient conditions, however, the values in the rhizome 
mature zone showed the opposite pattern (Fig. 1A 

Suppl.). The rhizome tip displayed maximal influx of -383 
pmol cm-2 s-1 under N-sufficient conditions and -847 pmol 
cm-2 s-1 under N-deficient conditions (Fig. 3A). The 0.1 
mM NH4

+ fluxes in the four sites were mostly inward 
under  
N-sufficient and N-deficient conditions, although that in 
the rhizome mature zone was outward under N-deficient 
conditions (Fig. 1B Suppl.). The influx of 0.1 mM NH4

+ 
in the root mature zone and rhizome tip was higher under 
nitrogen-deficient conditions than under N-sufficient 
conditions, which was similar to the case of 3.0 mM 
NH4

+ in the same sites. The maximal influx of 0.1 mM 
NH4

+ was -258 pmol cm-2 s-1 in root tips under  
N-sufficient conditions (Fig. 3B). These results showed 
that NH4

+ was taken up by underground parts of  
L. chinensis plants under N-sufficient and N-deficient 
conditions, except that 0.1 mM NH4

+ was released by the 
rhizome mature zone under N-deficient conditions. 
 

 
Fig. 2. The uptake of 15N-labelled nitrogen into roots and 
rhizomes of plants after resupply with 3 mM NO3

–, NH4
+, or 

glycine (A,B) or 50 µM NO3
–, NH4

+, or glycine (C,D) for 12 h. 
Means ± SEs (n = 6 - 8 plants). Significant differences at 
P < 0.05 are indicated by different letters  
 
 To compare the NH4

+ fluxes at roots and rhizomes 
between N-starved conditions and after the resupply of 
3 mM NH4

+, NO3
–, or glycine, the 3 and 0.1 mM NH4

+ 
fluxes were measured using the NMT technique. We 
found that the 3 mM NH4

+ fluxes in these four sites were 
inward in three N-resupplied media, which was the same 
as under the N-starved conditions (Fig. 4A). In the  
NO3

–-resupplied culture, the 3 mM NH4
+ influx increased 

in the three sites and the maximum in the root mature 
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zone and rhizome mature zone was three-fold higher than 
under N-deficient conditions, with the exception of the 
NH4

+ influx into the root tip, which was decreased to 
~20 % under N-deficient conditions. In the NH4

+-
resupplied conditions, the 3 mM NH4

+ influx  
 

 
Fig. 3. The net NH4

+ fluxes in different parts of the root and
rhizome under N-sufficient (black) or N-deficient (white) 
conditions. A - 3 mM NH4

+ fluxes, B - 0.1 mM NH4
+ fluxes. 

Means ± SEs (n = 4). Significant differences at P < 0.05 are
indicated by different letters. 
 
decreased in three sites, the exception being the root 
mature zone. The minimum value in the rhizome tip was 
~10 % of that under the N-deficient condition and the 
maximum influx in the root mature zone was increased 
by 1.8-fold. Under the glycine-resupplied condition, the 
3 mM NH4

+ influx increased in the root mature zone and 
rhizome mature zone, and decreased in the root tip and 
rhizome tip. The maximum NH4

+ influx was 2.4-fold 
higher in the root mature zone, and the values in the root 
tip and rhizome tip were almost identical, being ~60 % of 
those under N-deficient conditions. Furthermore, we 
found that the 0.1 mM NH4

+ net flux was inward under 
3 mM NO3

–-resupplied conditions and outward under 
3 mM NH4

+- and glycine-resupplied conditions in these 
four sites, with the exception of influx in the rhizome tip 
under 3 mM NH4

+-resupplied conditions (Fig. 4B). 
 Net NO3

– fluxes were characterised in the same four 
sites under N-sufficient and N-deficient conditions, 
similarly to the NH4

+ flux measurement. The 3 mM and 
0.1 mM NO3

– fluxes were outward in all four sites under 
both N-sufficient and N-deficient conditions, and the flux 
values were lower under N-deficient conditions than 
under N-sufficient conditions in all four sites (Fig. 2 

Suppl.). The root tip displayed a maximal efflux of 3 mM 
NO3

– (1076 pmol cm-2 s1) under N- sufficient conditions 
and the rhizome mature zone displayed a maximal efflux 
of 0.1 mM NO3

– (270 pmol cm-2 s 1) under N-deficient 
conditions. Moreover, the maximum 3 mM NO3

– flux 
was 99 pmol cm-2 s-1 in the root mature zone and the 
maximum 0.1 mM NO3

– flux was 41 pmol cm-2 s-1 in the 
rhizome mature zone under N-deficient conditions 
(Fig. 5).  
 

 
Fig. 4. The relative net NH4

+ fluxes in different parts of roots 
and rhizomes under N-starvation (red) or after resupplied with 
NH4

+ (blue), NO3
– (orange), or glycine (green). A - 3 mM NH4

+ 
net flux profiles, B - 0.1 mM NH4

+ net flux profiles. The data at 
each point were collected every 6 s during a 4 min recording. 
The NH4

+ influx under N-starved conditions is shown as -1. 
Means ± SEs (n = 4). Significant differences at P < 0.05 are 
indicated by different letters. 
 
 We further compared the pattern of 3 mM and 
0.1 mM NO3

– flux under N-resupplied conditions 
compared with N-deficient conditions. In the  
NO3

–-resupplied medium, the 3 mM NO3
- fluxes were 

inward in all four sites, which was the converse of the 
NO3

– flux under N-deficient conditions. In addition, 
under NH4

+-resupplied conditions, the 3 mM NO3
– flow 

was outward in the root mature zone and root tips, and 
inward in the rhizome mature zone and rhizome tips. 
However, in the glycine-resupplied conditions, the 3 mM 
NO3

– flow was outward in the root mature zone and 
rhizome mature zone, and inward in the root tips and 
rhizome tips (Fig. 6A).  
 We further found that the 0.1 mM net NO3

– flux was 
diverse in the four sites under identical N-resupplied 
conditions (Fig. 6B). Under NO3

–-resupplied conditions, 
the 0.1 mM NO3

– flux was inward in the root mature zone 
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and rhizome mature zone, and outward in the root tip and 
rhizome tip. Under the NH4

+-resupplied condition, the 
0.1 mM NO3

– flux was inward in the root mature zone 
and outward in the root tip, rhizome mature zone, and 
rhizome tip. It is interesting that the 0.1 mM NO3

– flux 
was outward in all four sites under the glycine-resupplied 
condition, and the maximum value in the root mature 
zone was ~15-fold higher than that under N-deficient 
conditions. These results revealed that the transient fluxes 
 

 
Fig. 5. The net NO3

– fluxes in different parts of the root and
rhizome under N-sufficient (black) or N-deficient (white) 
conditions. A - 3 mM NO3

– fluxes, B - 0.1 mM NO3
– fluxes. 

Means ± SEs (n = 4). Significant differences at P < 0.05 are
indicated by different letters. 

of NH4
+ and NO3

– exhibited a region-specific and  
N-concentration dependent pattern in the plant 
underground parts enabling L. chinensis plants to adapt to 
N-deficient soil.  
 

 
Fig. 6. Relative net NO3

– fluxes into roots and rhizomes under 
N-starvation (red) and after resupplied with NH4

+ (blue), NO3
– 

(orange), or glycine (green). A - 3 mM NO3
– net flux profiles, 

B - 0.1 mM NO3
– net flux profiles. The data at each point were 

collected every 6 s during a 4 min recording. The NO3
– flux 

under N-starvation is shown as 1. Means ± SEs (n = 4). 
Significant differences at P < 0.05 are indicated by different 
letters. 

 
 
Discussion 
 
Leymus chinensis is a clonal rhizomatous dominant grass 
species in the Eastern Eurasian Steppe zone, the growth 
of which is frequently limited by low soil nitrogen 
availability. In this study, we evaluated the effects of 
different nitrogen sources on the growth of L. chinensis 
and determined the NH4

+ and NO3
– fluxes in two sites of 

plant roots (mature zone and tip) and two sites of 
rhizomes (mature zone and tip) under high and low  
N supply. The net NH4

+ and NO3
– flux patterns in the 

roots and rhizomes were complex, and showed site-
specific and concentration-dependent characteristics 
indicating that roots and rhizomes play different roles in 
nitrogen usage and facilitate L. chinensis growth in  
N-deficient soil. 

Plants are unable to accumulate high content of NH4
+ 

because it becomes toxic (Walch-Liu et al. 2001). The 

symptoms of NH4
+ toxicity might be: leaf chlorosis, 

growth suppression, yield depression, and cell death 
(Britto and Kronzucker 2002). Much research has been 
directed toward unravelling the causes of NH4

+ toxicity 
and mechanisms of NH4

+ tolerance in plants, which 
include cellular pH change, ionic balance, relationships 
with carbon metabolism, phytohormone responses and 
bioenergetics of primary NH4

+ transport (Britto and 
Kronzucker 2002). Chen et al. (2013a) showed that a 
high-NUE rice cultivar Wuyunjing 23 (W23) possesses 
greater capacity to resist NH4

+ toxicity than a low-NUE 
cultivar Guidan 4 (GD), due to NH4

+ efflux in the root 
elongation zone of W23 being almost sevenfold lower 
than that in GD, which was coupled to strongly 
stimulated root respiration. In our study, the biomass and 
total nitrogen content of shoots, roots, and rhizomes of 
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L. chinensis in the presence of 3 mM NH4
+ were 

significantly higher than those under 3 mM NO3
– and 

glycine. These findings indicate the existence of specific 
mechanisms for adjusting cellular NH4

+ content, which 
vary in response to the uptake of external NH4

+ and the 
release and assimilation of intracellular NH4

+ in this 
plant.  

Leymus chinensis has a rhizome, which links the 
individual ramets to generate extensive rhizome systems 
and accounts for a significant proportion of the 
underground parts of the plant. The rhizome of sedge 
Carex bigelowii also absorb nitrogen upon the direct 
application of 15NH4

15NO3 (Brooker et al. 1999). In this 
study, we showed that N absorption by the rhizome was 
markedly lower than that by roots in the presence of high 
and low N supply, which is similar to the results of Liu  
et al. (2011). Furthermore, we demonstrated that 
rhizomes of L. chinensis could directly absorb three 
different nitrogenous compounds, and exhibited diverse 
uptake efficiencies and capacities in comparison with 
roots, which may contribute to the dominance of  
L. chinensis in N-deficient environments.  

Plants are capable of utilising different N compound as 
the sole N source. Nitrate is transported into the cell via 
nitrate transporters and then reduced by nitrate reductase 
to nitrite, which is converted to NH4

+ (Cabrera et al. 
2014). Next, NH4

+ can be used during synthesis of amino 
acids, e.g., glutamine via glutamine synthetase (Meng  
et al. 2016). In general, plant NUE is dependent on  
N-uptake and N-utilisation (Han et al. 2015). In  

15N-labelled N uptake experiments, we found no marked 
differences in uptake of the three N compounds into roots 
and rhizomes in the presence of high N supply. However, 
the plants showed more effective N-uptake at low 
N supply, and the NUE was higher at low concentrations 
of NH4

+ compared to NO3
– and glycine. These results 

indicated that the HATS-mediated influx of N is more 
efficient than that mediated by LATS in L. chinensis. 

Using the NMT method, we found that the net flux of 
NH4

+ was inward at four sites under N-sufficient and  
N-deficient conditions, with the exception of an outward 
0.1 mM NH4

+ flux in the rhizome mature zone under  
N-deficiency, which indicated that the rhizome functions 
as a large sink for N and provides plants with the capacity 
to take advantage of transient nutrient supplies and 
compensate in part for low nutrient supply, in agreement 
with a previous report of Brooker et al. (1999). Plants can 
sense the extracellular N content and induce the 
expression of NH4

+ transporters, such as AtAmt1;1, 
AtAmt1;2, AtAmt1;3, AtAmt1;5 and AtAmt2;1 (Loqueé 
and Von Wireé 2004; Yuan et al. 2007), and NO3

– 
transporters; i.e., NRT2.1, NRT2.2 and NRT2.4, in 
Arabidopsis (Kiba et al. 2012), which may explain the 
increase in NH4

+ net influx and decrease in net NO3
– 

efflux after N starvation. Therefore, L. chinensis 
transcriptome databases (Chen et al. 2013b, Sun et al. 
2013) can facilitate determination of the molecular 
mechanism of nitrogen uptake and assimilation and 
provide potential target genes for the molecular breeding 
of Leymus and other species. 

 
 
References 
 
Britto, D.T., Kronzucker, H.J.: NH4

+ toxicity in higher plants: a 
critical review. - J. Plant Physiol. 159: 567-584, 2002. 

Brooker, R.W., Callaghan, T.V., Jonasson, S.: Nitrogen uptake 
by rhizomes of the clonal sedge Carex bigelowii: a 
previously overlooked nutritional benefit of rhizomatous 
growth. - New Phytol. 142: 35-48, 1999. 

Cabrera, E., Gonzalez-Montelongo, R., Giraldez, T., De la 
Rosa, D.A., Siverio, J.M.: Molecular components of nitrate 
and nitrite efflux in yeast. - Eukaryot. Cell 13: 267-278, 
2014. 

Chen, G., Guo, S., Kronzucker, H.J., Shi, W.: Nitrogen use 
efficiency (NUE) in rice links to NH4

+ toxicity and futile 
NH4

+ cycling in roots. - Plant Soil 369: 351-363, 2013a. 
Chen, S., Huang, X., Yan, X., Liang, Y., Wang, Y., Li, X., 

Peng, X., Ma, X., Zhang, L., Cai, Y., Ma, T., Cheng, L., Qi, 
D., Zheng, H., Yang, X., Li, X., Liu, G.: Transcriptome 
analysis in sheepgrass (Leymus chinensis): a dominant 
perennial grass of the eurasian steppe. - PLoS ONE 8: 
e67974, 2013b. 

Crawford, N.M., Glass, A.D.M.: Molecular and physiological 
aspects of nitrate uptake in plants. - Trends Plant Sci. 3: 
1360-1385, 1998. 

Elashry, A., Okumoto, S., Siddique, S., Koch, W., Kreil, D.P., 
Bohlmann, H.: The AAP gene family for amino acid 
permeases contributes to development of the cyst nematode 

Heterodera schachtii in roots of Arabidopsis. - Plant 
Physiol. Biochem. 70: 379-386, 2013. 

Fang, Y.Y., Babourina, O., Rengel, Z., Yang, X.E., Pu, P.M.: 
Spatial distribution of ammonium and nitrate fluxes along 
roots of wetland plants. - Plant Sci. 173: 240-246, 2007. 

Gao, Y., Wang, D., Ba, L., Bai, Y., Liu, B.: Interactions 
between herbivory and resource availability on grazing 
tolerance of Leymus chinensis. - Environ. exp. Bot. 63: 113-
122, 2008. 

Han, M., Okamoto, M., Beatty, P.H., Rothstein, S.J., Good, 
A.G.: The genetics of nitrogen use efficiency in crop plants. 
- Annu. Rev. Genet. 49: 269-289, 2015. 

Henriksen, G.H., Raman, D.R., Walker, L.P., Spanswick, R.M.: 
Measurement of net fluxes of ammonium and nitrate at the 
surface of barley roots using ion-selective microelectrodes: 
II. patterns of uptake along the root axis and evaluation of 
the microelectrode flux estimation technique. - Plant 
Physiol. 99: 734-747, 1992. 

Ho, C.H., Lin, S.H., Hu, H.C., Tsay, Y.F.: CHL1 functions as a 
nitrate sensor in plants. - Cell 138: 1184-1194, 2009. 

Ju, X.-T., Xing, G.-X., Chen, X.-P., Zhang, S.-L., Zhang, L.-J., 
Liu, X.-J., Cui, Z.-L., Yin, B., Christie, P., Zhu, Z.-L., 
Zhang, F.-S.: Reducing environmental risk by improving N 
management in intensive Chinese agricultural systems. - 
Proc. nat. Acad. Sci. USA 106: 3041-3046, 2009. 



S. LI et al. 

156 

Kang, L., Han, X., Zhang, Z., Sun, O.J.: Grassland ecosystems 
in China: review of current knowledge and research 
advancement. - Phil. Trans. roy. Soc. London B Biol. Sci. 
362: 997-1008, 2007. 

Kiba, T., Feria-Bourrellier, A.B., Lafouge, F., Lezhneva, L., 
Boutet-Mercey, S., Orsel, M., Brehaut, V., Miller, A., 
Daniel-Vedele, F., Sakakibara, H., Krapp, A.: The 
Arabidopsis nitrate transporter NRT2.4 plays a double role 
in roots and shoots of nitrogen-straved plants. - Plant Cell 
24: 245-258, 2012. 

Kingston-Smith, A.H., Bollard, A.L., Minchin, F.R.: The effect 
of nitrogen status on the regulation of plant-mediated 
proteolysis in ingested forage; an assessment using non-
nodulating white clover. - Ann. appl. Biol. 149: 35-42, 
2006. 

Krapp, A., David, L.C., Chardin, C., Girin, T., Marmagne, A., 
Leprince, A.-S., Chaillou, S., Ferrario-Méry, S., Meyer, C., 
Daniel-Vedele, F.: Nitrate transport and signalling in 
Arabidopsis. - J. exp. Bot. 65: 789-798, 2014. 

Kronzucker, H.J., Siddiqi, M.Y., Glass, A.D.M.: Conifer root 
discrimination against soil nitrate and the ecology of forest 
succession. - Nature 385: 59-61, 1997. 

Lee, Y.H., Foster, J., Chen, J., Voll, L.M., Weber, A.P., 
Tegeder, M.: AAP1 transports uncharged amino acids into 
roots of Arabidopsis. - Plant J. 50: 305-319, 2007. 

Li, Q., Li, B.H., Kronzucker, H.J., Shi, W.M.: Root growth 
inhibition by NH4

+ in Arabidopsis is mediated by the root 
tip and is linked to NH4

+ efflux and GMPase activity. - 
Plant Cell Environ. 33: 1529-1542, 2010. 

Liu, H., Liu, H., Song, Y.: Absorption and translocation of 
nitrogen in rhizomes of Leymus chinensis. - Rapid 
Commun. Mass Spectrometry 25: 665-671, 2011. 

Liu, K.H., Tsay, Y.F.: Switching between the two action modes 
ofthe dual-affinity nitrate transporter CHL1 by 
phosphorylation. - EMBO J. 22: 1005-1013, 2003. 

Liu, X., Zhang, Y., Han, W., Tang, A., Shen, J., Cui, Z., 
Vitousek, P., Erisman, J.W., Goulding, K., Christie, P., 
Fangmeier, A., Zhang, F.: Enhanced nitrogen deposition 
over China. - Nature 494: 459-462, 2013. 

Loqueé, D., Von Wireé, N.: Regulatory levels for the transport 
of ammonium in plant roots. - J. exp. Bot. 55: 1293-1305, 
2004. 

Masclaux-Daubresse, C., Daniel-Vedele, F., Dechorgnat, J., 
Chardon, F., Gaufichon, L., Suzuki, A.: Nitrogen uptake, 
assimilation and remobilization in plants: challenges for 
sustainable and productive agriculture. - Ann. Bot. 105: 
1141-1157, 2010. 

Meng, S., Zhang, C., Su, L., Li, Y., Zhao, Z.: Nitrogen uptake 
and metabolism of Populus simonii in response to PEG-
induced drought stress. - Environ. exp. Bot. 123: 78-87, 
2016. 

Mengel, K., Hütsch, B., Kane, Y.: Nitrogen fertilizer application 
rates on cereal crops according to available mineral and 
organic soil nitrogen. - Eur. J. Agr. 24: 343-348, 2006. 

Miller, A.J., Fan, X., Orsel, M., Smith, S.J., Wells, D.M.: 
Nitrate transport and signalling. - J. exp. Bot. 58: 2297-

2306, 2007. 
Näsholm, T., Ekblad, A., Nordin, A., Giesler, R., Högberg, M., 

Högberg, P.: Boreal forest plants take up organic nitrogen. - 
Nature 392: 914-916, 1998. 

Nakamura, M., Nakamura, T., Tsuchiya, T.: Advantages of 
NH4

+ on growth, nitrogen uptake and root respiration of 
Phragmites australis. - Plant Soil 331: 463-470, 2010. 

Persson, J., Gardestrom, P., Nasholm, T.: Uptake, metabolism 
and distribution of organic and inorganic nitrogen sources 
by Pinus sylvestris. - J. exp. Bot. 57: 2651-2659, 2006. 

Plassard, C., Guerin-Laguette, A., Very, A.A., Casarin, V., 
Thibaud, J.B.: Local measurements of nitrate and potassium 
fluxes along roots of maritime pine. Effects of 
ectomycorrhizal symbiosis. - Plant Cell Environ. 25: 75-84, 
2002. 

Rentsch, D., Schmidt, S., Tegeder, M.: Transporters for uptake 
and allocation of organic nitrogen compounds in plants. - 
FEBS Lett. 581: 2281-2289, 2007. 

Schulten, H.R., Schnitzer, M.: The chemistry of soil organic 
nitrogen: a review. - Biol. Fertil. Soils 26: 1-15, 1997. 

Sohlenkamp, C., Shelden, M., Howitt, S., Udvardi, M.: 
Characterization of Arabidopsis AtAMT2, a novel 
ammonium transporter in plants. - FEBS Lett. 467: 273-278, 
2000. 

Sun, J., Chen, S., Dai, S., Wang, R., Li, N., Shen, X., Zhou, X., 
Lu, C., Zheng, X., Hu, Z., Zhang, Z., Song, J., Xu, Y.: 
NaCl-induced alternations of cellular and tissue ion fluxes 
in roots of salt-resistant and salt-sensitive poplar species. - 
Plant Physiol. 149: 1141-1153, 2009. 

Sun, Y., Wang, F., Wang, N., Dong, Y., Liu, Q., Zhao, L., 
Chen, H., Liu, W., Yin, H., Zhang, X., Yuan, Y., Li, H.: 
Transcriptome exploration in Leymus chinensis under 
saline-alkaline treatment using 454 pyrosequencing. - PLoS 
ONE 8: e53632, 2013. 

Svennerstam, H., Ganeteg, U., Näsholm, T.: Root uptake of 
cationic amino acids by Arabidopsis depends on functional 
expression of amino acid permease 5. - New Phytol. 180: 
620-630, 2008. 

Taylor, A.R., Bloom, A.J.: Ammonium, nitrate, and proton 
fluxes along the maize root. - Plant Cell Environ. 21: 1255-
1263, 1998. 

Walch-Liu, P., Neumann, G., Engels, C.: Response of shoot and 
root growth to supply of different nitrogen forms is not 
related to carbohydrate and nitrogen status of tobacco 
plants. - J. Plant Nutr. Soil Sci. 164: 97-103, 2001. 

Wipf, D., Ludewig, U., Tegeder, M., Rentsch, D., Koch, W., 
Frommer, W.B.: Conservation of amino acid transporters in 
fungi, plants and animals. - Trends Biochem. Sci. 27: 139-
147, 2002. 

Yuan, L., Loque, D., Kojima, S., Rauch, S., Ishiyama, K., 
Inoue, E., Takahashi, H., Von Wiren, N.: The organization 
of high-affinity ammonium uptake in Arabidopsis roots 
depends on the spatial arrangement and biochemical 
properties of AMT1-type transporters. - Plant Cell 19: 2636-
2652, 2007. 

 
 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




