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MANNOSE INHIBITION OF NITRATE UPTAKE BY WHEAT ROOTS
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ABSTRACT
The effect of mannose on nitrate uptake was investigated by a new non-invasive technique. Under normal con-
dition, nitrate uptake by wheat (Triticum aestivum L.) roots was about 1-7 pmol gfwt-! h'l. After the addition of 10
mM mannose, net nitrate influx by wheat roots started to decrease and reached a new steady state at -40£50% of
the control value after 73 min. After mannose supplied for 2 h, its removal caused net nitrate influx to be recove-
red to an original rate. Therefore, the inhibition of mannose on nitrate uptake is not due to the onset of program-
med cell death because it starts too rapidly and it is reversible, however, it is probably due to Pi and consequent

ATP depletion.
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INTRODUCTION

In nature, there is no free mannose. Mannose, as a com-
ponent of polymers fulfilling structural and/or storage ro-
les, is widely distributed in plants. Mannose, similarly to
glucose, is phosphorylated by hexokinase. However, in
many species mannose-6-phosphate can not be metaboli-
zed further because mannose phosphate isomerase is not
present and if present its activity is limited both spatially
and temporally (Herold and Lewis 1977). Mannose-6-pho-
sphate accumulation is correlated with decrease in ATP,
orthophosphate, sucrose and phosphoenolpyruvate (Harris
et al. 1986).

Mannose can cause the decrease of [Pi] and ATP, inhibit
respiration and proteolysis over a short period (Stenlid
1954, 1971; Loughman 1966). After 24 h, mannose inhi-
bits the increase of weight, causes DNA fragmentation,
and initiates programmed cell death in some tissues (Stein
and Hansen 1999; Shih et al. 2004). In addition, mannose
can cause cytochrome c release from mitochondria in cul-
tured maize cells (Stein and Hansen 1999), lead to oscilla-
tions in steady state chlorophyll fluorescence emission

Abbreviations:
Man — mannose; Man-6-P — mannose-6-phosphate

(Harris et al. 1986). In a word, mannose can cause [Pi] and
ATP decrease, lead to cell death, inhibit respiration, prote-
olysis, root growth etc (Stenlid 1954; Loughman 1966;
Stein and Hansen 1999). Moreover, the effect of mannose
is specific, only D-Man causes a reduction in final fresh
weight with concomitant oligonucleosomal fragmentation.

The effects of mannose on roots have been reported,
such as the inhibition of respiration, the root growth and
CI- uptake (Stenlid 1954, 1957), subsequently the decrease
of ATP. The higher the conc. of mannose is, the lower CI-
uptake/% control is (Stenlid 1957). As for the effect of
mannose on nitrate uptake (the most important inorganic
uptake system in plants), it has not been reported on its
change time coursely (Lejay et al. 2003). This paper pre-
sents the effects of mannose on nitrate uptake by wheat ro-
ots in high time resolution, with a non-invasive new tech-
nology (Cram et al. unpublished).

MATERIALS AND METHODS

Plant culture

Wheat (Triticum aestivum L. cv. EM18) seedlings were
grown in hydroponics culture. The bottom and sides of the
container were enclosed in black paper, which can reduce
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light falling on the root system to near zero, and thus mini-
mize algal growth on the roots. The top of the container
was covered with black sponge, into which small plastic
tubes (two ends were cut) were inserted symmetrically.
Wheat seedlings (germination for 3-5 days) were put thro-
ugh small plastic tubes with tweezers, so the plants were fi-
xed on it (grow directly). Finally, air was pumped through
the culture solution using an aquarium pump with the in-
flow tube plugged through the sponge. Subsequently, the
water level was replenished every morning and the whole
solution replaced regularly.

Wheat plants were grown in one fourth Long Ashton
complete nutrient solution at 20°C (£2°C) under 16 h pho-
toperiod with light flux density of 400 pmol m-2 s!. Plants
(20-30 days old) were removed and laid in a large tray with
culture solution. Individual roots with their laterals were
gently teased apart with a fine wooden needle. Each plant
was then transferred to a tray (Perspex) 20 mm wide, 450
mm long, with raised sides 5 mm high, and held a slope of
5° from the horizontal (at the end of 50 mm long) (Fig. 1).
The roots were aligned along it and covered with fine
transparent polythene film. The bottoms of trays enclosed
in black paper kept the roots in dark. The shoot was held in
a small tube during initial growth. This holder containing
the plant was attached to the upper end of the tray, which
was bent up at a slightly greater angle as illustrated in Fi-
gure 1. The leaves then lay nearly upright.

Gentle physical disturbance of the plants inhibits nitrate
uptake for more than 6 h (TerSteege et al. 1998). To mini-
mize the transplant shock, we set up the intact wheat plants
in the trays at least 14 h before collecting samples, and tre-
ated plants by shifting the flexible tube (by which solution
was transported) from one solution to another rather than
moving plants. Plants were regularly used for several suc-
cessive days. Roots and leaves visibly extended from day
to day.

Non-invasive measurement of net nitrate influx

Previously, nitrate uptake was investigated by excised
roots. Here, we develop the new non-invasive method to
do it. A technique for measuring net nitrate influx by root
systems of intact plants growing at a normal rate was used.
Non-invasive system in which the intact plants grow at
normal rates, the root system can be studied without dama-
ging and nitrate uptake is measured with high time resolu-
tion.

Various dilutions of the culture solution were pumped
from reservoirs, flowed over the roots from top to bottom
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of the tray, and pumped out to automatic sample collectors
BSA-100. The outflow pump rate was 10% greater than the
inflow to prevent overflow.

Suppose the volume flow over the root system was con-
stant. Net nitrate uptake rate was calculated from measured
depletion of the nutrient solution and the volume flow rate
(V/ml min'!), which expressed relative to the fresh weight
of the root system measured at the end of the experiment
(Wg/g). The nitrate concentration in aliquots of the solu-
tion collected after it had flowed over the root system
(Cout/mM) was measured by ELIT 8021 nitrate electrode,
calibrated regularly against the inflow solution (Cin/mM)
to allow for drift. The volume flow rate regulated by the
variable pump BTO03 (DG-8), was calculated by the diffe-
rence between the weight of each test tube before and after
collecting solution, then divided by the time. Net nitrate
uptake rate was calculated as

C,—C,n)V

out
¢I1(’?t =

W, pmol gfwt! h!

Mannose treatments

In the experimental room, Mg lamps were switched on at
06:00 and off at 22:00. Measurement of nitrate uptake was
started at 11:00 when net nitrate influx was steady, and
mannose was supplied externally after more than 2 h.

RESULTS AND DISCUSSION

The effect of mannose on net nitrate influx

The variability between these experiments was substan-
tial, but the main conclusion was statistically significant —
after the addition of mannose, net nitrate influx started to
decrease immediately. Mannose inhibited nitrate uptake ra-
pidly and progressively. By statistics analysis, we know
that nitrate appeared to be leaking from the roots after 73
min (reached a new steady state at -40£50% of the control
value) (Fig. 2). However, when mannose was removed
from the external solution after the treatment for 2 h, net
nitrate influx by the roots recovered to their original rate by
the next day and maintained it. The reversal showed that
the effect of mannose here is not to launch programmed
cell death, as might happen after a longer treatment (Shih
et al. 2004). The short term inhibition observed after exter-
nal mannose addition is probably due to Pi and consequent
ATP depletion (Loughman 1966).

Solution out

Fig. 1. Set-up for non-invasive measurement
of net nitrate influx.
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Mechanism of the response to mannose

Sucrose, glucose, fructose and raffinose can cause the in-
crease of net nitrate influx (Li et al. unpublished). Howe-
ver, mannose is an exception, which rapidly inhibits nitrate
uptake by roots. After external mannose addition, [Pi] and
[ATP] change within less than 1 h (Loughman 1966) and
programmed cell death can be happened 24 h later (Stein
and Hansen 1999; Shih et al. 2004), so the inhibition of ni-
trate uptake by mannose is not due to the onset of program-
med cell death because it starts too rapidly and it is reversi-
ble. Therefore it is probably due to Pi and consequent ATP
depletion.

Since nitrate uptake is, across plasma membrane by
H*/NOj;™ co-transport, similar with Pi uptake(Taiz and Zei-
ger 2002), therefore mechanism of uptake by roots should
be the same for Pi and nitrate (Herold and Lewis 1977).
We suspect that there are two possibilities by which man-
nose can affect Pi uptake. First, Mannose affects Pi trans-
port rather than Pi uptake. Pi transport is affected by man-
nose addition because it consumes Pi (convert into Man-6-
-phosphate) and leads to Pi decreases in the cell. Second,
mannose affects Pi efflux rather than Pi influx, because
[Pi] decrease causes Pi efflux decrease (Loughman 1966).
Based on the above analysis, we presume that mannose in-
hibits nitrate uptake by affecting nitrate transport or efflux.

Mannose as a new selection agent for transgenic plant

About 50 selectable marker genes have been tried and
only a few are widely used (Miki and McHugh 2004). In
addition, antibiotic resistance should be avoided although
no adverse effects of marker genes were found by far.

The toxic action of mannose makes it a useful selection
agent for the generation of transgenic plants in which Man-

Time[min]

for details.

6-P-isomerase gene from the Escherichia coli is used as
a resistance marker (Joersbo 1998; Min et al. 2007; Pas-
sword 2008). Transformants can grow after transferring
MPI gene into plant cells, while non-transformants can not
grow and eventually die. Moreover, transform frequency,
selection efficiency and rooting frequency is higher than
selected by kanamycin (Joersbo 1998).
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