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Abstract

Sunflower (Helianthus annuus L.) plants were grown on nutrient solution with ammonium nitrogen.
After 12 days of growth the ammonium in the nutrient solution was labeled with N (99%). Three
hours later glutamine-N in the xylem exudate was labeled for 56% as shown by GC-MS; this percentage
increased to 63% after 8, and to 69% after 24 hours of incubation. When the xylem exudate had been
collected from the epicotyl instead of the hypocotyl, 15-N abundances were 52%, 56% and 63%
respectively. Results are consistent with an import of glutamine into the transpiration stream during its
ascension in the xylem. On basis of the differences in abundance of double-labeled, single-labeled and
unlabeled glutamine between the two sampling sites it was estimated that at least 20% of the xylem
glutamine was imported into xylem along this distance (~4 cm).

Introduction

The ocecurrence of a xylem-to-phloem transfer of
nitrogen compounds in plants is well established:
Nitrogen taken up by plant roots is primarily
transported to the shoot via the xylem transpira-
tion stream. Growing points have a high nitrogen
demand, but generally low rates of transpiration.
Therefore, on the way from roots to young
leaves, part of the nitrogen must interchange
from xylem to phloem (Simpson, 1986). Export
of nitrogen from the xylem can be studied by
measuring the removing of (labeled) nitrogen
compounds from the transpiration stream (Van
Bel ef al., 1979; Dickson ef al., 1985). It has been
found that amides like glutamine and asparagine
are exported specifically and efficiently (Sharkey
and Pate, 1975).

Much less is known about a possible import of
nitrogen compounds into the xylem. However,
such a transfer may affect determinations of root
nitrate reduction (Rufty and Volk, 1986) and
recirculation of nitrogen (Simpson et al., 1982)
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when such determinations are based on the com-
position of the xylem sap.

Rufty and Volk (1986) measured considerable
percentages of endogeneous organic nitrogen
(i.e. organic nitrogen derived from nitrate ab-
sorbed some time before the experiment) in the
xylem sap, but argued that this could also be
expilained by assuming that nitrogen assimilation
in the root causes a delay of its transport into the
xylem. Rowland (1986) could detect organic °N
in the xylem sap after exposure of barley plants
to atmospheric "NO,.

In this paper a substantial import of glutamine
into the xylem of sunflower along the stem is
indicated. "*N-abundance in glutamine has been
shown to decrease in the ascending xylem sap.

Methods

Seeds of sunflower (Helianthus annuus 1.. var.
Relax) were germinated in moist quartz sand.
After onc week seedlings were transferred to
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nutrient  solution (3mdM (NH,),80,, 1mM
K,50,, 1mM CaCl,, 1mM MgS0,, 0.25mM
KH,PO,, Fe-EDTA and micronutrients).

Throughout the period of germination,
growth, and "N-incubation the nutrient solution
was aerated, mixed and kept at pH 6.0 by au-
tomatic titration with dilsted NH,OH. The
growth conditions were kept constant at 20°C
and 80% air humidity with a photoperiod of 16
hours (60 W m ™).

After 12 days of growth on nutrient solution
18 plants of equal size were selected and trans-
ferred to a smalier container with 1.6 L nutrient
solution labeled with "NH, (99%). Xylem exu-
date was collected during 30 minutes from plants
cut freshly ~2 cm above or ~2 cm below the
cotyledons and immediately deep frozen.

For GC-MS analysis of the xylem exudates the
procedure of MacKenzie and Tenaschuk (1985)
was used. Three samples of 40 uL from different
plants were freeze-dried. Subsequently 4 L tri-
methylamine and 60 L N-methyl-N-(tert. butyl-
dimethylsilyl)-trifluoroacetamide ~ (MTBSTFA;
Picrce Chemical Company) was added. The
closed reaction vessel was heated to 75°C for
30 min. 2 wL were injected into the Pye Unicam
204-series gaschromatograph equipped with a
CP-Sil 19CB capillary column of 0.25 mm i.d. X

5N-abundance in glutamine

25 m. Temperature program was 2 min at 180°C
followed by a rise to 260C at a rate of 4°C min ™",
Mass spectra were obtained from a connected
VGT7070F mass spectrometer using 70 eV elec-
tron impact ionization. During the chromatog-
raphic analysis of the derivatized xylem exudate
the intensities of the mass spectral peaks
corresponding to the (GLN(TBDMSi),—
COOSIC H, )" -fragment (masses 329.24, 330.24
and 331.23; see also Rhodes ef al., 1989) were
recorded. The obtained integrated peak inten-
sities were corrected for the natural abundances
of *H, *C, "N, "0, "0, *Si and *°Si.

Amino acids in the xylem sap were determined
with an amino acid analyzer.

Results and discussion

Abundance of glutamine and N in the
xylem exudate

The amino acid analysis of the xylem exudate is
given in Table 1. Glutamine is by far the most
abundant amino acid.

The “N-abundance in glutamine from the
xylem exudate (NX) during the incubation with
N-ammonium is shown in Figure 1. When
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Fig. 1. "N abundance of glutamine in the xylem exudate of sunflower plants. Xylem exudate has been collected from hypocotyl
() or epicotyl {O). Means of 3 replicates.



Table 1. Concentration of amino acids in the xylem exudate
of sunflower. Means of two exudate samples collected from
the hypocotyl
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Table 2. Abundance of unlabeled (X0), single labeled (X1)
and doubie labeled (X2) glutamine in the xylem exudate of
sunflower. Means of 3 replicates

Amino acid Concentration (maf)
alanine 1.9
asparagine 231
aspartic acid 0.6
glutamic acid 38
glutamine 149.3
glycine 0.5
histidine 1.0
isoleucine 0.8
leucine 0.9
lysine 0.5
phenylalanine 0.4
serine 6.0
threcnine 2.2
valine 21

xylem sap has been collected from the hypocotyl,
56% of the glutamine-N was labeled 3 hours
after application of °N, i.e. nearly half of the
glutamine N present in the xylem has been taken
up by the plant more than 3 hours before. Later
this percentage increased omly slightly (to 63%
after 8, and to 69% after 24 hours). The initial
rapid and the later slow increase in "N abund-
ance is in line with the results of Rufty and Volk
(1986) and means that the nitrogen-pool equilib-
rating with xylem-glutamine is great, so that its
N abundance does not increase quickly.

When the xylem sap has been collected from
the epicotyl, consistently lower '*N-abundances
were recorded (Fig. 1). This indicates an import
of unlabeled glutamine along the stem.

Abundance of unlabeled, single lnbeled and
double labeled glutamine

By comparing the size of the 329, 330, and 331
peak of the mass spectrometer, abundances of
unlabeled, single and double labeled glutamine
molecules (X0, X1 and X2) could be calculated
(Table 2). It was found that at any given "*N-
abundance in the xylem (NX) the percentage of
single labeled glutamine was less than expected
on basis of a stochastic distribution of label over
the amino and amido group of glutamine. With a
stochastic distribution the abundance of double

Collection  Time of exposure X0 X1 X2
site to ¥NH, (hours)
Hypocotyt 3 0.208 0456  0.336
8 0.170 0.404 0.427
24 0.120 0.371 0.50%
Epicotyl 3 0.252 (0.454 0.294
8 0218 0.441 0,344
pr 0.168  0.390 0.442

labeled glutamine X2 should be NX*; however
the experimentally derived value as NX' %%
(Fig. 2). This is consistent with the results of
Rhodes et al., (1989). Apparently glutamine
molecules have been synthesized at sites of dif-
ferent ’N-abundance. Glutamine synthesized at
sites with high “N-abundance has an increased
chance to get labeled at both nitrogen atoms
whereas glutamine synthesized at sites with low
abundances had an increased chance to stay
totally unlabeled. Long-distance transport of in-
termediate products (e.g. glutamate) during
glutamine synthesis thus seems to be of minor
importance.

Analysis of variance

An analysis of variance has been conducted for
the "*N-abundance data. Significance levels of
the effects of the factor ‘xylem sap collection
site’ and of the covariate ‘time of incubation’ are
shown in Table 3. NX, X0, X1 and X2 were
significantly influenced b?r the time of incubation
whereas the decline of *N-abundance between
hypo- and epicotyl was significant only with re-
spect to the increase of unlabeled glutamine.
The fact that the exponent EX, linking NX to
X2, did not increase significantly during the ex-
periment or between the collection sites means
that there was no indication of a later metaboli-
zation of glutamine after its imitial production.
Such a metabolization should randomize the pre-
ferential formation of double labeled glutamine
and consequently increase EX towards a value of
2. Sharkey and Pate (1975) reported that
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abundance of glutamine species
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Fig. 2. Abundance of unlabeled (X0), single labeled (X1} and double labeled (X2} glutamine in the xylem exudate of sunflower
plants as a function of the “*N-abundance of glutamine {NX). Xylem exudate has been collected from the hypocotyl (O) or
epicotyl (O). Solid lines represent stochastic distribution of N between amino and amido group, broken lines are drawn

1.87

according to the formula X2 = NX

Table 3. Analysis of variance of data on the abundance of
unlabeled (X0), single labeled (X1) and double labeled (X2)
glutamine in the xylem exudate, the “N-abundance of
glutamine in the xylem exudate (NX) and the exponent
linking X2 to NX, (EX). Significance levels: =*<0.01;
* <20.05; N§>0.05

Effect of
Analysis tor Covariate: time Factor: site of
callection

x(] * % *

X1 ¥ NS

X2 4 NS

NX ¥ NS

EX NS NS

glutamine exported from the xylem was largely
unmetabolized when recovered in the phloem
sap.

Quantitative estimation of glutamine import into
the xylem

From the labeling pattern of the glutamine mole-
cules at the two collection sites the percentage of
glutamine imported between hypocotyl and epi-
cotyl can be estimated. From Table 2 it can be
calculated that after 3 hours of incubation X0 at
the hypocotyl was 17% lower than at the epi-
cotyl, Because a possible export of glutamine



from the xylem should not affect the ratios be-
tween X0, X1 and X2, it can be concluded that
17% of the glutamine present in the epicotyl
must have been replaced by unlabeled glutamine
between the collection sites. Data after 8 and 24
hours incubation gave a differences in X0 of 22
and 29%, respectively. Glutamine in the ex-
change pool may have got slightly labeled during
the experiment, so that the import rate obtained
in this way may be an underestimate. Therefore
it is reasonable to assume that at least 20% of
the glutamine found in the xylem sap of the
epicotyl has been imported along the ~4 em-
distance between the collection sites.

It should be noted that the import rate ob-
tained in this way is about double the rate which
would have been calculated by simply comparing
NX of the two collection sites (7.7 to 10.1%).
This discrepancy is due to the fact that differ-
ences of X0 between the sampling sites are more
pronounced than those of NX,

It is unlikely that the import of glutamine into
the xvlem described here can be explained by a
xylem-to-xylem transfer as postulated by Layzell
et al., (1981). In our experiment external “N
crossed the root into the xylem within 3 hours.
Regarding this high rate of transport one would
not expect that glutamine transfer from one
xvlem vessel to another is so slow that the im-
ported glutamine is still largely unlabeled after
24 hours. Export of glutamine from the
cotyledons via phloem to the xylem of the stem
is much more likely. According to our measure-
ments such a transfer may be much more intense
than indicated by nitrogen balance studies
(Layzell et al., 1981).
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