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ABSTRACT

Nitrogen isotope signatures in plants might give insights in
the metabolism and allocation of nitrogen. To obtain a
deeper understanding of the modifications of the nitrogen
isotope signatures, we determined d15N in transport saps and
in different fractions of leaves, axes and roots during a diel
course along the plant axis. The most significant diel varia-
tions were observed in xylem and phloem saps where d15N
was significantly higher during the day compared with during
the night. However in xylem saps, this was observed only in
the canopy, but not at the hypocotyl positions. In the canopy,
d15N was correlated fairly well between phloem and xylem
saps. These variations in d15N in transport saps can be attrib-
uted to nitrate reduction in leaves during the photoperiod as
well as to 15N-enriched glutamine acting as transport form of
N. d15N of the water soluble fraction of roots and leaves
partially affected d15N of phloem and xylems saps. d15N pat-
terns are likely the result of a complex set of interactions and
N-fluxes between plant organs. Furthermore, the natural
nitrogen isotope abundance in plant tissue is not constant
during the diel course – a fact that needs to be taken into
account when sampling for isotopic studies.

Key-words: day/night cycle; isotope fractionation; nitrogen;
transport.

INTRODUCTION

Nitrogen isotopes are well-recognized tools in plant physiol-
ogy and eco(physio)logy (Högberg 1997; Robinson 2001;
Dawson et al. 2002).The natural nitrogen isotope composition
(d15N) is now being widely used in research on N cycling in
organisms and ecosystems. 15N natural abundances are used in
fundamentally different ways, from traditional 15N tracers by
integrating N cycle processes via N isotope fractionations
and the mixing of various N-containing pools (Robinson
2001). Nitrogen isotope composition of plant material is

determined by the isotope ratio of the external nitrogen
source (nitrate,ammonium,amino acids and/or N2) and physi-
ological mechanisms within the plant like assimilation events,
loss of nitrogen, resorption and reallocation of nitrogen
(Högberg 1997; Robinson, Handley & Scrimgeour 1998;
Comstock 2001; Evans 2001; Robinson 2001; Dawson et al.
2002; Werner & Schmidt 2002; Craine et al. 2009). The bulk
nitrogen pool of plant organs contains multiple N species such
as inorganic nitrogen, amino acids, proteins and chlorophylls.
Variations in d15N can thus also be attributed to different
mixing ratios of different N species, each of which could
potentially have a distinct d15N (Werner & Schmidt 2002;
Tcherkez 2011; Gauthier et al. 2012). Consequently, there is
substantial variation in d15N values between ecosystems, plant
species, plant individuals or plant parts and biochemical frac-
tions. Handley et al. (1999) and Craine et al. (2009) reported
that foliar d15N increased with decreasing mean annual precipi-
tation and with increasing mean annual temperature.The vari-
ation range in plant d15N is generally -10 to +10‰ (Evans 2001)
with quite large differences between plants with nitrate as the
sole nitrogen source (Högberg 1997). It is believed that nitrate
availability contributes to this variability,plant cultivated under
low nitrate concentration being less depleted in 15N than those
cultivated under higher nitrate supply (Evans 2001). In case of
low nitrate concentration in the soil,the efflux of (15N-enriched)
nitrate from the root to the soil is limited, and as a result, all
nitrate taken up will be assimilated. Additionally, at higher
nitrate supply, more nitrate is transported to the shoots for
assimilation (Peuke et al. 1996),which may affect the d15N of the
shoots. Furthermore, there are differences in d15N between
plant organs, reported both in the lab and in the field (Högberg
1997), with shoots being generally 15N-enriched compared with
roots (Yoneyama et al. 1997; Peuke, Gessler & Rennenberg
2006).It is believed that this difference in d15N value is caused by
the isotope fractionation against 15N during nitrate reduction:
nitrate molecules left behind after reduction in roots are 15N-
enriched and translocated to shoots (for a review, see Tcherkez
& Hodges 2008). As a matter of fact, the allocation of nitrog-
enous compounds of contrasted d15N is thus certainly the cor-
nerstone causing differences in d15N between plant parts.
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Quite generally, there are considerable disparities among
plant metabolites: nitrate is typically 15N-enriched while pro-
teins, chlorophylls or alkaloids are 15N-depleted (for a review,
see Werner & Schmidt 2002). This is caused by isotope frac-
tionation during plant nitrogen metabolism. Virtually all
enzymatic steps that break or make C-N, O-N or N-H bonds
fractionate between nitrogen isotopes (Werner & Schmidt
2002) and so is the case of key enzymes involved in plant
primary nitrogen metabolism (for a specific review, see
Tcherkez 2011). As a consequence, primary nitrogen assimi-
lates like amino acids are believed to have contrasted d15N
values (Hayes 2001; Tcherkez & Hodges 2008; Gauthier et al.
2012). Under the assumption that nitrogenous compounds
exchanged between plant parts via xylem and phloem path
have a d15N value different from that of total organic matter,
this may contribute to isotopic differences between organs
(Comstock 2001).

However, little is known about the d15N value of phloem
metabolites in the phloem.The small amount of available data
indicate little difference in d15N between total N in leaves and
total phloem N (Yoneyama et al. 1997). The comparison of
plant parasites that rely on phloem N from hosts showed no
difference between host and parasite d15N (Tennakoon, Chak
& Bolin 2011), suggesting that phloem nitrogen might be on
average isotopically similar to primary nitrogen assimilates.
Nevertheless, leaf nitrogen metabolism follows a diel rhythm
so that N reduction and assimilation mainly occurs in the light
and, therefore, the composition and d15N in phloem may
change along the day/night cycle. In fact, phloem metabolic
composition is believed to follow a diurnal course, with less
sugars and amino acids at night (Sharkey & Pate 1976; Peuke
et al. 2001). This composition effect may be accompanied by
changes in metabolic flux rates that also impact on d15N,
because isotope fractionations are flux-dependent. Metabolic
flux-related changes in phloem isotopic composition have
been demonstrated for d13C recently (Gessler et al. 2008).

As an aid in clarifying 15N-distribution patterns in plants,
we investigated the isotope composition in leaf, xylem and
phloem sap, stem, and root, during a full day/night cycle in
Ricinus communis (Euphorbiaceae). We show clear d15N
changes in both xylem and phloem sap along the day/night
cycle, in contrast with leaf, stem or root tissues. Xylem and
phloem d15N were loosely, but significantly correlated, sug-
gesting nitrogen exchange between them. Most correlations
between d15N and %N in stem and leaf fractions were poor,
indicating that metabolic composition, rather than nitrogen
concentration itself, is crucial to explaining 15N-patterns.

MATERIAL AND METHODS

Plant material

Seeds of R. communis L. were germinated in vermiculite
moistened with 0.5 mm CaSO4. After 13–15 days, plants were
transferred to substrate, each plant in a 5 L pot.The substrate
was made of two parts commercial potting mix (Floradur;
Floragard GmbH, Oldenburg Germany) and one part
Perlite (Perligran G, Deutsche Perlite GmbH, Dortmund,
Germany). Pots were placed in a randomized manner and

their position was changed daily. Every three days, plants
were watered with tap water and after the first month, were
supplied every second week with a commercial fertilizer
(0.3% Hakaphos Blau, Compo GmbH, Münster, Germany:
4.5% N-nitrate, 10.5% N-ammonium, 10% P2O5, 15% K2O,
2% MgO and in traces B, Cu, Fe, Mn, Mo and Zn). The d15N
value of the fertilizer (bulk) was +0.57 � 0.11‰ and that of
the ammonium and nitrate moiety was -1.27 � 0.13 and
+4.88 � 0.12‰, respectively. The d15N of the ammonium
moiety was obtained via ammonium purification by quanti-
tative precipitation as phosphoromolybdate (Tave 1969).The
d15N of nitrate was then calculated with mass-balance from
bulk d15N. Plants were cultivated for 35–40 days in the green-
house (26 � 5 °C) with a 16 h photoperiod provided by
natural daylight supplemented by mercury-vapour lamps
(Osram HQL 400; Osram, Munich, Germany) so as to reach
a minimal light level of 300–500 mmol photons m-2 s-1.

Sampling of phloem and xylem saps

Phloem sap was collected at six time points (00:10, 02:59,
10:25, 12:08, 16:37 and 19:05 h mean time), according to Pate,
Sharkey & Lewis (1974), by shallow incisions of the bark. A
total of 21 plants were sampled and for each, there were six
collection-positions along the shoot axis (see Fig. 1, position
p-a. to p-f.). The collection of phloem saps from each single
plant lasted 45–60 min.

Xylem sap was sampled at the same six time points during
the diurnal course by applying pneumatic pressure to the
root enclosed in a pressure vessel (Passioura 1980; Jeschke &
Pate 1991a; Peuke 2000). From each individual plant, seven
samples of xylem sap were collected first from cut leaf
midribs and then from tissue flaps of stem internodes (see
Fig. 1, position x-a. to x-g.). Pressurizing the roots up to
0.35 � 0.04 MPa caused exudation at all sampling points,
enabling sufficient sap volumes to be collected. Sap samples
were kept on ice and stored at -80 °C.

Tissue sampling

All of the seven mature leaves (Fig. 1 L1 to L7), stem seg-
ments (corresponding to phloem sap collection positions)
and fine roots were harvested after having finished phloem
sap sampling and frozen in liquid nitrogen, for the d15N analy-
sis in total (bulk), water-soluble and water-insoluble frac-
tions. The samples were homogenized with a mortar and
pestle in liquid nitrogen. The water-soluble fraction was pre-
pared with 1.5 mL of deionized water added to 0.1 g of plant
material. After agitation for 1 h at 4 °C, the extract was
heated at 100 °C for 1 min to precipitate proteins and centri-
fuged (12000 g, 5 min, 4 °C). The supernatant was the water-
soluble fraction that was composed mainly of sugars, some
organic acids and amino acids (Brandes et al. 2007). The
pellet was used as the water-insoluble fraction. We acknowl-
edge that any kind of extraction procedure might suffer from
incomplete extraction and background contamination, which
will affect the isotopic composition of the different biochemi-
cal fractions (Richter et al. 2009). The fact that the sums of
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the d15N values weighted for the nitrogen contents of the
water-soluble and water-insoluble fractions were comparable
with bulk material, shows that no losses of nitrogen com-
pounds occurred during the extraction.

Measurement of d15N values

Homogenized bulk samples, water extracts, and phloem and
xylem saps were oven-dried at 60 °C for 12 h. Oven drying at
that temperature was shown to have no effect on the d15N values
of biological material compared with freeze-drying (Hobson,
Gloutney & Gibbs 1997; Kaehler & Pakhomov 2001). Moreo-
ver,no effect of drying temperatures in a range of 40–105 °C on

d15N were observed for fungal fruit bodies (Taylor et al. 1997).
Samples were weighted and combusted in tin capsules (IVA
Analysentechnik, Meerbusch, Germany) in an elemental ana-
lyser (NA 2500; CE Instruments, Milan, Italy) coupled to an
isotope ratio mass spectrometer (Delta Plus; Finnigan MAT
GmbH, Bremen, Germany) via a Conflo II interface (Finnigan
MAT GmbH). d15N values reported here were defined as:

δ15 1N sample standard‰( ) = ( ) −R R (1)

where Rsample and Rstandard (0.0036765) are 15N/14N ratios in
sample and atmospheric N2, respectively. We used IAEA-600
(caffein),IAEA-N-1 (ammonium sulphate),IAEA-NO-3 and
various in-house standards as reference material.

Statistics

Phloem saps were collected from six positions along the stem
at six time points from three to four plants and, afterwards,
axis sections were harvested (Fig. 1). Additionally, samples
from all fully developed leaves (L1+2 – L7) and from fine root
samples were taken at all six time points. Xylem sap was
obtained from cut midribs of the leaves and from tissue flaps
of stem internodes at the six time points. All sap collections
and tissue harvests were repeated with three to four individual
plants. Statistical calculations were performed with SAS
release 9.2 (SAS Institute Inc.,Cary,NC,USA).Differences in
d15N and total nitrogen between time and sampling positions
were determined using analysis of variance (anova) in which
the position was nested within a time point [anova model:
‘time’, ‘position (time)’].Additionally, time points in the dark
on one hand and time points in the light were pooled and a
nested model [‘light’, ‘position (light)’] was calculated to
figure out differences between night and day. Analyses were
performed by the procedure general linear model (GLM).The
adjustment of multiple comparisons according to Tukey was
chosen for P-values and confidence limits for the differences
of least square means (LS means). Correlation analyses were
performed on the whole dataset using the CORR procedure
of SAS (Kp: and P-value for H0: Kp = 0). Regression analyses
were performed with the REG procedure of SAS (H0: esti-
mates=0, minimum r2 set at 0.5) using mean values over the
different sampling point at the same sampling time.

RESULTS

d15N in xylem and phloem sap

d15N values in xylem sap varied with time and sampling posi-
tions (Fig. 2a), both effects being significant. However, d15N
values were relatively low in the hypocotyl positions (I and
II) and the diel pattern was relatively flat, peaking before
noon. d15N values were mostly higher in leaf xylem sap in the
light, with a clear day/night cycle (15N-enrichment in the
light). In the night, there was a substantial variability of d15N
values between sampling positions.

A clear day/night pattern was visible for d15N in the
phloem sap, with an increase in 15N in the light, regardless of
the sampling position (sampling position did not cause a

Leaf 6

Leaf 4

Leaf 7

Leaf 5

Leaf 3

Leaf 1&2

xyl.-VI
xyl.-VII

xyl.-III

xyl.-II

xyl.-I

xyl.-V

xyl.-IV

phl.-e.
p-f.

p-d.

phl.-c.

phl.-b.

phl.-a.

Figure 1. Scheme of the plants used in the experiments with
sampling positions. For the analysis of 15N in phloem sap organic
matter, phloem saps were collected from six positions along the
stem (phl.- to p–f) at six time points (00:10, 02:59, 10:25, 12:08,
16:37 and 19:05 h �). From the same position axis, sections were
harvested after phloem sampling. The cotyledons (Cot1 and Cot2)
were already shed at the start of the experiments. Additionally all
fully developed leaves (L1+2 – L7). In addition, at all six time
points, fine root samples were harvested. Xylem sap was obtained
from cut midribs of the leaves (xyl.-III to xyl.-VII) and from tissue
flaps of stem internodes (xyl.-I and xyl.-II) at the six time points.
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statistically significant effect; Fig. 2b). Night d15N values
ranged between -5.8 and -2.5‰ while day d15N values were
between -1.3 and +2.1‰. Sampling time had a statistically
significant effect on N concentration in phloem sap, in con-
trast to the position of sampling (Supporting Information
Table S1). During the light period, the N concentration
decreased in phloem saps from morning to evening and was
highest in the night. However, when individual sampling posi-
tions were considered, there was no significant relationship
between d15N and the N concentration in phloem saps (not
shown).

d15N in plant tissues

In bulk matter of roots and axis segments, both sampling time
and sampling position had a statistically significant effect on
d15N (Fig. 3a). That is, d15N values were slightly lowered (15N-
depleted) in the light than in the dark. Root and hypocotyl
had lower d15N values (from –0.5 to +2‰) compared with
epicotyl axis segments (canopy region of the plant axis; from
+2.5 to +6.5‰). In contrast to roots and plant axis, there was
no significant diel effect on d15N in leaf bulk matter (Fig. 4a).

In the water-insoluble fraction from plant axis and root,
neither sampling time nor sampling position had an effect on
d15N (Fig. 3b). The water-insoluble fraction was 15N-depleted
compared with bulk organic matter and to the soluble frac-
tion by up to 14‰. The d15N in the water-soluble fraction was
on average affected by sampling time and sampling position
(Fig. 3c); but such effects were insignificant in roots. In the
plant axis, the N concentration was significantly affected
by sampling time and sampling position in both bulk and
water-soluble organic matter, with higher N concentration
in younger (apical) axis segments (Supporting Information
Table S1).

In leaves, the d15N in bulk matter and in the water-insoluble
fraction was affected by the position of harvesting only, and
not by sampling time (Fig. 4a,b). By contrast, the water-
soluble fraction appeared to be significantly 15N-enriched in
the light compared with in the dark (Fig. 4c), regardless of the
sampling position. There was substantial d15N-variation
among leaves, but bottom leaves (L1+2) appeared to be
15N-enriched compared with others. Leaves 3–5 showed a
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plants. Significant effects of the main factors time or light and
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different positions (a–f) along the axis/leaf number. For further
details see legend to Fig. 2.

2222 A. D. Peuke et al.

© 2013 John Wiley & Sons Ltd, Plant, Cell and Environment, 36, 2219–2228



15N-peak before noon, which seemed to coincide with that in
phloem (Fig. 2b). In contrast to what was observed in the
plant axis, the d15N difference between bulk organic matter,
water-insoluble and water-soluble fractions of leaves was
rather small (up to 2‰ only). In leaf bulk organic matter and
in the water-soluble fraction, N concentration was affected
significantly by both sampling time and sampling position
(Supporting Information Table S1) with a higher N concen-
tration in young leaves.

Comparison of diel patterns

d15N data in Fig. 2 (xylem and phloem sap), 3 (root water-
soluble organic matter) and 4 (leaf water-soluble organic
matter) were redrawn in Fig. 5 so as to make d15N co-
variations more apparent. Although somewhat lower d15N in
the evening and at midnight was observed, the water-soluble
fraction of leaves and roots was roughly constant with time. In
xylem and phloem saps, d15N progressively increased in the
light. Phloem sap eventually reached similar d15N values to

that in the xylem in the evening. In the night, while d15N values
in xylem were relatively close to 0‰, phloem sap had d15N
values close to that in the water-soluble fraction of leaves. In
other words, the apparent diel pattern in phloem was so that it
fluctuated between the water-soluble fraction of leaves at
night and xylem values in the light. Since both phloem and
xylem tend to be 15N-enriched in the light compared with in
the night, such kinetics do not carry information on causality;
however, there is presently no definite indication whether
xylem influenced phloem d15N or the reverse.

Relationships between N concentration and d15N

d15N of bulk organic matter was negatively correlated to total
N concentration in leaves, but positively correlated in the
plant axis (Table 1). That is, N-rich leaves were 15N-depleted
while N-rich axis segments were 15N-enriched compared with
the less N-containing tissues, indicating that the origin of the
15N-enrichment was different in these organs and likely
stemmed from the metabolic composition in nitrogenous
compounds. In roots, d15N in the water-soluble fraction was
better related to the N concentration of bulk material than to
the N concentration in water-soluble extracts (Table 2). In
the phloem, the correlation between N concentration and
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d15N was relatively weak, the Pearson’s correlation coeffi-
cient being just below 0.5.

Regression analyses between d15N values

The relationship between d15N values of the different plant
parts was investigated. The statistically significant and rel-
evant results are shown in Fig. 6. d15N in water-soluble
extracts from roots correlated with d15N in the phloem sap
from the lower sampling positions (positions a and b) but not
with those in xylem saps (positions I and II, Fig. 6a). For d15N
in leaf water-soluble extracts, a negative correlation was
found for leaves L3 and L4 with phloem sap from the corre-
sponding sampling positions (d and e), restricted to day time
measurements (Fig. 6b). There was no similar correlation for
other leaves. d15N in the xylem sap was positively correlated
to d15N in phloem (Fig. 6c) in the canopy region of the shoot
(from leaf L3 to L5: phloem position d versus xylem position
III, e versus IV and f versus V) but not in others (old leaves
L1+2: phloem position c versus xylem position II; and
hypocotyl: phloem position a versus xylem position I).

DISCUSSION
15N-distribution within plants

In the present study, there were no such clear and straight-
forward 15N gradients (Figs 3 and 4), as observed in other
species (e.g. Peuke et al. 2006). On average, d15N of bulk
matter was slightly more negative in leaves (–0.97‰) than in
roots (–0.49‰). Higher d15N-values were observed in the
stem (+3.20‰ on average), with highest values in the upper
canopy (+4.49‰). The lack of clear 15N-enrichment in leaves
is partially in contrast with previously published results in
which leaves were shown to be up to 7‰ enriched compared
with roots (Högberg 1997; Evans 2001; Peuke et al. 2006) –
while a slight 15N-depletion in leaves compared with roots has
been observed by Haberer et al. (2007). Older leaves (1 and
2, and leaf 3) tended to have higher d15N in different bio-
chemical fractions than younger ones. The d15N of older orTa
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Table 2. Correlation analysis between d15N and total N
concentration in root bulk material and water extracts (Wsl) from
35- to 40-day-old Ricinus communis during the diel course
collected from different positions along the axis/leaf number

Bulk
root 15N

Bulk
root Ntot

Wsl.
root Ntot

Wsl.
root 15N

Bulk root 15N – 0.42 0.03 0.16
Bulk root Ntot n.s. – 0.46 0.59
Wsl. root Ntot n.s. n.s. – 0.42
Wsl. root 15N n.s. ** n.s. –

Significant (P < 0.05 for H0 : Kp = 0). Pearson’s correlation coeffi-
cients (Kp) >0.50 are indicated by bold numbers. n.s., not significant;
*P < 0.05; **P < 0.01; ***P < 0.001.
[Correction added on 25 June 2013 after first online publication: For
Tables 1 and 2, en dashes have been inserted as separators to replace
the incorrect “n.s.” table entries.]
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even senescent leaves may be affected by volatile losses of
NH3 (Högberg 1997). Here, plants were fed with a fertilizer
that included ammonium in addition to nitrate and, thus,
the contribution of nitrate reduction and allocation to 15N-
patterns (described later) is probably somewhat ‘buffered’ by
ammonium assimilation. Nevertheless, Ricinus is a nitrate-
preferring species and NH4

+ is entirely assimilated by roots
and not transported by xylem sap at all (Peuke and Jeschke
1993).Ammonium-derived assimilates are produced in roots,
distributed among plant parts and thus ‘dilute’ the isotopic
differences between organs and biochemical fractions caused
by nitrate metabolism.

Still, we found here a small but visible 15N-enrichment in
the water-insoluble fraction of leaves (d15N comprised
between -2 and +0.5‰) compared with stem and roots (near
-4‰); and this pattern is reversed in the water-soluble frac-
tion (near -3‰ in leaves and +3 to +4‰ in hypocotyl and
roots). Considering that insoluble material mostly represents
reduced (organic) N, it is likely that soluble compounds such
as nitrate did contribute to the unusual 15N-pattern in bulk
matter. Actually, in most plants, nitrate storage account for
less than 1% of total nitrogen content (Comstock 2001). In

fact, nitrate is usually 15N-enriched compared with other
compounds (Yoneyama & Tanaka 1999). In other words,
roots and stems would contain proportionally more nitrate
than leaf blades under the conditions of our study. It has
indeed been demonstrated for castor bean that nitrate trans-
ported aboveground via the xylem is mostly reduced by
leaves (94%) with little nitrate accumulation, accounting for
0.2% only in leaves, 5.3% in roots and at most 7.8% in the
axis (percentage of nitrate in total N; Peuke 2010). It is also
likely that the 15N-enrichment in the root and stem water-
soluble fraction was caused by other compounds from N
reduction and assimilation. In Ricinus, roots have been
shown to reduce and assimilate 38% of absorbed nitrate to
amino acids and amides (Peuke 2010). Because nitrate reduc-
tion fractionates against 15N (Ledgard, Woo & Bergersen
1985), nitrate molecules left behind and, thereafter, translo-
cated to shoots are thus 15N-enriched. Furthermore, amidated
nitrogenous compounds are 15N-enriched compared with
aminated compounds (Werner & Schmidt 2002; Tcherkez
2011; Gauthier et al. 2012) and therefore, nitrogen translo-
cated from roots to shoots was probably somewhat 15N-
enriched. The quite high d15N value in stem water soluble
fraction at the canopy level (up to +12‰, Fig. 3) may also
point to the accumulation of nitrate and amides.

Because of the isotope fractionation associated with
nitrate reduction, it is believed that d15N values are lower in
phloem than in xylem saps (Evans 2001). Here, the d15N in
phloem was on average -0.45‰, as compared with +1.67‰
in xylem sap (Fig. 2). Nevertheless, it should be noted that
important diurnal variations were observed (addressed
later) and that nitrogen exchange may have occurred
between phloem and xylem. We further show that xylem sap
from roots and hypocotyl is visibly 15N-depleted compared
with the xylem sap at the canopy level (Fig. 2a). The origin
of the relative 15N-enrichment in xylem sap in the canopy
can either be the abstraction of 14N by metabolic reactions
(and associated 15N fractionation) or the supply of 15N from
an enriched source. The transfer of 15N-enriched molecules
from the phloem to xylem seems likely to be involved in the
observed isotopic patterns. In fact, it has been shown in
Ricinus that organic nitrogen from older leaves can be
loaded into the xylem, thereby sustaining nitrogen metabo-
lism in younger leaves (Jeschke & Pate 1991b). Transfer
cells, observed in the xylem of leaf traces exiting from nodal
tissue, were suggested to be involved in this process (Jeschke
& Pate 1991b). Glutamine, which is the major component of
phloem nitrogenous compounds in this species, may have
been exchanged from phloem to xylem. Similarly in grape-
vine, the concentration of organic N increased along the
shoot axis and was greatest in the youngest measured leaf
(Peuke 2000). Metabolic exchange would also contribute to
explaining the relationship between d15N in xylem and
phloem saps (Fig. 6).

It is further possible that the 15N-enrichment in the root
water-soluble fraction also came from the import of 15N-
enriched compounds from the phloem. It has indeed been
suggested that up to 50% of the reduced N incorporated in
roots is imported via the phloem (Jeschke & Pate 1991b).
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Figure 6. Regression analyses between d15N values: (a)
water-soluble extract of root against xylem saps (position I or II)
or phloem saps (position a or b); (b) water-soluble extract of
leaves against phloem sap; (c) phloem sap against xylem sap. Data
shown are mean values of three to four plants � SE. Significant
relationships (P < 0.05 and r2 > 0.5) are plotted with continuous or
dashed lines. For further details see legend to Fig. 2.
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Diel variations in d15N values

The most visible diel variation in nitrogen isotope com-
position was observed in xylem and phloem saps. Phloem
nitrogen was 15N-enriched during day time compared with
the night time and so was xylem nitrogen (Figs 2 and 5). By
contrast, there were little diel effects in bulk organic matter
and in the water-insoluble fraction of leaves, roots and stems.
In the water-soluble fraction of leaves and roots, there was a
slight tendency to higher d15N values in the light.

The 15N-enrichment in xylem sap in the light compared
with in the dark most likely reflected the effect and timing of
nitrate reduction by roots that fractionates against 15N and
possibly, the import of 15N-enriched organic compounds from
the phloem (see earlier). In fact, leaf nitrate reduction and
assimilation is believed to occur mostly in the light (Stitt et al.
2002). In Ricinus leaves, nitrate reductase activity follows a
diurnal cycle with a maximum around noon (Kandlbinder,
Weiner & Kaiser, 2000).Additionally, diel cycles in loading of
nitrate versus organic compounds might be involved in the
control of the diurnal cycle of xylem sap 15N enrichment. A
relatively higher contribution of nitrate to phloem borne N
during the day might cause increased d15N in the light com-
pared with in the dark period. The relative 15N-enrichment in
the phloem sap in the light compared with in the dark was
even larger (6‰) than in the xylem (4‰) and phloem even-
tually reached d15N values similar to that in the xylem sap
(Fig. 5).The progressive 15N-enrichment in phloem sap in the
light may have come from (1) the 15N-enrichment in nitrogen
primary assimilates produced by leaves; (2) the entry of 15N-
enriched nitrates from the xylem sap; and (3) a change in
phloem metabolic composition, with a progressive preva-
lence of 15N-enriched compounds. Effect (1) is likely, simply
because isotope fractionation associated with nitrate reduc-
tion causes a drift in the d15N in source nitrate (Rayleigh
effect) and so in assimilates synthesized therefrom.There was
indeed a 15N-enrichment in the water-soluble fraction in
leaves in the light (Figs 4 and 5). Effect (2) is probably of
minor importance. In fact, in Ricinus, nitrate has been found
to be loaded into the phloem in very low amounts only (Pate
1980; Jeschke & Pate 1991b; Peuke et al. 1996; Peuke 2010)
and, furthermore, it has been shown to be simply absent in
phloem sap (Hall & Baker 1972). That is, amino acids and
amides are the prevalent N-compounds in phloem saps
(Jeschke & Pate 1991b; Peuke 2010). Effect (3) may also
contribute to enrich phloem sap in 15N because total phloem
amino acid concentration varied and peaked in the light
period. Furthermore, glutamine abundance in phloem saps
has been shown to change along a day/night cycle in Ricinus,
with a progressive increase in the light (Gerendas & Schurr
1999; Peuke et al. 2001). Moreover, the ratio of 15N-depleted
amino acids to 15N-enriched ones (e.g. Ser/Asp) decreased in
the second half of the light period (amino acid spectrum
taken from Peuke et al. 2001).This view would agree with the
modest, but visible correlation between phloem d15N and N
concentration (Table 1).

The modest 15N-enrichment in the root water-soluble frac-
tion in the light compared with in the dark may be associated

with the control of root nitrogen metabolism. In fact, during
the first part of the light period in tobacco roots (Nicotiana
tabacum), it is believed that nitrate assimilation exceeds
nitrate uptake, leading to a rapid depletion of nitrate and
accumulation of ammonium and amino acids (Stitt et al.
2002). In Ricinus, it has been shown that nitrate uptake by
roots was several-fold higher in the light compared with in
the dark. However, nitrate uptake by roots and transport to
the shoot are largely uncoupled (Herdel et al. 2001). That is,
in the light, nitrate uptake is much larger than nitrate transfer
to the shoot and thus root nitrate is either stored, lost (efflux)
or reduced by root metabolism (to amino acids that are
partly exported). Because the root water-soluble fraction
tends to be 15N-enriched compared with the dark (Fig. 4), the
latter hypothesis is plausible. In the light, nitrogen metabo-
lism in shoots, thus, mostly relies on nitrate absorbed and
stored during the night. As this nitrate pool is consumed
by leaf metabolism, there should be a progressive 15N-
enrichment in nitrate and nitrogenous compounds synthe-
sized there from during the light period in leaves and phloem.
In other words, the particular timing of metabolism and
nitrate uptake in Ricinus leads to a transient imbalance
between the rate of nitrate absorption, export in the xylem
and reduction in the light by leaves. As a consequence, we
observed a relative 15N-depletion during the night in roots
(due to 15N fractionation and nitrate replenishment) and 15N-
enrichment during the day (when 15N fractionation is limited
by nitrate availability). We acknowledge that the 15N enrich-
ment in the light also requires a variation of phloem trans-
port to the roots relative to root uptake and assimilation of
nitrate over the day/night cycle.

Conclusions and perspectives

d15N patterns are likely the result of a complex set of inter-
actions and N-fluxes between plant organs and compart-
ments (summarized in Fig. 7); root total organic nitrogen is
15N-depleted due to 15N fractionation associated with nitrate
reduction and shoots are 15N-enriched as a result of the iso-
topic mass-balance (i.e. translocation of remaining nitrates
from roots). By contrast, the root water-soluble fraction may
be 15N-enriched due to nitrate prevalence and possible back-
flow of enriched organic-N from shoots. Day/night cycling of
d15N in xylem and phloem is caused by a combination of 15N
fractionation (by reduction), phloem-to-xylem exchange of
15N-enriched compounds and diel changes in the phloem
metabolite composition. The diel variations in d15N, particu-
larly in water soluble fractions as well as in xylem and phloem
saps underline the differences in N-assimilation between day
and night. Additionally, exchange of nitrogen compounds
between phloem and xylem were shown.

We nevertheless recognize that the present explanation of
d15N patterns requires further assessment, such as compound-
specific d15N measurements and analyses of metabolic con-
centrations in both xylem and phloem at several sampling
positions along plant stem. As already stated earlier, there
may be strong d15N difference between nitrogenous com-
pounds; and, therefore, metabolite allocation patterns should
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influence the 15N-distribution. Furthermore, our results show
that the natural nitrogen isotope abundance in plant tissue is
not constant along the diurnal course. In addition to explain-
ing one part of the well-recognized d15N variability among
plant samples (see references in the Introduction), this
emphasizes the importance of taking into account the sam-
pling time for plant isotopic studies.

ACKNOWLEDGMENTS

A.G. acknowledges financial support by the German
Research Council (DFG) under contract numbers GE 1090/
8–1 and 9–1. We thank David Robinson and two further
anonymous referees for the valuable comments.

REFERENCES

Brandes E., Wenninger J., Koeniger P., Schindler D., Rennenberg H.,
Leibundgut C., Mayer H. & Gessler A. (2007) Assessing environmental and

physiological controls over water relations in a Scots pine (Pinus sylvestris
L.) stand through analyses of stable isotope composition of water and
organic matter. Plant, Cell and Environment 30, 113–127.

Comstock J.P. (2001) Steady-state isotopic fractionation in branched pathways
using plant uptake of NO3

- as an example. Planta 214, 220–234.
Craine J.M., Elmore A.J., Aidar M.P.M., et al. (2009) Global patterns of foliar

nitrogen isotopes and their relationships with climate, mycorrhizal fungi,
foliar nutrient concentrations, and nitrogen availability. New Phytologist
183, 980–992.

Dawson T.E., Mambelli S., Plamboeck A.H., Templer P.H. & Tu K.P. (2002)
Stable isotopes in plant ecology. Annual Review of Ecology and Systematics
33, 507–559.

Evans R.D. (2001) Physiological mechanisms influencing plant nitrogen
isotope composition. Trends in Plant Science 6, 121–126.

Gauthier P.P.G., Lamothe M., Mahé A., Molero G., Nogués S., Hodges M. &
Tcherkez G. (2012) Metabolic origin of d15N values in nitrogenous com-
pounds of Brassica napus L. leaves. Plant, Cell & Environment 36, 128–
137.

Gerendas J. & Schurr U. (1999) Physicochemical aspects of ion relations and
pH regulation in plants – a quantitative approach. Journal of Experimental
Botany 50, 1101–1114.

Gessler A., Tcherkez G., Peuke A.D., Ghashghaie J. & Farquhar G.D. (2008)
Experimental evidence of diel variations of the carbon isotope composition
in leaf, stem and phloem sap organic matter in Ricinus communis. Plant, Cell
& Environment 31, 941–953.

Haberer K., Grebenc T., Alexou M., Gessler A., Kraigher H. & Rennenberg H.
(2007) Effects of long-term free-air ozone fumigation on d15N and total N
in Fagus sylvatica and associated mycorrhizal fungi. Plant Biology 9, 242–
252.

Hall S.M. & Baker D.A. (1972) The chemical composition of Ricinus phloem
exudate. Planta 106, 131–140.

Handley L.L., Austin A.T., Robinson D., Scrimgeour C.M., Raven J.A., Heaton
T.H.E., Schmidt S. & Stewart G.R. (1999) The 15N natural abundance (d15N)
of ecosystem samples reflects measures of water availability. Australian
Journal of Plant Physiology 26, 185–199.

Hayes J. (2001) Fractionation of carbon and hydrogen isotopes in biosynthetic
processes. Reviews in Mineralogy and Geochemistry 43, 225–277.

Herdel K., Schmidt P., Feil R., Mohr A. & Schurr U. (2001) Dynamics of
concentrations and nutrient fluxes in the xylem of Ricinus communis –
diurnal course, impact of nutrient availability and nutrient uptake. Plant,
Cell & Environment 24, 41–52.

Hobson K.A., Gloutney M.L. & Gibbs H.L. (1997) Preservation of blood and
tissue samples for stable-carbon and stable-nitrogen isotope analysis. Cana-
dian Journal of Zoology 75, 1720–1723.

Högberg P. (1997) 15N natural abundance in soil-plant systems. New Phytolo-
gist 137, 179–203.

Jeschke W.D. & Pate J.S. (1991a) Modelling of the uptake, flow and utilization
of C, N and H2O within whole plants of Ricinus communis L. based on
empirical data. Journal of Plant Physiology 137, 488–498.

Jeschke W.D. & Pate J.S. (1991b) Modelling of the partitioning, assimilation
and storage of nitrate within root and shoot organs of castor bean (Ricinus
communis L.). Journal of Experimental Botany 42, 1091–1103.

Kaehler S. & Pakhomov E.A. (2001) Effects of storage and preservation on the
d13C and d15N signatures of selected marine organisms. Marine Ecology
Progress Series 219, 299–304.

Kandlbinder A., Weiner H. & Kaiser W.M. (2000) Nitrate reductases from
leaves of Ricinus (Ricinus communis L.) and spinach (Spinacia oleracea L.)
have different regulatory properties. Journal of Experimental Botany 51,
1099–1105.

Ledgard S.F., Woo K.C. & Bergersen F.J. (1985) Isotopic fractionation during
reduction of nitrate and nitrite by extracts of spinach leaves. Australian
Journal of Plant Physiology 12, 631–640.

Passioura J.B. (1980) The transport of water from soil to shoot in wheat
seedlings. Journal of Experimental Botany 31, 333–345.

Pate J.S. (1980) Transport and partitioning of nitrogenous solutes. Annual
Review of Plant Physiology 31, 313–340.

Pate J.S., Sharkey P.J. & Lewis O.A.M. (1974) Phloem bleeding from legume
fruits – A technique for study of fruit nutrition. Planta 120, 229–243.

Peuke A.D. (2000) The chemical composition of xylem sap in Vitis vinifera L.
cv. Riesling during vegetative growth on three different Franconian vineyard
soils and as influenced by nitrogen fertilizer. American Journal of Enology
and Viticulture 51, 329–339.

Peuke A.D. (2010) Correlations in concentrations, xylem and phloem flows,
and partitioning of elements and ions in intact plants. A summary and

Figure 7. Simplified representation of 15N isotopic fluxes that
explain d15N values in Ricinus upon nitrate nutrition. Ammonium
assimilation does not require reduction and therefore simply
involves exchanges of organic nitrogen. Dr denotes the isotope
fractionation associated with nitrate reduction. For simplicity, leaf
canopy levels and the stem are not figured. Ammonia emission
from the leaf as well as nitrate or ammonium efflux from the roots
might additionally affect d15N of these tissues. See the text for
further description.

Diel and spatial N-15 variation in Ricinus 2227

© 2013 John Wiley & Sons Ltd, Plant, Cell and Environment, 36, 2219–2228



statistical re-evaluation of modelling experiments in Ricinus communis.
Journal of Experimental Botany 61, 635–655.

Peuke A.D. & Jeschke W.D. (1993) The uptake and flow of C, N and ions
between roots and shoots in Ricinus communis L. I. Grown with ammonium
or nitrate as nitrogen source. Journal of Experimental Botany 44, 1167–
1176.

Peuke A.D., Glaab J., Kaiser W.M. & Jeschke W.D. (1996) The uptake and flow
of C, N and ions between roots and shoots in Ricinus communis L. IV. Flow
and metabolism of inorganic nitrogen and malate depending on nitrogen
nutrition and salt treatment. Journal of Experimental Botany 47, 377–
385.

Peuke A.D., Rokitta M., Zimmermann U., Schreiber L. & Haase A. (2001)
Simultaneous measurement of water flow velocity and solute transport in
xylem and phloem of adult plants of Ricinus communis during day time
course by nuclear magnetic resonance (NMR) spectrometry. Plant, Cell and
Environment 24, 491–503.

Peuke A.D., Gessler A. & Rennenberg H. (2006) The effect of drought on C
and N stable isotopes in different chemical fractions of leaves, stems, and
roots of sensitive and tolerant beech ecotypes. Plant, Cell and Environment
29, 823–835.

Richter A., Wanek W., Werner R.A., et al. (2009) Preparation of starch and
soluble sugars of plant material for the analysis of carbon isotope composi-
tion: a comparison of methods. Rapid Communications in Mass Spectrom-
etry 23, 2476–2488.

Robinson D. (2001) d15N as an integrator of the nitrogen cycle. Trends in
Ecology and Evolution 16, 153–162.

Robinson D., Handley L.L. & Scrimgeour C.M. (1998) A theory for
15N/14N fractionation in nitrate-grown vascular plants. Planta 205, 397–
406.

Sharkey P.J. & Pate J.S. (1976) Translocation from leaves to fruits of a legume,
studied by a phloem bleeding technique: diurnal changes and effects of
continuous darkness. Planta 128, 63–72.

Stitt M., Müller C., Matt P., Gibon Y., Carillo P., Morcuende R., Scheible W.-R.
& Krapp A. (2002) Steps towards an integrated view of nitrogen metabo-
lism. Journal of Experimental Botany 53, 959–970.

Tave R.G. (1969) Recovery of molybdenum from organic solutions using
ammonium phosphate. USA patent no. 3 463 604.

Taylor A.F.S., Hogbom L., Högberg M., Lyon A.J.E., Näsholm T. & Högberg P.
(1997) Natural N-15 abundance in fruit bodies of ectomycorrhizal fungi
from boreal forests. New Phytologist 136, 713–720.

Tcherkez G. (2011) Natural 15N/14N isotope composition in C3 leaves: are
enzymatic isotope effects informative for predicting the 15N-abundance in
key metabolites. Functional Plant Biology 38, 1–12.

Tcherkez G. & Hodges M. (2008) How stable isotopes may help to elucidate
primary nitrogen metabolism and its interaction with (photo)respiration in
C3 leaves. Journal of Experimental Botany 59, 1685–1693.

Tennakoon K.U., Chak W.H. & Bolin J.F. (2011) Nutritional and isotopic
relationships of selected Bornean tropical mistletoe-host associations in
Brunei Darussalam. Functional Plant Biology 38, 505–513.

Werner R.A. & Schmidt H.-L. (2002) The in vivo nitrogen isotope discrimina-
tion among organic plant compounds. Phytochemistry 61, 465–484.

Yoneyama T. & Tanaka F. (1999) Natural abundance of 15N in nitrate, ureides,
and aminoacids from plant tissues. Soil Science and Plant Nutrition 45,
751–755.

Yoneyama T., Handley L.L., Scrimgeour C.M., Fisher D.B. & Raven J.A. (1997)
Variations of the natural abundances of nitrogen and carbon isotopes in
Triticum aestivum, with special reference to phloem and xylem exudates.
New Phytologist 137, 205–213.

Received 19 January 2012; received in revised form 11 March 2013;
accepted for publication 26 April 2013

SUPPORTING INFORMATION

Additional Supporting Information may be found in the
online version of this article at the publisher’s web-site:

Table S1. Total nitrogen concentration in xylem, phloem saps
and bulk as well as water extracts of fine roots, axis and leaves
from 35–40 days old Ricinus communis during the diel course
collected from different positions along the axis/leaf number.
Shown are means � standard errors of 3–4 replicates. Signifi-
cant effects of the main factors time and position (of
collection/harvest) are given by asterisk: n.s.: not significant;
*: p < 0.05; **: p < 0.01; ***: p < 0.001; n.m.: not measured;
n.c.: not calculated (SD, only 2 replicates).
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