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Introduction

Summary

¢ The oxygen isotope composition in leaf water and organic compounds in different
plant tissues is useful for assessing the physiological performance of plants in their
environment, but more information is needed on A'80 variation during a diel course.
e Here, we assessed A'80 of the organic matter in leaves, phloem and xylem in stem
segments, and fine roots of Ricinus communis during a full diel cycle. Enrichment of
newly assimilated organic matter in equilibrium with leaf water was calculated by
applying a nonsteady-state evaporative enrichment model.

e During the light period, A'80 of the water soluble organic matter pool in leaves
and phloem could be explained by a 27%. enrichment compared with leaf water
enrichment. Leaf water enrichment influenced A'®0 of phloem organic matter dur-
ing the night via daytime starch synthesis and night-time starch remobilization.
Phloem transport did not affect A0 of phloem organic matter.

e Diel variation in A0 in organic matter pools can be modeled, and oxygen iso-
topic information is not biased during transport through the plant. These findings
will aid field studies that characterize environmental influences on plant water bal-
ance using A"80 in phloem organic matter or tree rings.

Key words: evaporative enrichment, oxygen isotopes, phloem-to-xylem exchange,
phloem transport, transitory starch, xylem transport.
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balance of plants (Saurer ¢t al., 1997; Scheidegger ez al., 2000;
Keitel ez al., 2003; Brandes ez al., 2006). The oxygen isotope

The determination of the oxygen isotope composition in leaf
water and organic compounds is a promising tool for assessing
the physiological performance of plants in their environment
(Wang & Yakir, 1995; Barbour e al., 2001, 2002; Cernusak
et al., 2005). In particular, the isotopic information in organic
matter pools with different turn-over times (e.g. short-lived
phloem sugars representing recent assimilates; long-lived
structural compounds such as tree ring cellulose) is now
widely used — often together with 8'3C signatures — to integrate
the influence of a range of environmental factors on the water
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composition of organic matter is mainly influenced by two
factors: the 8'30 signature of source water and the evaporative
enrichment of mean lamina leaf water, which is the reaction
water for the newly produced assimilates (Fehri & Letolle,
1977; Cernusak et al, 2003b). Mean lamina leaf water
enrichment depends in turn on the diffusion of %0 enriched
water from the sites of evaporation back into the mesophyll
cells and the convection of unenriched xylem water via the
transpiration stream in the opposite direction (Farquhar &
Lloyd, 1993; Barbour ez al., 2000a). As evaporative enrichment
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is closely linked to environmental conditions (water vapor
pressure in the air, air temperature) and physiological traits
(stomatal conductance, transpiration) this measure is of
central interest for characterizing water relations in plants.
The theory of evaporative enrichment of leaf water and the
imprinting of this signal on newly produced assimilates is well
described (Barbour ¢t /., 2000b; Farquhar & Cernusak, 2005).
However, there is little information on how the A'8O signal
is altered with time and during transport through the plant.
During the day, transitory starch is accumulated in the leaves.
At night sugars originating from starch hydrolysis/phospho-
rolysis (Smith ez al., 2003) are loaded into the phloem serving
as a carbon source for heterotrophic tissues. It must therefore
be assumed that the oxygen isotopic composition of sugars
transported in the phloem during the dark period is influenced
not only by AO of leaf water during the preceding day
(when the starch was produced) but also potentially during
the night when starch is broken down since during starch
breakdown oxygen from reaction water is introduced into the
hexose molecules produced (Smith ez al, 2003; Weise et al.,
2004). Insights into such effects are important for studies that
use A'®0 in different organic matter pools in different plant
organs such as phloem sugars (Cernusak ez 4/, 2003a, 2005;
Brandes ez al., 2006; Keitel ez al., 2006) to characterize plant
reactions to environmental constraints. Since phloem sugars
are the main source of organic matter the stem of trees is
supplied with, diel variations might also affect A'™O of whole
wood or cellulose in tree rings (Saurer ez al., 1997; Jiggi ez al.,
2003). Diel variations in the expression of key enzymes of
lignin biosynthesis have been described for herbaceous
plants (Rogers ez al., 2005). There is not much known about
a potential circadian control and environmental triggers of
cellulose and lignin synthesis in trees but varying carbon
fluxes into lignin or cellulose pools during the diel course in
combination with variations in A'™O of phloem sugars would
strongly affect the oxygen isotope composition of tree rings.
Post-photosynthetic transformation of organic matter also
takes place. Depending on the '#O enrichment of medium
water within which these transformations occur, A0 of cel-
lulose, lignin, starch and other substances in different organs
within the plant will be altered compared with the original
organic substrates (Yakir & Deniro, 1990; Farquhar ez 4/, 1998;
Roden & Ehleringer, 1999; Roden et /., 2000; Barbour ez 4l.,
2004). It is also known that carbohydrate transport in the
sieve tubes is highly dynamic and unloading and retrieval of
sugars take place in the transport phloem at the same time
(van Bel, 2003). In Phaseolus, for example, sieve tubes lose 6%
of photosynthate per centimeter of stem, of which about
two-thirds is retrieved (Minchin & Thorpe, 1987). Sugars
unloaded from the transport phloem might undergo metabolic
conversion in the unenriched reaction water of stems before
they are reloaded into the sieve tubes. As a consequence, A'*O
of phloem-transported organic matter (AISOphloem,OM; for
abbreviations see Table 1) could vary with transport distance
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and increasingly lose the isotopic information imprinted from
leaf water. In addition, Cernusak ez /. (2005) concluded that
refixation of respired CO, by photosynthetic bark was respon-
sible for a decrease in A in bark organic matter in Eucalyptus
globulus as bark water within which carbon assimilation was
assumed to occur was not subjected to evaporative enrichment.
Since R. communis stems are also noticeably green, partial
exchange of '8O-depleted bark-assimilated sugars with phloem
transported organic matter could also cause basipetal A*O
gradients within the phloem.

About 15 yr ago Jeschke and Pate (1991) showed that
considerable amounts of organic matter (approx. 8% of the
net C assimilation) are loaded into the xylem in stems and
roots of R. communis in order to contribute to the supply of
the growing shoot. Depending on the metabolic origin and
composition of this organic matter pool it might carry a sig-
nature influenced by the evaporative enrichment of leaf water.
Basipetal gradients in A0 of phloem- or xylem-transported
organic compounds could therefore also influence the isotopic
enrichment of structural organic matter in different plant
parts.

In order to obtain more precise information on potential
variations of A0 in organic matter pools during the diel
course and along the plant axis, we assessed the oxygen isotope
enrichment of the water soluble (A"O_ ) and total organic
matter fraction in leaves of R. communis (AISOmmhlcaf) during
a full diel cycle. In addition, we characterized A0 in total
organic matter of stem segments (A'*O__, ) atsix different
pc;;itic?ns and in fine roots and dete'rmined ABO shloem-OM and
A0 in xylem-transported organic matter (Alg()xylﬂmOM) at
different positions along the plant axis. Barbour ez a/. (2000a)
and Cernusak ez /. (2003b) showed that measured or modeled
evaporative enrichment of leaf water in R. communis was in
good agreement, in the steady state, with phloem organic
matter A0 collected from the petiole. We extended this to
the nonsteady state, by measuring the oxygen isotopic enrich-
ment of newly assimilated organic matter during the dynamic
environmental conditions of a diel course, and comparing this
with the enrichment of leaf water as calculated from a new
nonsteady-state model (Farquhar & Cernusak, 2005) of leaf
water enrichment,

In general, no direct exchange between phloem-transported
sucrose and phloem water occurs since the sucrose molecule
contains no carbonyl groups. However, there are other pro-
cesses after equilibration with leaf water in the light that may
affect organic matter isotopic enrichment. One is starch
breakdown, and another is phloem exchange with stem sugars.
Therefore we aimed to explore the following notion:

1 A0 and A'®O phloem-OM during the light period can be
described with the nonsteady-state model taking a 27%o
enrichment between leaf water and organic matter (Yakir &
Deniro, 1990) into account.

2 The soluble organic matter transported in the phloem dur-
ing the night and originating from transitory starch is not

New Phytologist (2007) 174: 600-613
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Table 1 Abbreviations and symbols used in text

Abbreviation or symbol Definition

A Net assimilation rate

of Oxygen isotope effect for phase transition between liquid water and vapor

0 Oxygen isotope effect during water vapor diffusion from leaf intercellular air spaces to the atmosphere

C Molar concentration of water

e CO, concentration in leaf intercellular air spaces

G, CO, concentration in the atmosphere

D Diffusivity of H,'80 in water

A0 80 enrichment of any water or dry matter compared to source water

A0, Predicted steady-state 8O enrichment of water at evaporative sites (without Péclet effect) in leaves
compared with source water

A1BOsuC Predicted steady-state 8O enrichment of new photosynthates without Péclet effect (A'80,, + ¢,,0)

A0, 180 enrichment of mean lamina leaf water compared with source water

A0, , Predicted nonsteady-state 80 enrichment of mean lamina leaf water (considering a Péclet effect) compared
with source water

Al8Opuc Predicted nonsteady-state 180 enrichment of new photosynthates (A'8O, , +¢,,.)

A0 Predicted steady-state 8O enrichment of mean lamina leaf water (considering a Péclet effect)

A1BOpUC Predicted steady-state 8O enrichment of new photosynthates (A0 + ¢, )

A0 180 enrichment of phloem water compared to source water

18
A Ophloem-OM

180 enrichment of organic matter transported in the phloem compared to source water
80 enrichment of total leaf organic matter compared to source water

total-leaf
Osotal-stermn 180 enrichment of total organic matter in stem sections compared to source water
A'80, 180 enrichment of water vapour compared to source water
A"®0,, 80 enrichment of water soluble organic matter in leaves compared to source water
A0, jem-om 180 enrichment of organic matter transported in the xylem compared to source water
5180 180/10 relative to Vienna standard mean ocean water (VSMOW = 0)
E Transpiration rate
e, Vapor pressure in the atmosphere
e Vapor pressure in leaf intercellular air spaces
et Equilibrium 80 fractionation between liquid water and vapor
€ Kinetic fractionation for diffusion of H,'80 from leaf intercellular spaces to the atmosphere
€c Equilibrium 80 fractionation between organic oxygen and medium water
g Total leaf conductance (stomata + boundary layer conductance) to H,O from leaf intercellular air spaces to
the atmosphere
g Stomatal conductance to H,O
L Scaled effective path length
Pex Proportion of oxygen atoms exchanging with medium water during cellulose synthesis
%] Péclet number
R, 80/%0 of source water
Rysmow 180/1%0 of Vienna standard mean ocean water (VSMOW)
ry Boundary layer resistance to water vapour diffusion
r Stomatal resistance to water vapour diffusion
w, Mole fraction of water vapour in leaf intercellular air spaces
w Leaf lamina water concentration

only influenced by the photosynthesis-weighted leaf water
enrichment during day but also by the differing leaf water
A0 during the night.

3 The dynamic efflux to and retrieval of sugars from the stem
may alter A'O of phloem organic matter in the basipetal
direction.

Materials and Methods

Plant material

Seeds of Ricinus communis L. were germinated in vermiculite

moistened with 0.5 mm CaSO,. After 13-15 d the plants

New Phytologist (2007) 174: 600-613

were transferred to substrate, one plant in a pot of 5 1. The
substrate consisted of two parts commercial potting soil
(Floradur; Floragard GmbH, Oldenburg Germany) and one
part Perlite (Perligran; G, Deutsche Perlite GmbH, Dortmund,
Germany). Every third day the pots were well watered with
tap water and after the first month the plants were supplied
every second week with a commercial fertilizer (0.3%
Hakaphos Blau; Compo GmbH, Miinster, Germany).

The plants were cultivated for 35-40 d in a glasshouse
(26 £5°C) with a 16 h photoperiod provided by natural
daylight plus mercury-vapour lamps (Osram HQL 400; Osram,
Munich, Germany) supplying the plant with a minimum of
300—500 pmol photons m™ s7".

www.newphytologist.org  © The Authors (2007). Journal compilation © New Phytologist (2007)
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Fig. 1 Scheme of the plants used in the experiments with sampling
positions. For the analysis of phloem organic matter, phloem sap was
obtained from six positions along the stem (p-A to p-F). From the
same position stem sections (S-A to S-F) were harvested after phloem
sampling. The cotyledons (Cot1 and Cot2) were already shed at the
start of the experiments. Stomatal conductance (g,), transpiration and
oxygen isotope composition were determined for all fully developed
leaves (L1-L7). In addition, at all six time-points fine root samples
were harvested. Xylem sap was obtained from cut midribs of the
leaves (x-11l to x-VII) and from tissue flaps of stem internodes

(x-1 and x-11) at three time points.

Experimental design

The A'™O of phloem organic matter was determined at six
different positions (p-A to p-F; Fig. 1) along the axis at
six time points (four in the light (10:30, 12:00, 16: 30,
19:00h (+ approx. 1.0h)) and two in the dark period
(24 : 00, 03 : 00 h (+ approx. 1.0 h)) during a diel course.
At each time-point three to four plants were harvested
destructively.

© The Authors (2007). Journal compilation © New Phytologist (2007) www.newphytologist.org
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Phloem sap was sampled by cutting the bark with a scalpel
according to the procedure described by Jeschke and Pate
(1991) transferred with a capillary into a 1.5 ml reaction tube
and frozen immediately. The collections of phloem sap from
each single plant lasted 45 —60 min. After sampling of phloem
sap, stem sections with a length of ¢. 3 cm were collected from
the same positions (S-A to S-F).

In addition, all seven fully expanded leaves (L1 to L7) and
fine roots were harvested and frozen in liquid nitrogen for the
assessment of A0 in total and, for leaves only, water soluble
organic matter (Fig. 1).

All tissue samples (leaves, stem sections and roots) were
homogenized with mortar and pestle in liquid nitrogen. For
the extraction of water soluble organic matter from leaves
1.5 ml of deionized water was added to 0.1 g aliquots of plant
material. The mixture was agitated for 1 h at 4°C. The extract
was heated at 100°C for 1 min to precipitate proteins and
centrifuged (12 000 g for 5 min at 4°C). The supernatant is
the water soluble (exportable) organic matter fraction consist-
ing mainly of sugars but with some organic acids and amino
acids (Brandes ez al., 2006).

For all leaves, leaf temperature, transpiration, net CO,
assimilation, and stomatal conductance (g,) were determined
at each time point (immediately before harvest) using a portable
leaf gas exchange measurement system (LCA 4; ADC BioSci-
entific Ltd, Hoddesdon, UK). The relative humidity (RH)
near the lower leaf surface was determined with a temperature
and humidity probe (Humicap 113y; Vaisala, Helsinki, Finland).
Three to four plants were analysed per time point.

In addition to leaves, stem sections and phloem sap, xylem
sap was obtained at three time points during a diel course
(09 :30, 18:30, 03:00 h (£2h)) by applying pneumatic
pressure to the root system enclosed in a pressure vessel
(Jeschke & Pate, 1991; Peuke, 2000). From each single experi-
mental plant, a series of seven samples of xylem sap was
collected first from cut midribs of the leaf and finally from
tissue flaps of stem internodes (see Fig. 1, x-VII to x-I). Pres-
surizing the roots to a level of 0.35 + 0.04 MPa caused exudation
at the various sampling points, enabling sap volumes of sufficient
size to be collected for analysis. During the collection procedure
sap samples were stored on ice and thereafter kept at —80°C.

Irrigation water on the day of measurement and water
vapour (during day and night) of the glasshouse air were col-
lected for oxygen isotope analysis. Water vapour was collected
by drawing air though a dry ice—ethanol trap at a flow rate of
1 I min~! (Cernusak ez a, 2003b).

Oxygen isotope theory

Steady-state enrichment of water at the evaporative site of the leaf
(A0, can be described according to Dongmann et al. (1974)

e
18, — ot 18
APO, =¢e" +¢ + (A Ov—sk)e—a

1

Eqn1

New Phytologist (2007) 174: 600-613
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(" is the equilibrium fractionation between liquid water and
water vapour; €, the kinetic fractionation during water vapour
diffusion; A0, is the enrichment of water vapour in the
atmosphere above source water; and ¢ /¢, the ratio of ambient
to intercellular water vapour concentration).

The € value can be calculated according to Bottinga and
Craig (1969) from a regression equation relating it to leaf
temperature (7'in K):

3 6
£ (%) = 2.644 3.206(%} ¥ 1.534(10 ] Eqn2

F
€, can be calculated according to Farquhar ez a/. (1989):

32r, + 213

Ek(%o) =
r 1

Eqn 3

where 7, and # refer to stomatal and boundary layer resistance
to water vapour (m?s mol™) and 32%o and 21%o are
associated fractionation factors (Farquhar & Cernusak, 2005)
based on new determinations of the isotopic effect for
diffusion of H,'®0 in air (Cappa et al., 2003).

Average lamina mesophyll water is, however, thought to be
less enriched than the water at the evaporative sites because of
the influx of xylem water into the leaf (Farquhar & Lloyd,
1993). Steady-state enrichment of mean lamina leaf water
(A0, ) depends on the steady-state enrichment at the evap-
orative site of the leaf (A8 O ) and on the lamina radial Péclet
number  (Farquhar & Gan, 2003).

_ABO_(1- )

A%O,, = Eqn 4
’ 2

where  is defined as EL/CD, where E is transpiration rate
(mol m™ s71), L is a scaled effective path length (m), Cis the
molar concentration of water (mol m™), and D is the
diffusivity of HzlgO in water (m?s7).

Eqn 4 describes mean lamina leaf water enrichment only
under steady-state conditions. Although leaves are likely to reach
isotopic steady state in the early afternoon, there will be times
during the diel course when leaf water enrichment is not at
steady state (Wang & Yakir, 1995; Cernusak ez al., 2005). Thus,
nonsteady-state conditions must be considered in a model that
describes leaf water enrichment during the diel course. Nonsteady-
state mean lamina leaf water enrichment (A180LH) can be
described according to Farquhar and Cernusak (2005) as follows:

d(WAO, )
18 18 + 1-c¥® dt
A®°O;, = A°O; —afoy Eqn5
) % &w;

(or* is defined as (1 +€*), o is (1 +€,); Wis the lamina leaf
water concentration (mol m™); 7 is time (), g is total leaf

New Phytologist (2007) 174: 600-613
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conductance (stomata + boundary layer conductance); and
w. is the mole fraction of water vapour in the air spaces inside
the leaf).

Newly produced assimilates are assumed to carry the signature
of the leaf water at the time when they were produced with an
equilibrium fractionation factor (€ ) resulting in carbonyl
oxygen being ¢. 27%o more enriched than water (Sternberg &
Deniro, 1983; Yakir & Deniro, 1990). Thus the enrichment
in sugar produced during photosynthesis should be given by
ABO, +e, .

Isotope measurements and isotopic calculations

Homogenized bulk samples, water extracts, phloem sap and
xylem sap were dried at 60°C for 12 h. Samples were combusted
in silver capsules (IVA Analysentechnik, Meerbusch, Germany)
in a high-temperature conversion/elemental analyser (TC/EA
Finnigan MAT GmbH, Bremen, Germany) coupled to an
isotope ratio mass spectrometer (Delta Plus; Finnigan MAT
GmbH) by a Conflo II interface (Finnigan MAT GmbH).
The samples contained ¢. 300 pg O. One microliter of liquid
phloem sap samples, irrigation water and trapped water vapor
were injected manually into the TC/EA using a syringe.

The precision of the measurements as determined by
repeated measurements of standards was 0.3%o (1 SD, = 10).
Oxygen isotope ratios (8'%0) are presented relative to Vienna
standard mean ocean water (VSMOW).

gro=—

Eqn 6
RVSMOW

(R, and R,y are the isotope ratios (80/ 160) of the plant
material and VSMOW, respectively).

Phloem sap water oxygen isotope ratios were determined as
described by Cernusak ez /. (2002), based on a technique for
determination of the water component of a homogeneous
mixture of water and dry matter (Gan et /., 2002).

The oxygen isotope composition of organic matter
(SISOplam materia) 1D leaves, roots, xylem and phloem was
expressed as enrichment (A'8O) above irrigation water

—6.5%0):

. S18
(source water; 8'°0_

~ 8150

source water

850

plant material

1+ 880

source water

ABO = Eqn7

Nonsteady-state enrichment (A18OLH) of leaf water was
calculated according to Eqn 5. From A0, , %O enrichment
of newly produced organic matter (A®O") in isotopic
equilibrium with leaf water was calculated assuming
€, = 27%o. For calculating the Péclet number @ a scaled
effective path length L-value of 11.1 mm according to
Cernusak er al. (2003b) was used. We also calculated the
expected 'O enrichment of newly produced organic matter
(1) taking into account a Péclet effect but assuming steady-state

www.newphytologist.org  © The Authors (2007). Journal compilation © New Phytologist (2007)
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conditions (A'®05%) and (2) assuming no Péclet effect and
steady-state conditions (Algoz‘;c). The A! SOSL‘;C was calculated
from steady-state enrichment of mean lamina leaf water
(A0, ; Eqn 4) and A"*O®*“ from steady-state enrichment of
water at the evaporative site of the leaf (A"O_; Eqn 1)
assuming in both cases assimilates to be enriched by 27%o
compared with water.

In order to integrate calculated Algoi‘;‘, AlgOSL';C, AISOE‘S‘c
over the whole canopy we weighted 80 enrichment for
assimilation taking into account leaf area (m?) and CO,
assimilation rate (umol m™2) of leaves L1 to L7. Similarly,
observed A'™®O in leaf water soluble (A®O_) and total
organic matter (A'O_ | ) were weighted by leaf area and
oxygen content of the respective organic matter pools per m?
leaf area.

To calculate mean daytime A'3O values, oxygen isotope
enrichment was weighted by CO, assimilation rate according

to Cernusak et 2/ (2005)

JA-5180-dt

weighted A0 = J.A ”

Eqn 8

(J AABO - dt is the daily integral of the product of A and
ABO and [ A- dtis the daily integral of photosynthesis).

Statistical analyses

All statistical analyses were performed using NCSS 2004
(Number Cruncher Statistical Software, Kaysville, UT, USA).
Differences in A0 between different chemical fractions,
time-points or different positions were determined using
analysis of variance (GLM-aNOVA). For analysis position was
nested within time point. Regression lines between A8O
from different organic matter pools were determined by linear
regression analysis. Differences between mean A'®O during
day and night for a given organic matter pool were calculated
applying Student’s #test. In order to estimate the uncertainties
for the different 80 enrichment models we applied the
principles of the Gaussian error propagation. For this
calculation we included standard deviations of single
measured parameters as errors.

Results

Leaf gas exchange

Figure 2 shows mean leaf temperature (77) and RH of the
air near the leaf of the seven leaves examined as well as
transpiration rate (£) and stomatal conductance (g,). Leaf
temperature showed a distinct diurnal course with maximum
values of 31°C in the afternoon and minimum values of 28.5°C
in the morning and at night. Relative humidity displayed an
almost inverse pattern with values close to 95% during the
night and a minimum of 53% at 16 : 30 h. Mean leaf area-

© The Authors (2007). Journal compilation © New Phytologist (2007) www.newphytologist.org
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weighted transpiration followed RH inversely and increased

from 1.2 mmol m2s7! in the morning to 4.5 mmol m2s7!

at 16:30 h. Night values were below 0.1 mmol m™s7!.
Mean leaf area-weighted g showed a comparable diel pattern with
maximum stomatal conductance of approx. 0.25 mol m™2s™!
in the afternoon. There was no significant difference in g or

E among the seven leaves examined.

A'80 in leaf organic matter

Observed A0 in leaf water-soluble organic matter (AISOWS)
did not differ significantly among the seven leaves included in
the study (Fig. 3a). Mean canopy A'"®O__ (Fig. 3a, thin black
line) was approximately constant at 38%o from 10 : 30 to
12 : 00 h. Towards the afternoon A0 peaked at > 42%o
and decreased again in the evening. At 24 : 00 h values from
the morning were regained and later in the night a diel
minimum of 35.7%o was reached.

We calculated expected nonsteady-state (A'"*O5) (Fig. 3a,
gray bold line) and steady-state (A'®O5*) (Fig. 3a, black
dotted bold line) 80 enrichment of newly produced organic
matter in isotopic equilibrium with mean lamina leaf water
taking into account a Péclet effect as well as assuming steady-
state conditions and no Péclet effect (A'*O™) (Fig. 3a, black
dashed bold line).

Assimilation-weighted calculated AlgOZ‘;‘ (the Craig-related
enrichment) was consistently higher (up to 2.5%o) than
observed A0 during the whole light period (Fig. 3a). By
contrast, there were only slight differences between the
observed A'™O_ and predicted nonsteady-state A'8O$.
Assimilation-weighted predicted steady-state A' SOSLL;C was
comparable to nonsteady-state A'®O" during the light
period. The errors for the model calculations amounted to
between 0.2 and 0.3%so.

There was no significant difference in A'O of total foliar
organic matter between different leaves or during the diurnal
course (Fig. 3b). Mean leaf area-weighted A'O
in time between approx. 34 and 37%o.

total-leaf varied

A0 in stem organic matter along the axis

There was no significant spatial variation of the ¥O enrichment
in stem total organic matter (A'8O

total»stem) along the plant
axis (Fig. 4a). In the morning there was a general trend for
ABO to decrease from 10 : 30 h to 12 : 00 h. This tendency
was most pronounced in the lowermost segment A. Contrasting
with that observation, A0,

slightly for the lower segments but a more intensive decrease

varied thereafter only

was observed for the uppermost stem sections at the beginning
of the dark period. Algom

the lowermost stem section and showed only slight diel

| in roots was always less than in
variations with a peak-to-peak variation of approx. 2%o. As

with AO_ . AISOphloemOM (Fig. 4b) did not differ
between different collecting positions along the stem. There

New Phytologist (2007) 174: 600-613
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i g/ i shown in (b) and (c) are mean values of three
0-1 - to four plants. In addition, the average
i T i standard deviation for the mean values is
0.0 7 —— -||— — ,T ———7 ] given for each time-point. The bold lines in
= S =] g 8 g 8 g 8 = 8 8 (b) and (c) refer to the leaf area weighted
g ¥ & & ¥ 6 © g 4 g § 3 canopy mean values. The shaded areas

Time of day (h)

was a temporal trend comparable with A™O_ , of stem
sections during the light period with a decrease in A0 from
morning to midday and a diel maximum in the afternoon/
evening. In contrast to stem total organic matter, a strong
decline in AISOphloem—OM was observed in the second part of
the night. The maximum variation was up to 7%eo. As in
phloem organic matter there was no variation in A8O of
phloem sap water (A18Opw) between sampling sites (Fig. 4c).
Phloem sap water was slightly enriched compared with source
water and showed a diel maximum at 19:00h when
calculated leaf water enrichment (A180Ln) was close to its
maximum.

The A0 Jlem-om Varied between approx. 34.5 and 42%o
and was thus within the range of leaf water soluble and
phloem organic matter (Fig. 5). There was no significant
difference among sampling positions. A diel maximum in the
morning and lower values in the evening and during the night
were observed for all positions collected.

New Phytologist (2007) 174: 600-613

denote the dark period. L1 to L7, leaf
numbers as indicated in Fig. 1.

Transfer of the isotopic signal from the leaf to the roots

The A0 of leaves explained 93% of the variation of A'*O
of phloem organic matter during the whole diel course
(Fig. 6). The phloem A equaled the leaf A at night and in the
morning, but phloem organic matter was slightly depleted in
130 from midday to evening (Fig. 6a). However, there was no
significant correlation between leaf total and phloem organic
matter (Fig. 6b). During the whole diel course phloem organic
matter was enriched in 80 compared with the bulk leaf fraction.

We assume that phloem sugar during the night represents
mainly soluble sugars remobilized from starch. In order to
estimate the extent to which this deviates from an integrative
A0 signature of the organic matter produced during day-
light, we compared the average values from day and night
(Table 2). Mean values for day A0 were weighted for assim-
ilation rate (Eqn 8), while for the night nonweighted averages
were calculated.
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of Ricinus communis during the diel course. 4
The symbols denote observed A'80,,  (a) and 38 — > -
A"80,, (b) in the seven leaves L1 to L7. v
Data shown are mean values of three to four ] )
plants. In addition, the average standard 36 — _
error for the mean values is given. The effects —
of position (leaf number) and time as é": 7 7
calculated with the GLM-anova procedure % 34 |
are given. The thin black lines refer to canopy o§
integrated mean values of observed A0, £ ) -
(a) and A0, ;1 1oar (D). Canopy integrated 32 |
predicted "0 enrichment of newly
assimilated organic matter is indicated by the e g
bold gray (A'80%U), the bold black dotted >
18 L i 30 © a
(A'®0}{) and the bold black dashed line y
(ABO3U). For calculating A™8OfUC we i Position ns X i
es =0 Time ns
assumed nonsteady-state conditions and
accounted for a Péclet effect; for A'805Uc we 28 ] N L L L e
assumed steady-state conditions and = = = S S S 8 = = S = S
accounted for a Péclet effect and for A'803uc ] ] S N =) © ® S § ] § g

we assumed steady-state conditions and no
Péclet effect.

During the day, measured leaf water soluble organic
matter (A'8O, ) matched modeled mean daytime A'®Of,
whereas measured phloem organic matter (A0 hloem.OM)
was significantly less enriched (by 1%o) than AEESOWS. At
night, however, phloem and leaf soluble organic matter were
equally enriched. Mean diel (day and night) A'8O did not
differ significantly between leaf soluble (38.9 % 0.7%o) and
phloem organic matter (38.2 £ 1.4%o). The A"®O__ pool
differed by 3.1%o between day and night, while the phloem
organic matter pool differed by 2.3%o between day and
night, both being greater during daylight. The enrichment
wotalleapr did not differ
between light and dark period and was relatively depleted in

of total leaf organic matter, A0

© The Authors (2007). Journal compilation © New Phytologist (2007) www.newphytologist.org
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180 compared with the other pools of organic matter during
the day and not significantly different from them during the
night.

Total organic matter of the stem sections (S-A to S-F) was
depleted in 80 compared with phloem sugars collected from
the same positions (p-A to p-F). The regression line (Fig. 7a)
calculated with all data from all positions is characterized by
the following linear equation:

A0, e = 0-605A0 1 o+ 8.42 [%60]
At an average AISOphloem»OM of 37%o, the difference between
AISOPhloemEOM and A180 was 6.2%o.

total-stem

New Phytologist (2007) 174: 600-613
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We observed that the fine roots were depleted compared
with the assumed source of organic matter (phloem organic
matter obtained from the lowermost sampling position (p-A))
(Fig. 7b). The depletion amounted to between 7.4 and 11.4%o.
There was no significant correlation between AISOPhloem_OM
and A0 of root organic matter during the diel course.

Discussion

In the present study we assessed the diel variation of water-
soluble organic matter pools in the leaves and phloem of
R. communis compared with the values calculated from
nonsteady-state models of evaporative enrichment of leaf
water and organic matter (Cernusak e# @/, 2005; Farquhar &
Cernusak, 2005). Previously, Barbour ezal (2000a) and
Cernusak ez a/. (2003b) showed that A0 of phloem organic

New Phytologist (2007) 174: 600-613

(c) refers to the mean value of A1SOPW from
all sampling positions.

matter collected from leaf petioles could be reasonably well
explained by leaf water enrichment (either measured or
calculated taking a Péclet effect into consideration). We
calculated enrichment of newly produced assimilates applying
a nonsteady-state evaporative enrichment model for leaf water
and assuming € _ to be +27%o (AMSOSLL;C and found good
agreement from morning to afternoon between modeled
values and measured A'®O in leaf soluble organic matter
(Fig. 3a). A reasonably good agreement was also obtained
when steady-state conditions were assumed modeling A0
(A 8OSL'“Slc in Fig. 3a). We calculated A“‘OSL“; and Al SOiLS‘C only
for the light period when organic matter was newly
assimilated. Comparable to our modeling of A0 of leaf
sugars, nonsteady-state and steady-state models for leaf water
evaporative enrichment (which include the Péclet effect) both
well describe measured lamina leaf water enrichment during
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Table 2 Comparison of modeled and measured A'80 in leaf and
phloem organic matter during day and night
Mean A™®0  Mean A'80
day night
A18OpuC 40.6+0.6a
A0, 400+05a 369+1.0a differentat P <0.01
A"0, 011 teaf 350+05¢c 344+25a notdifferent
A0 0mom 390+13b 367+1.1a differentatP<0.05

Mean A'80 of newly produced organic matter as calculated from Eqn
5 taking an enrichment of organic matter of 27%. compared with

water into account (A'80fY°) and of leaf water soluble (A'80,,,), leaf

bulk (™01, jer) and phloem organic matter (A0 e on) during
day and night are shown. Day values were weighted for assimilation
rate. Letters a—c indicate homogeneous groups when mean A'80 of
different fraction during day or during night where compared.

the light period. Mainly during night the prediction of
leaf water enrichment is improved by the application of
nonsteady-state models (Cernusak ez, 2005). The 80O
enrichment of leaf water-soluble organic matter was over-
estimated when no Péclet effect was taken into account
(A'8O:). The difference between A'*O*“ on the one hand
and A0 and A'80$™ on the other strongly exceeds the
errors calculated for the models.

The soluble pool of organic matter appears to be in, or close
to, isotopic equilibrium with lamina leaf water even though
environmental and physiological conditions change during
the day. However, we do not have data for the period between

© The Authors (2007). Journal compilation © New Phytologist (2007) www.newphytologist.org
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Time of day (h)

12:00 h and 17: 00 h, and it is likely that the peak in leaf
water enrichment occurred within this period (i.e. before
17 : 00 h). With this in mind the data might suggest a slight
lag, as the measured sugar enrichments are less than the
modeled leaf water early in the day, and greater at 17 : 00 h.
Assuming a sugar pool size of ¢. 60 mmol C m™ (A. Gessler,
unpublished), and an assimilation rate of ¢. 10 pmol m™ 571,
the time lag would be approx. 2 h. From midday to evening, when
the most intensive change of environmental conditions
occurred, A0 of leaf soluble organic matter differed slightly
from phloem sugars collected directly below the canopy
whereas both values were comparable during night and in the
morning (Fig. 6). Barbour et a/. (2000a) showed that it took
approx. 3.5 h for phloem sugars harvested at the petiole to
reach an isotopic equilibrium. However the phloem equili-
bration time will exceed the equilibration time of the leaf
pool, as it includes the time of transport from the leaf lamina
to the petiole.

Thus, even though phloem transport velocity is ¢. 0.75 m h™
in R communis (Peuke et al. 2001), it is likely that phloem
sugars isotopically lag the current environmental conditions,
as previously observed for trees (Gessler ez al., 2004).

However, no obvious time-lag was observed among A0
of phloem organic matter collected from different positions
along the axis. In addition, there was no significant basipetal
gradient in A'O of phloem organic matter. There was, how-
ever, a diminution of the diel amplitude between leaves and
phloem: the leaf soluble sugar enrichments increased by c.
4.5%o from morning until afternoon and then diminished by
¢. 8%o until 03 : 00 h, whereas the corresponding changes in
the phloem organic matter were approx 3 and 4%eo. Taking

New Phytologist (2007) 174: 600-613
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into account that the average diel A'8O did not differ signifi-
cantly between leaf soluble and phloem organic matter we can
conclude that the isotopic signal imprinted on newly assimi-
lated carbohydrates in leaves as integrated over the whole day
is conserved in the carbohydrates during phloem transport.
However, the diel dynamics are altered during phloem loading.
The small but consistent reduction in mean daytime A'®O in
phloem organic matter compared with the soluble organic
matter fraction in the leaves (Table 2) might be caused by the
different isotopic equilibrium times of the leaf and phloem
pools. However, we cannot rule out the possibility that
organic compounds newly assimilated in the green tissues in
the stems of R. communis contribute partly to phloem organic
matter. In the stems, reaction water is not or only slightly
enriched and sugars fixed there should have a A'O of approx.
27%o (Cernusak et al., 2005), which is well below the enrich-
ment for carbohydrates assimilated in leaves.

New Phytologist (2007) 174: 600-613

42

Bold lines denote 1 : 1 lines. The thin black
line in (a) is the linear regression line defined
by the linear equation given.

44 46

The dynamic Miinch mass flow model recently reviewed
by van Bel (2003) proposes that while a proportion of the
sucrose from sieve tubes is released during phloem transport,
carbohydrates are also transported back into the sieve tubes
in stem tissues (Minchin & Thorpe, 1987). According to our
results the retrieved organic matter is either isotopically
similar to the released sugars, or the amount of carbohydrates
reloaded is too low to alter the A'O of phloem organic
matter significantly.

Mean daily assimilation-weighted A'805" or foliar A0
should be representative of the oxygen isotope enrichment of
transitory starch laid down during the day. Whereas during
daylight triose phosphates are the main export forms leaving
the chloroplast, starch breakdown during the night releases
maltose as the major export compound (Weise ez al., 2004).
Assuming that phosphatases break the O-P bond, the number
of exchangeable oxygen atoms can be estimated (Sternberg
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position (p-A in Fig. 1) was used for
correlation.

et al., 1986). Thus, during starch hydrolysis one oxygen atom
per hexose molecule produced can be exchanged with
medium water (when we ignore the 0L1-6 glycosidic bonds).
Assuming a rapid equilibrium between glucose—phosphate
and fructose—phosphate (Farquhar ¢z 2/, 1998), which are the
precursors for sucrose synthesis, two further oxygen atoms can
be exchanged per hexose molecule. During the formation of
the 0.1-2f3 glycosidic bond one equilibrated oxygen atom per
molecule of sucrose is, however, lost. As a consequence, five
out of 11 oxygen atoms in sucrose generated from starch are
exchanged. Since calculated mean leaf water A0 during the
night was 6.1%eo (cf. Fig. 4) and mean daytime AISOWS was
40%o (Table 2), A0 of sucrose produced from hydrolysed
starch is calculated to amount to ¢. 36.9%o (i.e. 6/11 X 40 +5/
11X (27 +6.1)), a value comparable to the measured 80
enrichment in leaf water soluble (36.9%0) and phloem

© The Authors (2007). Journal compilation © New Phytologist (2007) www.newphytologist.org
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organic matter (36.7%o) (Table 2). In addition to sucrose,
the phloem sap of R. communis also contains amino acids,
organic acids and inorganic ions (Hall & Baker, 1972; Jeschke
& Pate, 1991). However, sucrose makes up approx. 80—89%
of phloem organic matter and Cernusak ez al. (2003b)
found no strong difference in the oxygen isotope enrichment
between bulk phloem material and purified sucrose.

The 80 enrichment of total stem organic matter was con-
siderably lower than that of phloem organic matter. When
cellulose and other structural compounds are produced from
sugars unloaded from the phloem, exchange with unenriched
reaction water of the stem occurs (Barbour & Farqubhar,
2000). Cernusak et al (2005) reviewed the literature for
information on the proportion of oxygen atoms in sugar that
exchange with water during cellulose synthesis (p. ). They
observed a high consistency for p_ among a wide range of

New Phytologist (2007) 174: 600-613
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species with a mean value of 0.42 when substrates for tissue
synthesis were carbohydrates. Since the bulk organic material
of the stem sections analysed here consists (apart from cellulose)
of a mixture of various compounds, the portion of oxygen
atoms exchanged may differ from 0.42.

Compared with phloem organic matter, but also with bulk
stem material, total organic matter in roots is depleted in 80
(Figs 4A and 7B). The mean daily value of enrichment is
¢. 28.7%o and thus, not much greater than €_ . This might
point to the fact that, on a daily average basis, part of the eva-
porative 180 enrichment imprinted from the leaf water on the
newly assimilated organic matter is lost in the roots which is
also indicated by the small diel variation in A"O of root total
organic matter compared with the stem (Fig. 4a). One possible
explanation for that observation is associated with CO, refix-
ation in the roots by phosphoenolpyruvate carboxylase
(PEPC). Badeck ez al. 2005 observed CO, fixation by PEPC
in roots of Phaseolus vulgaris to exceed net respiration rates.
From these findings the authors estimated that PEPC can
potentially refix CO, at rates of several 10% of the gross res-
piration rate in roots. As a consequence, we suggest that PEPC
refixation may influence A'8O of organic matter in the below
ground tissues. As assimilation of organic matter in the roots
takes place within unenriched reaction water, and as the
carboxyl oxygens of malate — the product of PEPC refixation
— are less 180 enriched than carbonyl oxygen (Schmidt ez 4/,
2001), we can explain the relatively low A3O values of root
organic matter.

Xylem organic matter is more strongly enriched in 80 than
is organic matter in the roots. Ranging between 42%o and
35%o during the diel course A0 is much closer to phloem
organic matter along the stem. We consequently conclude
that the major part of xylem organic matter is not coming
from the roots but originating from phloem-to-xylem exchange,
thus representing current evaporative enrichment conditions
in leaves. When comparing the diel patterns of A®O in
phloem and xylem organic matter a substantial time-lag becomes
obvious. Whereas maximum A'8O values were observed in
the afternoon for phloem organic matter, '#O enrichment in
xylem organic matter was highest during night and in the
early morning. The time-lags might be related to the timing
of xylem loading during the diel course. Future research on
whole-plant cycling of organic matter will have to address the
underlying causes in detail.

In conclusion, the O isotopic enrichment of the water
soluble organic matter pool in leaves during the course of a
day can be reasonably well explained by current evaporative
enrichment models (working hypothesis (1)). We also showed
(working hypothesis (2)) that AISOPhl em-Onp during the night
is influenced by leaf water enrichment during both day and
night (i.e. during starch synthesis in the light and remobilization
in the dark).

We also showed that '®O enrichment of phloem organic
matter reflected that of water-soluble leaf organic matter
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when averaged over the whole day; during the diel course,
however, there was a diminution of the diel amplitude of the
oxygen isotope enrichment in phloem as compared to leaf
soluble organic matter. Once loaded into the phloem, the diel
A0 pattern of organic matter did not change during basi-
petal transport in the sieve tubes. We therefore conclude that
the isotopic signal imprinted on newly assimilated organic
matter in the leaf can be found in phloem organic matter
when averaged over a diel cycle and (working hypothesis (3))
that phloem sugars generally conserve the oxygen isotope
signal during transport to the stem base. These findings are of
central importance for studies which assess A'*O in phloem
organic matter in the field for characterizing the water balance
of plants as affected by environmental conditions (e.g. Cernusak
et al., 2003a; Keitel ez al., 2006). When calculating or mode-
ling transpiration (Cernusak ez al., 2003a) and stomatal con-
ductance (Brandes et 4/, 2007) from A0 in phloem organic
matter it is normally assumed that no postphotosynthetic
exchange of organic oxygen during phloem loading or trans-
port occurs. We showed here that this assumption is justified
when averaging A0 over the whole day. However, diel
variations influenced by night-time starch remobilization may
have to be taken more strongly into account when applying
A0 approaches in the field. There is a strong need to verify
our observation in other species, especially trees, under field
conditions.
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