
Supporting Information
Gilbert et al. 10.1073/pnas.1211149109
SI Text
Modeling. The intramolecular isotope composition (δ13C) was
modeled using a steady-state approach [“forward modeling” of
Tcherkez et al. (1)]. That is, the model assumes a steady state for
both metabolite concentrations and isotope ratios [with the ex-
ception of (i) leaf metabolites in the dark and (ii) accumulated
metabolites in sink organs (vacuolar sucrose, starch), see below].
The equations are similar to those in ref. 1, with steady-state
isotopic ratios calculated from mass-balance equations. Quite
generally, if a compound i is (i) consumed by n reactions asso-
ciated with isotope effects (denoted as αk, k ∈ [1, . . . , n]) and (ii)
comes from m reactions associated with isotope effects (denoted
as βj, j ∈ [1, . . . , m]), we have (isotopic steady state)
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where Fk and Gj are the fluxes associated with reactions consum-
ing and producing i, respectively. Rjs are the isotope ratios of
substrates of reactions producing i. The steady state applied to
concentrations is such thatXn
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Gj: [S2]

The model starts from the production of photosynthates by the
Calvin cycle, which produces triose phosphates (glyceralde-
hyde-3-phosphate and dihydroxyacetone phosphate) and fruc-
tose-6-phosphate. In the present paper, new equations were
added to the model of Tcherkez et al. (1) to account for (i)
the isomerization of fructose to glucose to synthesize leaf tran-
sitory starch in chloroplasts, (ii) the isomerization between fruc-
tose and glucose to synthesize leaf sucrose in the cytoplasm, and
(iii) the reactions that interconvert sugars in sink organs (Fig. 3,
main text). For simplicity, the compounds are abbreviated as
follows:

Eqs. S7–S9 below use isotope ratios (13C/12C) and reciprocal
isotope effects (1/α). Isotope ratios are denoted as [X − Ck],
where X is the compound and k is the atom position of interest.
Reciprocal isotope effects are simpler to use in numerical cal-
culations because they simply multiply to isotope ratios. The
main parameters used are described in the following table:

We further denote by μk (for k = 1, . . . , 6) the quotient
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and A, B, and C, given by the expressions
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where ~a2 and ~a3 are given by 3(1 + Φ/2)/[2a2 + 1 + Φ(2a2 – 1/2)]
and 3(1 + Φ/2)/[2a3 + 1 + Φ(2a3 – 1/2)], respectively.

Starch and Sucrose in Leaves. In the steady state, isotope ratios in
chloroplastic G3P in leaves (in the light) are given by [G3P-C1] =
R*/A, [G3P-C2] = BR*/A, and [G3P-C3] = CR*/A, where A,
B, and C are given by Eqs. S4–S6 above. The isotope ratio in
carbon positions of starch residues (glucose) and fructosyl
and glucosyl moieties in sucrose is then calculated with a

Compound Abbreviation

Ribulose-1,5-bisphosphate RuBP
Glyceraldehyde-3-phosphate G3P
Dihydroxyacetone phosphate DHAP
Fructose-6-phosphate F
Fructose-1,6-bisphosphate FBP
Glucose-6-phosphate G
Sucrose (fructosyl and glucosyl moieties) S (SF and SG)

Parameter Description

Φ Glycine production flux in % of carboxylation (Φ= vo/vc)
T Flux of transitory starch synthesis in leaves
R* Isotope ratio of CO2 fixed to RuBP by Rubisco
L Proportion of sucrose produced in the light in source

sucrose used for storage in sink organ

a2 Reciprocal thermodynamic isotope effect of aldolase
in C-2 of FBP

a3 Reciprocal thermodynamic isotope effect of aldolase
in C-3 of FBP

a4 Reciprocal thermodynamic isotope effect of aldolase
in C-4 of FBP

i1, … , i6 Reciprocal thermodynamic isotope effect of glucose
isomerase in C-1, … , C-6 during fructose
conversion to glucose

z1, … , z6 Reciprocal kinetic isotope effect of invertase in C-1, … ,
C-6 in the fructosyl moiety of sucrose during
sucrose hydrolysis

g Isotope kinetic fractionation of glycine decarboxylase
(photorespiration)

s Commitment of FBP to aldolase cleavage (glycolysis)
in wheat grains (i.e., proportion of FBP molecules
not converted back to glucose but consumed by
glycolysis)

x Fraction of source sucrose cleaved by invertase
in beet root

ξ Fraction of FBP cleaved by aldolase (glycolysis)
in beet root

θ Commitment of source sucrose to invertase-catalyzed
cleavage in wheat grains
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substitution procedure, using the equations of Tcherkez et al.
(1) that include the action of isomerization between glucose
and fructose. Isotope ratios in source sucrose exported by
leaves and imported by grains to synthesize starch are referred
to by “source” below. They are calculated as a weighted av-
erage of sucrose produced by leaves in the dark (from transi-
tory starch) and in the light (in the cytoplasm from triose
phosphates): The proportion of sucrose synthesized in the light
is denoted as L.

Starch in Wheat Grains. If s and θ denote the relative commitment
of fructose-6-phosphate to glycolytic degradation and the rela-
tive commitment of sucrose to invertase-catalyzed cleavage, re-
spectively, we have, for k = 1–6,
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In Eq. S7, the reciprocal isotope effects of aldolization a1, a5,
and a6 (in C-1, C-5, and C-6, respectively) are equal to unity
(no recognized fractionation at these positions). It should be
noted that introducing the equilibration between triose phos-
phates (G3P and DHAP) and possible subsequent resynthesis
of fructose via aldolase does not change isotope ratios eventu-
ally calculated in grain starch, because only the net effect of
metabolic reactions matters in the framework of this model, in
the steady state.

Sucrose in Beet Root. The fraction (commitment) of sucrose
cleaved by invertase is denoted as x, the fraction of fructose
cleaved by aldolase (glycolysis) is denoted as ξ, and the fraction
of fructose recycled to sucrose after invertase-catalyzed cleavage
is denoted as b. In other words, if the input (import) of sucrose is
denoted as F, the net flux of sucrose and fructose to vacuolar
buildup is (1 – ξ)F and b(x – ξ)F, respectively. x and ξ are <1 and
are expressed relative to F and therefore we have ξ < x. Eqs. S8
and S9 below are both simplified by F, which is an unnecessary
variable:
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Assumptions for Numerical Applications. Isotope effects of isomerase
and invertase. In the present calculations, we take into account the
thermodynamic isotope effect of glucose isomerase and the kinetic
isotope effect of invertase. The phosphoglucose isomerase reaction
is generally believed to be very close to equilibrium although there
is some evidence that the isomerization between glucose-6-phos-
phate and fructose-6-phosphate might not be exactly at equilib-
rium. In the illuminated chloroplast, there is a net flux to glucose-6-
phosphate production to sustain transitory starch synthesis but
a mass action ratio between 0.9 and 1.3 has been suggested from
experiments, meaning that fructose-6-phosphate production might

be favored (the equilibrium constant Keq = [glucose-6-phosphate]/
[fructose-6-phosphate] is about 2) (2, 3). Nevertheless, it should
be noted that such an actual mass action ratio would have little
effect on the effective isotope effect. Classical equations of re-
action kinetics indicate that the isotope fractionation would
change by only a few per mil at most and keep the same sign,
simply because the reaction remains kinetically close to equilib-
rium (there is much less than one order of magnitude between the
equilibrium constant and the actual mass action ratio). We
therefore have used the thermodynamic isotope fractionation of
glucose isomerase rather than the kinetic isotope fractionation.
Glucose-6-phosphate leaf pool in the night. In the dark, leaf starch is
consumed to synthesize sucrose via maltose and glucose-1-
phosphate. It is believed that phosphoglucose and phospho-
fructose accumulate somewhat in the dark so that their associated
pools are not in the steady state (4) and glucose-6-phosphate
tends to accumulate in the cytosol (2). Glucose-6-phosphate and
fructose-6-phosphate are thus likely to freely equilibrate and, in
fact, the glucose-6-phosphate to fructose-6-phosphate ratio is
near 3. Therefore, calculations of isotope ratios in night sucrose
were simply based on the thermodynamic isotope fractionation
between glucose-6-phosphate and fructose-6-phosphate, with no
steady-state constraint.
Isotope effects of aldolase and transketolase. In the present calcu-
lations, we took into account the thermodynamic isotope effect of
(trans)aldolase. In fact, the reaction is believed to be close to
equilibrium (ref. 2, ΔG ∼ +1 kcal/mol); thus, the effective iso-
tope fractionation is thermodynamic (for a specific discussion,
see ref. 1). There is presently some uncertainty about the nu-
merical values of fractionation associated with the reaction. In
vitro, the enzyme purified from rabbit muscle is associated with
a thermodynamic isotope fractionation against 12C of 3.6‰ and
4.9‰ in the C-3 and C-4 positions, respectively, during FBP
production (5). However, these published values further indicate
that the kinetic isotope effect associated with FBP cleavage is
against 12C in the C-4 of FBP (C-1 position of glyceraldehyde-3-
phosphate). An inverse isotope effect is very unusual and its
origin is still not explained. An artifact during isotopic meas-
urements at this position remains possible. Calculation of iso-
tope effects has further suggested larger values (up to 16‰) in
C-4 during FBP production for any input parameters (photo-
respiration rate) chosen (1). In addition, the thermodynamic
isotope effect during acetoin synthesis has been shown to be
about 8‰ at the carbonyl position (6), which may correspond
here to the C-4 of FBP. Thus, the calculations carried out here
used an isotope fractionation against 12C (thermodynamic effect)
of 3.6‰ and 10‰ (which is roughly the average of 4.9‰, 8‰,
and 16‰) in C-3 and C-4, respectively, during FBP production.
To our knowledge, there are no data in the literature on isotope
fractionation associated with transketolase. The equilibrium
constants of the two transketolase-catalyzed reactions (G3P +
F → erythrose-4-phosphate + ribulose-5-phosphate and G3P +
sedoheptulose-7-phosphate → ribulose-5-phosphate + xylulose-
5-phosphate) are near 0.8 and 0.08, respectively (7) whereas the
mass action ratios are about 0.1 and >2, respectively (8). In other
words, although the reaction that produces erythrose-4-phosphate
is roughly close to equilibrium, this is not true for xylulose-5-
phosphate production, which is very far from equilibrium. For
the transketolase-catalyzed reaction, we thus believe that the
effective isotope fractionation is not thermodynamic but influ-
enced by the kinetic isotope effect. We thus chose an average
value of 10‰ against 13C at positions involved in the C−C
bond cleaved by the reaction (the fractionation at the position
inherited from C-1 of glyceraldehyde-3-phosphate does not
appear in the final equations and thus has no importance).
These values are within the range of rather similar reactions
such as ribulose epimerase (9).
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Numerical values of other parameters. The values used and the as-
sociated references are tabulated below:

1. Tcherkez G, Farquhar GD, Badeck F, Ghashghaie J (2004) Theoretical considerations
about carbon isotope distribution in glucose of C3 plants. Funct Plant Biol 31:857–877.

2. Gerhardt R, Stitt M, Heldt HW (1987) Subcellular metabolite levels in spinach leaves:
Regulation of sucrose synthesis during diurnal alterations in photosynthetic
partitioning. Plant Physiol 83(2):399–407.

3. Schleucher J, Vanderveer P, Markley L, Sharkey T (1999) Intramolecular deuterium
distributions reveal disequilibrium of chloroplast phosphoglucose isomerase. Plant
Cell Environ 22:525–533.

4. Stitt M, et al. (1985) A comparative study of metabolite levels in plant leaf material in
the dark. Plant 166:354–364.

5. Gleixner G, Schmidt HL (1997) Carbon isotope effects on the fructose-1,6-
bisphosphate aldolase reaction, origin for non-statistical 13C distributions in
carbohydrates. J Biol Chem 272(9):5382–5387.

6. Rinaldi G, Meinschein WG, Hayes JM (1974) Intramolecular carbon isotopic distribution
in biologically produced acetoin. Biomed Mass Spectrom 1(6, Spec):415–417.

7. Bassham JA, Krause GH (1969) Free energy changes and metabolic regulation in
steady-state photosynthetic carbon reduction. Biophys Biochim Acta 189:207–221.

8. Edwards G, Walker DA (1983) The reductive pentose phosphate pathway and
associated reactions. C3, C4, Mechanisms and Cellular and Environmental Regulation
of Photosynthesis (Blackwell Scientific, Oxford, UK), pp 97–144.

9. Lee LV, Vu MV, ClelandWW (2000) 13C and deuterium isotope effects suggest an aldol
cleavage mechanism for L-ribulose-5-phosphate 4-epimerase. Biochemistry 39(16):
4808–4820.

10. Tcherkez G (2006) How large is the carbon isotope fractionation by the photorespiratory
enzyme glycine decarboxylase? Funct Plant Biol 33:911–920.

11. Ohki K, Ulrich A (1973) Sugar beet growth and development under controlled climatic
conditionswith reference tonight temperature. J AmSoc Sugar Beet Technol17:270–279.

12. Ulrich A (1952) The influence of temperature and light factors on the growth and
development of sugar beets in controlled climatic environments. J Agron 44:66–73.

13. Jiang D, Cao WX, Dai TB, Jing Q (2004) Diurnal changes in activities of related
enzymes to starch synthesis in grains of winter wheat. Acta Bot Sin 46:51–57.

14. Cruz-Aguado JA, Rodés R, Ortega E, Pérez IP, Dorado M (2001) Partitioning and
conversion of 14C-photoassimilates in developing grains of wheat plants grown under
field conditions in Cuba. Field Crops Res 69:191–199.

15. Takahashi T, Tsuchihashi N, Nakaseko K (1994) Grain filling mechanisms in spring
wheat. Jpn J Crop Sci 63:75–80.

16. Von Caemmerer S, Farquhar GD (1981) Some relationships between the biochemistry
of photosynthesis and the gas exchange of leaves. Planta 153(4):376–387.

17. Fondy BR, Geiger DR (1980) Effect of rapid changes in sink-source ratio on export and
distribution of products of photosynthesis in leaves of Beta vulgaris L. and Phaseolus
vulgaris L. Plant Physiol 66(5):945–949.

18. Sharkey TD, Berry JA, Raschke K (1985) Starch and sucrose synthesis in Phaseolus
vulgaris as affected by light, CO2 and abscisic acid. Plant Physiol 77(3):617–620.

19. Azcón-Bieto J (1983) Inhibition of photosynthesis by carbohydrates in wheat leaves.
Plant Physiol 73(3):681–686.

20. Riffkin HL, Duffus CM, Bridges IC (1995) Sucrose metabolism during endosperm
development in wheat (Triticum aestivum). Physiol Plant 93:123–131.

21. Weber H, Borisjuk L, Wobus U (1997) Sugar import and metabolism during seed
development. Trends Plant Sci 2(5):169–174.

22. Keeling PL, Wood JR, Tyson RH, Bridges IG (1988) Starch biosynthesis in developing
endosperm: Evidence against the direct involvement of triose phosphates in the
metabolic pathway. Plant Physiol 87:311–319.

23. Giaquinta R (1977) Sucrose hydrolysis in relation to phloem translocation in Beta
vulgaris. Plant Physiol 60(3):339–343.

24. Lemoine R, Daie J, Wyse R (1988) Evidence for the presence of a sucrose carrier in
immature sugar beet tap roots. Plant Physiol 86(2):575–580.

25. Wyse R (1979) Sucrose uptake by sugar beet tap root tissue. Plant Physiol 64(5):
837–841.

Parameter Value used here Reference or source

g 0.020 (= 20‰) (10)
L From 0.1 to 0.5† (11–15)
Φ From 0.35 to 0.5† (16)
T 0.055 (17–19)
θ 0.1 (20, 21)
R* 0.01092256‡ Arbitrary (represents a source carbon 28‰ depleted

compared with internal CO2)
s 0.1 (22)
x 0.03 (23, 24)
b 0.35 (25)
ξ 0.05 (23)

†See main text and Fig. 1 legend.
‡Note that this value is unimportant because the results are expressed as δ13C deviations relative to the molecular average.
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