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Abstract

Stable isotopes are commonly used to study the diffusion of CO, inside photosynthetic tissues
of plants. The standard method to interpret the observed preference for the lighter carbon
isotope in C3 photosynthesis involves the model by Farquhar, O’Leary and Berry, which relates
carbon isotope discrimination to physical and biochemical processes inside the leaf. However,
under many conditions the model returns unreasonable results for mesophyll conductance to
CO, diffusion (gm), especially when rates of photosynthesis are low. Here we re-derive the
carbon isotope discrimination model using modified assumptions related to the isotope effect
of mitochondrial respiration. In particular, we treat the carbon pool associated with respiration
as separate from the pool of the primary assimilates. We experimentally test the model by
comparing gm values measured with different CO, source gases varying in their isotopic
composition and show that our new model returns matching g., values that are much more
reasonable than those obtained with the old model. We use our results to discuss CO, diffusion

properties inside the mesophyll.

Introduction

Plant carbon exchange with the atmosphere is central to our understanding of diverse fields
ranging from agriculture and ecology to global climate. Measurements of CO, fluxes between
plant and atmosphere using standard portable gas exchange equipment’ have been
increasingly coupled with isotopic analyses as the technology of isotope ratio mass

spectrometers and optical isotope analyzers has advanced. Isotopologues, molecules that differ
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only in their isotopic composition, vary in the speed at which they diffuse or get processed in
biochemical reactions, and thereby carry information about these same processes. Carbon
isotope data have thus enabled us to separate photosynthesis from respiratory fluxes that
occur simultaneously in the leaf** and to identify genotypes differing in water-use efficiency”.
They have helped us to understand the ecological impacts of different photosynthetic
pathways®> and to quantify the biosphere’s contribution to the global carbon cycle6'7. The
analysis of carbon isotopes and how plants discriminate between them has therefore become
one of the most important tools available for studying the physiology of plants and how they
interact with their environment.

Underlying all these uses are mathematical models that relate the isotopic composition
of a sample to a biochemical or physical process so that measurements can be compared to
predictions. At the leaf level, the process by which photosynthesis modifies the carbon isotopic
composition of the surrounding air was related to Cs leaf biochemistry with the model of
Farquhar, et al. 8, which has become the standard description of photosynthetic carbon isotope
discrimination. Subsequently, properties of the internal diffusion of CO, from the intercellular

d®'° and the impacts of heterotrophic respiration™!

space to the chloroplast have been derive
and refixation of respired CO,; in sink tissues*? on photosynthetic isotope discrimination have
been described and incorporated into the model.

In addition to estimating the intrinsic water-use-efficiency (the ratio of CO, assimilation
rate to stomatal conductance) of plants from the isotopic composition of bulk leaf material, the

carbon isotope discrimination model is also widely employed to assess mesophyll diffusive

properties from online measurements. It has been difficult, however, to observe consistent
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trends in leaf-level measurements of the mesophyll conductance to CO, diffusion (gm), and
values estimated from carbon isotope data often do not match those measured by other
methods™. This is especially true when measurements are taken close to the compensation
point, where mitochondrial respiration (Ry) is large relative to the net CO, assimilation rate (A).
Approaching the CO, compensation point, measurements with isotopic methods often result in
increasing gm values, while chlorophyll fluorescence methods generally show decreases in gm =
Y In addition, estimates of gm are strongly affected by the assumptions made regarding the
values of the fractionation factors that the isotope discrimination model relies on, again
introducing the largest uncertainties close to the compensation point. As a result, our
confidence in the estimated values of g, is currently insufficient to assess the fundamental
nature of CO, diffusion inside the leaf. With the arrival of high-precision, high-throughput
isotope measurement equipment these uncertainties have become less likely a result of
measurement inaccuracies, and point towards insufficiencies in the parameterization of the
isotope discrimination model itself. A close examination of the respiratory component reveals
that the current model does not represent the respiratory biochemistry of the leaf well, which
is affecting the predicted isotope composition of the assimilates.

Here, we re-derive the carbon isotope discrimination model using assumptions
regarding respiration that are different from the model of Farquhar, et al. g resulting in changes
that have important implications for quantifying diffusive resistances inside the leaf. We assess
this model with carbon isotope discrimination data obtained with source gases of different
carbon isotope composition, which allows us to assess the quality of the model independently

of the parameter values used in it. Our results indicate that g, values derived with the new
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model are more reliable than those obtained with the old model, especially under conditions

where Ry is large relative to A, and do not depend on the source gas used.

The basis of carbon isotope discrimination

Photosynthetic CO, uptake in plants requires the diffusion of CO, from the air surrounding the
leaf through the boundary layer of the leaf, through the stomata into the intercellular air space
(1AS), and on through the mesophyll into the chloroplast, where it is assimilated by Rubisco. The

widely-used photosynthetic model of Farquhar, et al. '

relies on the chloroplastic CO,
concentration (C)) as a key input parameter in determining the CO, uptake of the leaf.
According to Fick’s law of diffusion, the net CO, uptake by the plant (4; in pmol m? s™?) is equal

to the product of the CO, gradient and the associated conductance for CO, diffusion (ignoring
for the moment ternary effects):

A=(Ca—CS)gbl=(CS—Ci)gS=(Ci—CC)gm, (1)
where C,, C,, and C; are the CO, concentrations in the ambient air, at the leaf surface, and the
IAS (in umol mol™), respectively. The conductances across the boundary layer, the stomata, and
the mesophyll are denoted gy, gs, and gn, (in mol m?2s?). Accordingly, C. can be calculated from
A and G, knowing the conductances along the diffusion pathway of CO,. While gy, is usually
large in gas exchange systems and g, can be easily estimated from the transpiration rate of the
leaf using the same gas exchange equipment, measurements of g, are less straightforward.
Several methods have been developed to estimate g, each requiring different assumptions
and thus having different advantages and disadvantages'®. Two commonly used techniques

combine measurements of gas exchange with either measurements of the photosynthetic



20’22, or with instantaneous

120 electron transport rate (J,; assessed by chlorophyll fluorescence)
121  carbon isotope discrimination®. The carbon isotope discrimination method is based on the
122  theory that the more common lighter CO, isotopologue (**C0,) diffuses more rapidly than the

123 heavier **C0,, and with a proportionally even greater reactivity with the CO,-fixing enzyme

124  Rubisco, resulting in a discrimination against 13C0,. Advances in laser instrumentation have
125 made it possible to instantaneously measure the (observed) discrimination (Aif)s) together with

126  standard gas exchange measurements, from which the mesophyll conductance can be
127  deduced.
128 The original model for *C discrimination® has been extended to include ternary

129  effects®, which in its full notation can be written as:

130 AB

= a, +a - ¢ - —d -——f11.(2)
1-t|* c_ % c |1t/ c ""c A+Ra C, C.a

1| C-C  _C-C| 1+t] C-C C R «a C-I' I'gq

} {am +b e 2
131  Here, A®is the modeled carbon isotope discrimination, t is a ternary correction factor
132  dependent on the rate of transpiration and the conductance to CO, diffusion in air, Ry denotes
133  the rate of mitochondrial respiration and [ is the CO, compensation point in the absence of
134  mitochondrial respiration. ap, as, am, b, e, and f are the fractionations associated with diffusion

135 through the laminar boundary layer, in air, in water (including the effect of dissolution), by

136  Rubisco carboxylation, during respiration, and photorespiration, respectively, and ¢, =1+b,

137  a,=1+e, and ¢, =1+f are the isotope effects of Rubisco carboxylation, respiration, and

138 photorespiration. We have a fairly good idea of the values for ay (2.9%0), as (4.4%e0), and an,

139  (1.8%o). The fractionation b can be measured in vitro on extracted Rubisco and has been

24-26

140  biochemically determined to be close to 29%. with respect to gaseous CO, . So far there is
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no clear consensus on the value of f , associated with the fractionation of glycine

decarboxylase, nor on the value of e, associated with the fractionation during mitochondrial
respiration”'az'ss.

Because fractionation values are small, Eqn. (2) can be approximated by assuming

o, =0, =0, = 1 without introducing a large error. Moreover, if measurements are done under
low-moderate VPD we can set t=0 to get34:

cC -C C.-C C-C C R C -T i
AP =a aC +a, SC '+a_ IC c+bC_C_A+dR e CC —g—f (3)

Respiratory biochemistry and its treatment in the model

The treatment of respiration in the isotope discrimination model depends on two important
considerations: The first one relates to whether the carbon compounds left behind by
respiratory processes mix with the pool of respiratory substrate and by extension with the
carbon in the Calvin-Benson-Bassham (CBB) cycle. In this case, the isotope effect of respiration
is isotopically “connected” to the CBB cycle, and can thereby impose a change on the
composition of the substrates of both respiration and photorespiration as there is effectively
only one carbon pool (Fig. 1a). This is the assumption of the original model described above.
The alternative case is that respiration is isotopically “disconnected” and metabolites are not
fed back into the CBB cycle, which is equivalent to having two separate carbon pools: one that
consists of compounds that are synthesized without involving a decarboxylation step, and one
that is made up of compounds requiring a decarboxylation step, such as lipids and some amino

acids (Fig. 1b). This, we argue, is likely the case. Respiratory CO, may be released from the TCA
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cycle in the mitochondria during amino acid synthesis, from pyruvate dehydrogenase in the
chloroplast in the production of acetyl-CoA for lipid synthesis, or by the pentose phosphate
pathway generating precursors for nucleotides. In all cases, the residual compounds from these
anabolic or catabolic respiratory processes occuring in the light are not readily converted back
to respiratory carbohydrates. The carbon left behind therefore changes the composition of the
assimilates via non-carbohydrate compounds, but it does not affect the composition of the
respiratory carbon substrate per se (Fig. 1b). This subtle difference in assumptions has a
profound effect on the predicted carbon isotope discrimination, which will become apparent in
the following derivations.

The second consideration relates to the source of carbon used as substrate for
respiration. This substrate carbon can be “recent”, meaning it is impacted in the short-term by
the isotope ratio of the CO, assimilated during the period of measurement, or it can be “old”,
i.e. the substrate has been assimilated at some point before the measurement is performed
and therefore carries the isotopic signature of the CO, the plant was exposed to during growth.
Differences in the manner of accounting for substrate that consists of old carbon also

significantly impact the estimation of carbon isotope discrimination.

Derivation of the model

The schematic in Fig. 1c demonstrates the within-cell pathway of the carbon involved in
photosynthesis and photorespiration. Carbon enters this pathway through the carboxylation of
RuBP by Rubisco and can exit either via glycine decarboxylation (photorespiration) or as triose

phosphates (TP; i.e. the assimilated carbon before respiration). Branch points in the pathway
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where a net effect on the isotopic composition can occur are the carboxylation step by Rubisco
and at glycine decarboxylation®. An additional branch point outlined in Fig. 1c that potentially
fractionates is at the export step of triose phosphates from the CBB cycle, which we have
included here for completeness and termed h. The parameter h can be viewed as an apparent
fractionation factor resulting from starch formation, the kinetic fractionation associated with
the export of triose phosphates from the chloroplast and the fractionation associated with

enzymes such as aldolase, transaldolase, transketolase, and triose phosphate isomerase®®?’. |

n
contrast to the fractionations lumped into e that do not affect the composition of carbon in the
CBB cycle, h as used here comprises isotopic effects that feed back into the CBB cycle. So far
there is no information available on the magnitude of h. In addition to the fluxes, in terms of
the rate of Rubisco carboxylation (V) and oxygenation (V,), Fig. 1c also displays the average
expected isotope ratio of the carbon in the metabolites involved in this pathway. For
convenience, we assume that the isotope ratio is uniform within molecules. However, in reality

13¢ 3% which might influence,

there are positional effects on the intramolecular distribution of
and even be responsible for, the values of both h and e.

We initially derive the isotope ratios of the CBB cycle metabolites in terms of the

isotope ratio of ribulose 1,5-bisphosphate (RuBP; R ), the key metabolite in this pathway.

RuBP
Given a photorespiratory fractionation of f, the isotope ratio of the photorespired CO, is then

3¢,

f) .
J RRuBP for serine and the 3-
f

(
described by RRuBP/wf , leaving behind an isotope ratio of L1+

phosphoglycerate (PGA) derived from it (Fig. 1c, Supplementary Information, Section 2). The

PGA that includes the newly assimilated carbon will have an average isotope ratio of
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R,
—kZR +—<¢ |, reflecting the fact that two thirds of the carbon originate from the substrate
3 RuBP ab )

RuBP, while the remaining third consists of chloroplastic CO, (RCC) that has been discriminated

against by Rubisco during the carboxylation reaction. The second PGA stemming from the
carboxylation reaction and that derived from the oxygenation reaction will have the same

isotope ratio as RuBP, as no carbon is added or lost. We use mass balance considerations to

determine RPGA by summing all incoming fluxes of PGA in terms of carbon (see Fig. 1c):

(GVC + %vo} Rocs =V, (ZR F;—Cj +3(V, +V, )Rygp + 1.5V, (1+ %} Rog - (4
b f

RuBP *

If we assume a fractionation of h occurring during the export of TP from the CBB cycle,

then the isotope ratio of the exported TP ( RTP) is described in terms of that of PGA ( RPGA) by:
R
Ry, =—2%, (5)

h

where ¢, =1+ h.

We calculate RRuBP as a function of R__ by considering RuBP as the product of the

PGA

CBB cycle that incorporates the fractionation involved with TP utilization. This yields

(v, —0.5\/0)%+5(vc +V, )R gp = [GVC +%vo Rogs - (6)

h

which can be solved for R as:
RuBP

—Reeas (7)

10
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where we set w = —=——— for convenience. The details of the derivations are outlined in
SC, +10T

the Supplementary Information, Section 2.

Substituting RRuBp from Eqgn. (4) for that in Eqn. (7) and then rearranging, results in an

expression for R__, (see Supplementary Information, Section 3):

PGA

Rog, =1 ce (8)

Substituting Eqn. (8) in Eqn. (5) then determines R__ in terms of R__

R 1
RTP: - % (9)
%, 1_1;@
Cc af

To determine Ry we employ mass balance considerations and obtain from the carbon isotope

ratios of TP and respired CO, (Fig. 1c):
R
(v,-05v )R, =(A+R )R, =AR, +R,—= (10)
which can be solved for RA as

R, {1+%ai} (11)

We then combine Egns. (9) and (11) to relate RCC to RA:

R,( )
—A ——br—(f ~wh)|, (12)
a L a, C, )
: R, e :
where for convenience we set o, =1+ X_ RCC can now be related to RCa, the isotope
(04

e

ratio of the CO, in the ambient air® (see Supplementary Information, Section 4). By definition,

11
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the carbon isotope discrimination of a plant is related to the isotope ratios of the CO; in
ambient air and that of the assimilates by 0(13=1+A13:RCa/RA, from which our new

equation of the carbon isotope discrimination of a leaf including ternary effects is calculated as:

C -C C -C
A13: :_L ab a s+as s i
1-t Ca Ca
1+t| C-C, . C. R, o C a T
a +b e
1-t| ™ C, C Aao, C  aoC

(13)

The full derivation including h will be useful for interpreting f and may have practical
importance should more information about the nature of h become available in the future.
However, to facilitate an easy comparison with the old model it is helpful to assume that h =0
and drop the h-term for the moment. Using the same simplifying assumptions as for Eqn. (3) we

can write Eqn. (13) as

C -C C_-C C-C C R, C ’
A®=gq -2 —+a —=—+a — C+b—°——"e—°—r—f.
cCC *cCc "™cC C, AC, C,

a a a

(14)

This simplified equation is similar, although not equivalent, to one developed
previously'® to include the effects of root and stem respiration in a mesocosm study. That

model has Ry in ratio to A, as in Eqn. (14), but because it assumes that all the respiration is
released into the ambient air, it does not weight respiration by CC/Ca. The latter ratio is

needed for a leaf model to account for the fact that not all of the respiratory isotope effect is
expressed due to the refixation of respired CO, inside the leaf, which becomes important e.g.

under water stress conditions when CC /Ca is small.

Comparing Eqn. (14) with Eqn. (3) then shows that the only difference between the two

equations is related to the term for respiratory discrimination. In contrast to Eqn. (3), which

12
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R, C-T" R,C
effectively scales Ry relative to the flux V. (note that d S = —d Zc Ref-38) Fan (14)
A+R, C, V. C,

d a

scales Rq with A. While the difference between the two formulations is small under conditions
where Ry is small compared to A, it may become quite large when A approaches zero. To fully
assess the impact of this modification in the isotope discrimination model we compare the two

models without any simplifications from here on.

Isotope discrimination in the two-resistance case

The models described above implicitly assume that in effect all (photo)respired CO, is released
inside the chloroplast. As pointed out previously, if all or some respired or photorespired CO,
mixes with the CO, coming in from the intercellular space inside the cytosol (with the CO,
concentration denoted C,,,), one has to treat the diffusive resistance for CO, across the cell wall
separately from the resistance between the cytosol and the inside of the chloroplast'®***°. This
causes g, to apparently vary with environmental conditions, even when the individual
resistances are fixed®*. Notably, the apparent gm is expected to become zero at the

. . . . 10,41
compensation point, following the relation 0

F+R |
A J (15)

O = | Tup e L1+ 14
where r,, represents the resistance across the cell wall and plasmalemma, r, the resistance of
the chloroplast envelope and stroma, and y is the fraction of (photo)respired CO, that diffuses
into the cytosol. Note that y can be very small, yet still cause g, to decline as A approaches

zero. The effect of this two-resistance diffusion model on carbon isotope discrimination has

13
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1027 sing the assumptions for respiration made by Farquhar, et al. &.

been described before
Here, we give an updated version of the two-resistance isotope discrimination model

accounting for both respiration using old substrate and not feeding back into the CBB cycle. For

simplicity we set ¥ =1, representing the extreme case where all released CO; first diffuses into

the cytosol, as originally proposed by Tholen, et al. * Then isotope discrimination can be

described by (see Supplementary Information, Section 5 for the derivation):

A13 _ 1 Ca —CS +a CS _Ci
Tt C, S C,
| c-C c,-C, ,C |
a,——m+ia —m_"ciphc (16)
1+t K Ca ‘ Ca Ca
1-t| R, @, (C_ b-aC) a T (C_ b-aC)
——d_Te g Zm c Ze __c_(f _Wh)L_m+ C—CJ
| A oo \C, a C ) ao,C, C, a, C,J

where a. is the fractionation associated with CO, diffusion from the cytosol to the site of
carboxylation and o, = 1+ a,.For the case of 0 < ¥ <1 isotope discrimination is expected to be

intermediate to that predicted by Eqns. (13) and (16).

Respiratory fractionation e

As with the fractionation h, e as used here is not determined by a single enzymatic reaction.
Rather it is defined by the difference in the isotopic ratio of the carbon assimilated and the
released CO,, which is coming from multiple sources*’. The fractionation e therefore is a
composite of the fractionations of the decarboxylating enzymes involved, but also includes the

sum of all fractionations contributing to any difference in isotope ratio of the respiratory

substrates relative to that of the primary assimilates RTP. The latter includes potential

14
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fractionation during carbon export from the chloroplast and the leaf, as well as during the
allocation of carbon to different metabolic pathways®**’.

Because photorespiration is dependent on the presence of light, one can safely assume
that the substrate for photorespiration consists of freshly assimilated carbon. In contrast, the

bulk of day respiration likely comes from substrates that are older®**

. This is especially the
case when A is small during the measurement and therefore the rate of current substrate
synthesis is low. If the isotope ratio of the CO, that is being assimilated during the

)I

measurement (RA) is different from the isotope ratio of the respiratory substrate (RSubstrate

the respiratory fractionation e needs to be adjusted by adding an apparent fractionation e*

taking into account this difference in substrate composition46. Wingate, et al. 46 proposed to

replace e in the model with e'=e +e*, where e* = RA/RsubStrate —1, which was applied as

% _ SMmeas
er= 5A 5substrate (17)
meas meas '
- 5Ca - Aobs - 5substrate

Here AT"* is the isotope discrimination and ¢,°* the isotopic composition ( J; defined as the

difference of the isotope ratio of a sample from that of a standard: 6 =R -1) of

sample / Rstandard

the CO; assimilated during the measurement and 55 that of the respiratory substrate. The

ubstrate

conversion of A to ¢ is given by definition, and the carbon isotope discrimination of a plant is

approximated by the difference of the composition of the air and the carbon that is

assimilated*:
13 _ §Ca — §A
= Ca - 5A

15
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<ubstrate has previously been taken as the isotopic composition of CO, respired in the dark®.

Strictly, however, this approach needs to include the effect of respiratory fractionation in

determining 55 , Which also assumes that we have good knowledge of the value of e in the

ubstrate

first place. In addition, e would have to be constant, independent of the environmental
condition to which the plant is exposed and, most importantly, would need to be the same in

the dark and the light. This, however, is uncertain given the multiple sources of respired CO, 3,

Because é;ubstrate is usually not known, it is a common practice to simplify Eqn. (17) to
e* = §Ie — o (19)
ore*=5_,. — 0" (see e.g. **?7*¥*2), where §Z" is the isotopic composition of ambient

air during growth (approximately -8%o in the natural environment) and 5002tank

is the isotopic
composition of the CO, used for the measurement. This simplification is problematic, since

A changes substantially with the isotopic composition of the measurement gas. As we will

see, even when measured with a gas that has a composition close to that of ambient air, A

changes with environmental factors, such as light intensity. Instead, we propose to calculate e*
as the difference in the isotopic composition of recent and old assimilates, which should give a

good approximation of the difference in the composition of recent to old respiratory substrate

assuming that the general biochemistry of the leaf stays constant. Knowledge of 5substrate per se
is therefore not required. This gives
__ Smeas growth
e*= 5substrate ~ Ysubstrate
__ Smeas growth
=0, -0, (20)

~ (é‘én:as _ Ameas) _ (5g;owth _ Agrowth)

obs obs

16
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using Egn. (18) and where the superscript ‘growth’ denotes isotope composition and

discrimination during the time the respiratory substrate was assimilated. Here, we use the

growth

observed discrimination against *C, measured under ambient growth conditions, for Aobs

This approach does not require prior knowledge of e, and it avoids the issue that there may be

further fractionations occurring between the assimilated carbon and the actual substrate for

respiration. Uncertainties in the values of égraowth, Ag;‘;‘”‘h, or e will equally affect the absolute

value of €’ as a constant offset, equal for any value of §Comnk used, allowing us to compare

measurements made with different 5C02tank'

Calculation of g, from carbon isotope measurements
Most commonly, isotope discrimination models are used to estimate C. for the calculation of
gm, assuming that all other parameters such as fractionation values are known or can be

measured independently. We can derive g, from the old model that assumes Ry to be

con
m

isotopically connected to the CBB cycle (g _") by calculating Ai —Aizs, where A is defined by
Egn. (2) with gm assumed to be infinite, i.e. when C_=C, and A(l)f)s is the observed

discrimination. Substituting Ci —CC = A/gm and solving for gm we obtain®?:

R abe'}

Akb—a ——4__b
con  L1tt " A+R,
"1t C,(a-a%)

obs

(21)

Analogously, we solve Eqn. (13) for g, derived from the new model assuming Ry is isotopically

disconnected from the CBB cycle (g:js) as:

17
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m =1t C.(6- %) : (22)

obs
which is valid when h =0 and a very close approximation of gf:s when h # 0 (for derivation

see Supplementary Information, Section 6).

Because there is no simple analytical solution to Eqn. (16) we have numerically solved
for gm by modeling A™ with a given value of C. and then varying C. to minimize the sum of

squares between the modeled A™ and the observed discrimination Aiﬁs. We can then

calculate the apparent g, from Ccas g = ﬁ
i e

Assessing the sources contributing to A™

Using the notation of Ubierna and Farquhar ** we can write Egn. (2) as:

A —A —A, (23)

gb+gs - gm e f

AP =A -A

where Ab, Agb+gs, Agm, Ae,, and Af are the discriminations associated with Rubisco, diffusion

through the boundary layer and stomata, through the mesophyll, respiration, and
photorespiration, respectively. The individual components for when Ry is isotopically connected

to the CBB cycle (superscript ‘con’) can be calculated as®*:

A" = *ty, (24)

-t

(25)

a |\C -C
sz =262 ]%C
ores 1t 1+t) C

a
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A‘“’“—E{ R, %e-Cc—F*}

© "1-t|A+R e, C

a T
po Tt a T ]
1-t| Ca

a,(C,-C,)+a,(C,-C)
C,-C,

where we define a =

(26)

(27)

(28)

as the weighted fractionation across the

boundary layer and stomata in series. The discrimination model developed here assuming R4 to

be isotopically disconnected (Egn. (13)) can be split in a similar way (superscript ‘dis’). The

dis

. dis
equations for Ab , Agb+gs

and Agi;are identical to their respective components of the old

model, although they do not necessarily attain the same value due to a difference in estimated

Cc. Inthe new model A" and A" are replaced by

pds _ 1Ht R, & e'&
¢ 1-t Acauo C

and

respectively.

Experimental testing of the model
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The calculation of g, from gas exchange and carbon isotope measurements depends on Aiis
(see e.g. Eqn. (21)), but should not be affected by 5Ca for any given set of fractionation factors.

If calculated g, values were to change with 5Ca this would indicate that the model in use does
not account for respiration appropriately, since the respiration contribution is the only term
currently in the discrimination model that has 5Ca as an input. We can make use of this feature

to compare the models described above that differ in how they treat respiration (isotopically
connected vs. disconnected) and in the way e* accounts for old respiratory substrate. In the

following we present results using data obtained with source CO, of two different isotopic

compositions, one close to ambient air (§C02tank:—7.0%o) and one depleted in C (
O oo = —30.7%0 ).

Figure 2 shows the CO, responses of g, calculated from the original isotope
discrimination model assuming Ry is isotopically connected (Egn. (2)) and the model derived
here assuming Ry is isotopically disconnected (Eqn. (13)), both with the commonly used
simplification of e* (Eqn. (19)), or its calculation according to Eqn. (20) taking into account that

Aobs changes with the environment. Only for the discrimination model derived here in

combination with accounting of e* based on 5A do the gn, values agree with each other when

measured with different 5CO2tank (Fig. 2d). In all other cases, differences in g, due to 5C02tank

increase under conditions where Ry is large relative to A, and g values frequently become
negative, which renders them biologically meaningless given that A is positive. In other words,
gm Values are reasonable at any measured CO, concentration if we treat respiration as

isotopically disconnected from the CBB cycle (related to the new parameterization of

20



404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

respiration in the discrimination model) and assume that the difference in composition
between old and new respiratory substrate is approximated by the difference in composition

between old and new assimilates (related to the parameterization of e*).

Figure 3 compares the discriminations associated with Rubisco (Ab), diffusion through
the boundary layer and stomata (Agb+gS ), through the mesophyll (Agm), respiration (A_), and

photorespiration (Af) between the original ‘connected’ and the new ‘disconnected’ model,
accounting for e* according to Egn. (20) and assuming h=0. While the model used has hardly

any effect on A and Agb+gs (Fig. 3a-b, f-g) and only minor effects on A_(Fig. 3e, j), the

differences in Ae, are marked and the disconnected model shows discriminations at low CO,
concentrations that are more than twice those of the connected model (Fig. 3d, i). The residual

discrimination that is not explained by A, A A,, and A, is attributed to Agm. The two

gb+gs”’

gases with differing values of 5C result in similar Agm values in the disconnected model,

O2tank

while they progressively further deviate towards low C; using the connected model (Fig. 3c, h).

Negative Agm values with the connected model correspond to unrealistic negative g, values.

CO, and light response curves of photosynthetic and isotope parameters are shown in

Figure 4. Values of A (Fig. 4a-c; only values for 5co2tank =—7.0%o are shown as they are virtually

indistiguishable from values measured with §C02tank =—-30.7%0 ) were measured down towards
the compensation point, where A is small compared to Ry, i.e. at low C; or low light intensity.

Corresponding values of Aﬁs increasingly deviate with decreasing C; for the two gases used

(Fig. 4d-f). Derived values of e* strongly depend on the way e* is calculated (Fig. 4g-1). While
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generally larger differences between the two calculations are observed in measurements made

at 5co2tank =-30.7%0 (exceeding 50%o0 at low C; Fig. 4j-l), e* is far from constant even at

measurements made with a CO, composition close to that of ambient air (é‘comnk =—7.0%0;

Fig. 4g-h). This impacts the g, estimates obtained with the different carbon isotope
discrimination models. Figure 5 shows how g, differs when estimated with the four different

model assumptions outlined in Figure 2. The behavior of the g, estimate is highly dependent

on 5co2tank for all model assumptions except for the new discrimination model when using Eqgn.

(20) for e* (Fig. 5). This model achieves positive g, values under any condition of the CO,
responses at 21% and 2% O, as well as the light response curves, and the values match for both
gases used.

The photorespiratory fractionation f has the most uncertain value of all fractionations
used by the models. While the theoretical value of fis 11%. >°, experimental values have been

27,29-31

reported in vivo ranging from 7 to 16%eo , and estimates reported from in vitro assays even

. . vl
include negative values®*>*

. Estimates of g, are also highly sensitive to f, making this parameter
important for many applications of discrimination models. Figure 6 explores the impact of f on

the calculated gn. Independent of f, the old model (Egn. (2)) predicts different values of gn

depending on 5CO2tank (Fig. 6a-d). In contrast, predictions of g, with both gases used gave

similar values independent of f using the new model. Similar trends are observed when the
value of e is varied (Fig. S1). While the absolute values of g, vary with e and f, the chosen

values have a negligible impact on the overall shape of the CO, response of g, estimated with
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the new model, with g, decreasing to zero as the compensation point is approached (Figs. 6e-h
and S1).

Because a decrease of g, towards the compensation point is in support of a two-
resistance situation for CO, diffusion in the mesophyll, we investigated whether the
assumptions in the discrimination model regarding diffusion resistances affect the estimated
apparent gn,. Figure 7 compares g, calculated assuming a single mesophyll resistance (following
Egn. (13)) with the apparent g, calculated with a two-resistance discrimination model
(following Eqgn. (16)). Both CO, and light responses return similar values of g, for the two

isotope discrimination models used.

Assumptions regarding respiration impact model outcomes

The original model of carbon isotope discrimination by Farquhar, et al. ® was built on the
assumption that respiration uses recent assimilates as substrate and that the carbon
compounds left behind after respiration can mix with those in the CBB cycle. However, much of
the respiratory substrate appears to have been assimilated at a time long before a typical

43-47

measurement is taken and the decarboxylation reactions linked to anabolic processes in the

3337 Both effects

light produce organic compounds that are not easily converted back to TP
make it unlikely that respiration instantaneously feeds back into carbon skeletons of the CBB
cycle. While the use of ‘old’ respiratory substrate excludes a full isotopic connectivity between
ongoing photosynthesis and respiration by definition, the connectivity is also broken in the case

of respiration drawing from all newly synthesized carbon because of the missing feedback from

respiratory products, such as lipids and amino acids, to the CBB cycle.
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Taking this more realistic treatment of respiration into account, our new derivation has
a fundamental impact on the predictions obtained from the model. Differences between the
models become particularly obvious under conditions where Ry becomes large relative to A.
Indeed, the odd predictions for g, under these conditions illustrated here and elsewhere are
what prompted us to re-evaluate the theory behind the existing model. Using two sources of

CO, with different values of &, 326 anables testing of the quality of the model independent

CO2tank
of the more uncertain fractionation values, such as e and f (Fig. 2). While the absolute values of

the estimated g,, will change with the values of e and f, estimates should be the same

independent of &,

cozanc W€ found that this was not the case when respiration was assumed to

be isotopically connected to the CBB cycle, or when the calculation of e* ignored the variability
of Aif)s. The agreement between g, estimates obtained with a wide range of values of f

provides evidence that the ‘disconnected’ model is much more robust (Fig. 6). Further research
can build on this knowledge to gain a better understanding of the fractionation values, since

their quantifications often rely on the use of the discrimination model itself.

Is there a need in the model to consider h?

At the moment we do not have a clear picture of the nature of h, or a detailed understanding of
the processes contributing to this fractionation occurring during TP export from the CBB cycle,
which makes it difficult to assign a value to h. Parameterizing h in the model is instructive,

however, for gaining a deeper insight into the variability of f. As can be seen from Eqn. (13),

both f and h scale with 1“*/Ca and behave as a combined fractionation with magnitude
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(f —Wh). Not accounting for h in the model implicitly attributes any effect of h to the

photorespiratory fractionation, resulting in an apparent value of f that is roughly equivalent to
the difference between f and h. While f may be well-defined by the single process of glycine
decarboxylation, h can be viewed as a lumped factor made up of different enzymatic reactions
and diffusion/transport processes. A fractionation by any of these factors will likely result in
variability of h related to changes in the relative magnitude of these factors, determined by the
rate and fate of triose-phosphates exported from the CBB cycle at any given time. We therefore
expect h to vary with plant species due to the differences in their biochemistry, the plant’s
growth conditions and the environmental conditions during the measurement. The
confounding effect of h on f may explain in part the large variability of reported values of f

measured in vivo.

On the importance of including e*

It has long been known that because plants mostly respire previously assimilated substrate one
needs to account for the difference in isotopic composition between the respired and
assimilated CO,. Several approaches of accounting for this effect are in use***®*%, but proper
testing of their suitability has been complicated by the issues related to the respiratory

discrimination component of the original discrimination model, outlined in this report. Based

on comparing gm estimates obtained from two o

conank SOUrce tanks, calculated using the two

different discrimination models, we conclude that defining e* as in Eqn. (20) best accounts for
the differences in isotopic composition between assimilated and respired CO,. While the

respiratory substrate might not be entirely old carbon under all conditions, it is likely the case
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when A is close to zero, which is where the impact of respiration is most pronounced. Small
proportions of unaccounted-for new carbon under large A will have a negligible effect on the

estimated g, as Ry/A will be small.
It is important not to simplify e* as is done in Eqn. (19), because Aif)s changes

substantially with the measurement condition (Fig. 4). Since this is the case even when using a
measurement gas that has an isotopic composition similar to that of ambient air, the inclusion
of e* is strictly necessary when measuring close to the CO, or light compensation points (Figs. 4
and 5). We further demonstrate that a proper accounting of e* is only satisfactory in

combination with the model derived here (Fig. 2).

More robust estimation of g,

The comparison of g, calculated with the different models demonstrates that only the new
model derived here in combination with e* as defined in Eqn. (20) returns positive gn, values for
all CO, concentrations and both source CO, isotopic compositions (Fig. 2) and for a large range
of potential values of e and f (Figs. 6 and S1). Similarly, it constitutes the most consistent
treatment for the calculation of g, in response to CO, at low O, concentrations as well as to a
wide range of light intensities (Fig. 5). A major point of controversy in recent years has been
whether or not g, decreases towards zero at the CO, compensation point, which can be taken
as evidence for or against a multi-resistance pathway for CO, diffusion in the mesophyll. A
decrease towards zero is what would be expected if some proportion of (photo)respired CO; is
mixing in the cytosol with the CO, coming in from the IAS, indicating that the diffusive

resistance across the cell wall has to be treated separately from the resistance across the
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1039 "\ith the old model this was difficult to assess, as the shape of the

chloroplast membrane
CO, response of g strongly depended on the fractionation values used, and, ignoring the
values at very low [CO,] that often became unrealistically negative, may indicate a decrease of
gm towards the compensation point (for f <7%o; Fig. 6a,b,d), a gm constant with changing
[CO,] (for f =10%o), or gm increasing with decreasing [CO,] (f >11%eo; Fig. 2, Fig. 6¢). While the
absolute values of g, derived with the new model still depend on the values of e and f (and h if
applicable), the overall shape of the CO,-response, and in particular the decrease of g, to zero
around the compensation point, is common to a wide range of possible fractionation values
(Fig. 6e-h). These results obtained from carbon isotopes now agree with many of the values
derived from chlorophyll fluorescence®*®. While there may be other causes of gm changing
with CO, concentration, g, decreases to zero precisely when approaching the compensation
point, which would be a peculiar coincidence if not for two mesophyll resistances. From this we
can more confidently conclude that a single-resistance view of mesophyll conductance is too
simplistic and a more complex multiple-resistance model of photosynthesis should be
considered®***.

Based on the data presented here, however, there may be no urgent need to apply a
more complicated two-resistance isotope discrimination model. Apparent values of gm
estimated with the two-resistance model are similar to those derived with the single-resistance
model, which can be explained by the models differing only by the fractionation created from
CO, diffusion in liquid from the cytosol to the chloroplast. This agreement in g, responses

highlights the fact that our g, estimates using carbon isotopes are largely independent of our

assumptions regarding CO, diffusion inside the mesophyll. One consequence of this result is
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that values of f determined with the assumption that g, is insensitive to changes in the O,

concentration (i.e. requiring the single-resistance case)®”*° have to be treated with care.
Further work is required to quantitatively separate the apparent mesophyll resistance

into ryp and ren. Only then can we assess how much of the variability of gm observed with

changing environmental conditions can be explained by a two-resistance scenario alone.

Conclusion

The isotope discrimination model presented here proved experimentally to be more robust
than the old model, in particular under conditions where Ry4/A is large. Our results suggest that
the new formulation of the respiratory term results in more accurate estimations of g, under a
wide range of conditions, allowing us to more confidently interpret mesophyll diffusion
properties. The new model will also improve our understanding of plant responses to drought
and estimations of water-use efficiency derived from the isotopic composition of leaf dry
matter, as the differences from the old model are most pronounced under the low C; values
seen when stomata are relatively closed. This may ultimately help to uncover new strategies to
improve water-use efficiency of crop plants in water-limited environments. Given its more
mechanistic implementation of respiration we expect the new model not only to perform
better with leaf-level online isotope discrimination approaches, but to provide improved
accuracy on the carbon exchange of plants at any level, which is imperative for correct

modelling of the global carbon cycle.
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Methods

Plant Material

Wheat (Triticum aestivum L. cv ‘Sunstate’) plants were grown in controlled glasshouse
conditions (25°C day/17°C night) under natural light. Seeds were germinated and grown in 5L
pots filled with Martins Potting Mix (Martins Fertilizers, Yass, NSW, Australia) and an initial
addition of 5g of slow-release Osmocote fertilizer (Scotts Australia, Bella Vista, NSW, Australia).
Plants were watered daily and received an additional dose of liquid fertilizer once they were
established. Gas exchange and online carbon isotope discrimination were measured on fully

expanded flag leaves of eight- to ten-week-old plants.

Gas exchange and isotopic measurements

An LI-6400XT open gas exchange system (Li-Cor, Lincoln, NE, USA) was coupled to a dual
quantum cascade laser (QCL) absorption spectrometer (Aerodyne Research Inc, Billerica, MA,
USA), which measured isotopologues of CO, including 20, and CO, (described in detail by
Holloway-Phillips, et al. *%). The LI-6400XT was assembled with the 6400-07 needle chamber (12
cm?®) fitted with an LI-6400-18 RGB light source set to a red-blue ratio of 90:10. Gas was
sampled from the inlet gas line to the leaf cuvette (“reference gas”) or the outflow of the
cuvette (“sample gas”) and subsequently dried by a Nafion (The Chemours Company,
Wilmington, DE, USA) dryer and dry-ice trap. Synthetic air was mixed from O, and N, using two
mass flow controllers to achieve the 21% or 2% [O,] used in the experiments. Part of this mix

flowed through a temperature-controlled bubbling flask for humidification, which provided the
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gas for the LI-6400XT. The other part was mixed with gas carrying CO, of known concentration
and isotopic composition (“calibration gas”). The selected high-pressure CO, tank supplied both

the calibration gas and the LI-6400XT console, so that when the CO, source gas for the cuvette

was switched, the data could be corrected to its true ™ value using the calibration gas of the
same isotopic composition®®. Two concentrations of the calibration gas spanning the chamber
reference and sample gas concentrations were measured at the beginning and end of each
measurement cycle, which included three alternating reference/sample pairs. This calibration
accounted for both the concentration dependence of the measured isotopic composition of
CO, and drift of the machine between each measurement series. The observed composition
values of the calibration gas could be treated as linear within the concentration ranges of the

sample and reference concentrations. This allowed us to linearly interpolate between the

observed compositions of the known calibration gas at two concentrations to calculate a 50ﬁset

applied to the measured raw O™ values of the sample and reference measurements. All 5=

values were expressed relative to the Vienna Pee Dee Belemnite standard with an isotope ratio

1

VPDB(carbon) T

of R = 00111797 as 6° =(**CO, /*C0, }/R

VPDB(carbon)

To investigate the [CO,] dependence of g., gas exchange and isotopic fluxes were
measured on flag leaves of three to five distinct plants at 400, 250, 150, 100, 80 and 65 umol
mol™ for measurements at 21% [0,], and at 400, 250, 150, 100, 70 and 40 umol mol™ for
measurements at 2% [O;]. The measurement light intensity was set to 1400 umol photons m?
s™'. For the light response of gm, measurements were made at a CO, concentration surrounding

the leaf of 400 pmol mol™ and light intensities of 50, 100, 200, 400, 800 and 1400 pmol photons
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m?2 s In all experiments leaf temperature was controlled at 30°C and VPD at 1kPa. Plants were
acclimated to each environmental condition for at least half an hour with one of the CO, source

gases before a measurement was taken. The apparatus was then switched to a second source

gas with different carbon isotope composition and a measurement was taken when JCa in the

leaf cuvette was stable, which usually took less than 30 minutes. The isotopic compositions of

the two source gases used were J_., . =—7.0%0 and J_, . =—30.7%o.

For estimates of Agg’s"m plants were measured at a light intensity of 1400 umol photons

m~ s and a CO, concentration of 400 pmol mol™. The common methods to measure Ry in the
light (Kok, Laisk, and isotopic disequilibrium methods)**’ depend on knowledge of diffusion
properties inside the leaf and can therefore not be used to determine Ry in the light
independently of g.,. However, it was previously shown that diffusion resistances inside the leaf
can explain much of the differences in observed rates of respiration in the light and the dark®’.
We have therefore assumed that Ry in the dark is the same as in the light and measured Ry in
the dark at the beginning of the day of the measurement. Inaccuracies in the value of Ry used
will affect the curvature of the measured g, response curves, but not the decrease of gnm
towards zero as A approaches the compensation point. Rq as used here is defined as the sum of
all non-photorespiratory decarboxylations. Because detailed information about the origin of
individual respiratory fluxes is not available, we assumed that R4 originates exclusively in the
chloroplast (single-resistance model) or the mitochondria (two-resistance model). However,
non-photorespiratory decarboxylations may simultaneously occur in mitochondria, chloroplasts
and cytosol. In this case a situation intermediate between the single-resistance and the two-

resistance model is to be expected.
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Estimating resistances with the two-resistance model

The two-resistance isotope discrimination model (Egn. (16)) has too many parameters to be
solved directly with the isotope data on hand. We have therefore made the simplifying
assumption that r,, and r, are of the same magnitude when measured at a CO, concentration
of 400 pmol mol™ and 1400 pmol m? s PAR. The resistance across the cell wall and

plasmalemma was then calculated for each measured plant from Eqn. (15) with ¥ =1as

r
up = 1+V /A’

using the mesophyll resistance ry estimated with the single-resistance model. ry, was then

taken as a known constant used to calculate C,, values for all measurement conditions as

C =C-Ar .
m i wp
Data availability

All generated and analyzed data that support the findings of this study are included in the

published article and its Supplementary Information.
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Figures

Figure 1 | Schematic representation of the model assumptions and its derivation. (a)
Biochemical fractionations (associated with carboxylation (b), respiration (e), and
photorespiration (f); red letters) assumed in the isotope discrimination model of Farquhar, et
al. ®. Assimilated CO,, photorespiration and respiration all access one single pool of carbon,
which contains a relative abundance of *C equal to the isotope ratio of the net assimilates A
(Ra; double-bordered gray box). In this case, if Ry were to preferentially release light carbon, the
heavy carbon left behind would increase the isotope ratio of the photorespired CO,. (b)
Schematic of the treatment of R4 as applied in the model described here. Assimilated CO, is in
equilibrium with photorespired CO, via the carbon pool of the CBB cycle. The net assimilates
are represented by the sum of two separate carbon pools: One pool consists of compounds
that are synthesized without involving a decarboxylation step and therefore has the same
carbon isotope ratio as the primary assimilates (dashed box; no R4 from biosynthesis). A second
pool is made up of compounds, such as lipids and some amino acids, that require a
decarboxylation step, which potentially fractionates (dashed box; Ry from biosynthesis). The
model developed here assumes that the compounds of the second pool do not easily feed back
into the CBB cycle and are therefore isotopically ‘disconnected’ from it. (c) Biochemical
pathway of carbon assimilation within the cell outlining the calculation of the isotope ratios of
individual metabolites (bold) and their fluxes. The labels in blue denote the average isotopic

ratios of the associated metabolites in terms of the isotope ratio of RuBP (R_ __) and of the

RuBP

CO, at the site of carboxylation (RCc ). Carbon entering or leaving the pathway is highlighted by
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gray boxes. Letters in red indicate the fractionations b, f, and e, as well as the effective
fractionation of the enzymes involved in the synthesis of triose-phosphates (TP) and their
export from the CBB cycle (h). If the respiratory substrate is made up of ‘old’ carbon, as
assumed here, there is no immediate connection between current TP carbon and respiration.

To account for this, e needs to be replaced by e'=e + e * (see text for further explanation). For

6C, +9T"

convenience we set W:—*
5CC+1OF

RuBP: ribulose 1,5-bisphosphate; PG: 2-

phosphoglycolate; PGA: 3-phosphoglycerate; Cirp): carbon in the form of TP; Com): carbon in the

form of organic matter of the plant, which includes all non-carbohydrates.

Figure 2 | Mesophyll conductance (g.) values estimated with different isotope discrimination
models. The panels show CO, responses of gm, to C at 21% [0;,] measured with two sources of
CO, with different isotopic composition using the old isotope model assuming Ry is isotopically
connected to the CBB cycle (a, b) or the model derived here assuming Ry is isotopically
disconnected (c, d). Both models were compared using the common simplification of e* (a, c) or
the implementation of e* according to Eqn. (20) (b, d; see text), all with assumed values of f =
11%0 and e = -3%o. Only panel d, incorporating both model modifications, shows a close
agreement of g, values estimated with the two measurement gases. Average values are

connected with lines for better discernibility only. n = 5 individual plants + s.e.m.

Figure 3 | Separation of A]c-)?)s into its individual components. Calculations representing the

values derived with the two different models using the implementation of e* according to Eqgn.

(20) were made for the g.,/C; responses shown in Fig. 2b and 2d. The discriminations associated
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with Rubisco carboxylation (Ab ), CO, diffusion through the boundary layer and stomata (Agmgs

), CO, diffusion through the mesophyll (Agm), respiration (Ae,), and photorespiration (Af) are

calculated using the old model assuming Ry is isotopically connected from the CBB cycle (a-e) or
the model derived here assuming Ry is isotopically disconnected (f-j), using values of f = 11%e.
and e = -3%o for both. Each panel compares the discrimination values obtained with the two
CO; source gases with different isotopic composition. Average values are connected with lines

for better discernibility. n = 5 individual plants + s.e.m.

Figure 4 | Key model parameters measured from C; and PAR-responses. Values shown are for
Ci-responses at 21% [0,] (a, d, g, and j), Ci-responses at 2% [0,] (b, e, h, and k), and PAR-

responses at 21% [0,] (c, f, i, and 1). The figure shows net CO, assimilation rate (A) and dark

respiration rate (Rq) (a-c), observed carbon isotope discrimination of the leaf (Aiﬁs) (d-f), as

. _ . _ o
well as e* values derived from measurements at 5co2tank =—7.0%o (g-i), and ﬁcomank =-30.7%o

(j-1). Note that e* values are highly variable with measurement condition and differ when
calculated with the commonly used Egn. (19) and Eqn. (20) suggested here. PAR:
photosynthetically active radiation. Average values are connected with lines for better
discernibility only. n = 5 individual plants + s.e.m. for CO; responses and n = 4 individual plants +
s.e.m. for light responses, except for 200 pmol m™ s PAR, where n = 3 individual plants +

s.e.m..
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Figure 5 | Mesophyll conductance (g.) values estimated with different discrimination

models. Mesophyll conductance values were derived from measurements at J__, . =—7.0%o

(a-c), and 5comnk =-30.7%o (d-f) and estimated with the four possible combinations of Ry4

being isotopically connected/disconnected with the CBB cycle, combined with the commonly
used simplification of e* (Egn. (19)) or calculating e* according to Egn. (20) taking into account

that A s changes with the environment. Note that the discrimination model treating Ry

isotopically disconnected in combination with e* calculated according to Eqgn. (20) yields
positive gn, values under all measurement conditions. For all panels f = 11%o and e = -3%o0 PAR:
photosynthetically active radiation. Average values are connected with lines for better
discernibility only. n = 5 individual plants + s.e.m. for CO, responses and n = 4 individual plants +
s.e.m. for light responses, except for 200 pmol m™ s PAR, where n = 3 individual plants +

s.e.m..

Figure 6 | The impact of the value of f on the estimated value of mesophyll conductance (gn).
Values in response to C; are calculated with the old model assuming Ry is isotopically connected
from the CBB cycle (a-d) or the model derived here assuming Ry is isotopically disconnected (e-
h), using f = 0%o (a, €), f = 7%o (b, f), f = 13%o (c, g), and f = -11%e. (d, h). For all panels e* was
calculated according to Eqn. (20) and e = -3%o. Each panel compares the g, values obtained
with the two CO, source gases with different isotopic composition. Average values are

connected with lines for better discernibility only. n = 5 individual plants + s.e.m.
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Figure 7 | Comparison of the apparent g, derived assuming a single-resistance vs. a two-
resistance discrimination model. The panels show values for C-responses at 21% [O,] (a), C-

responses at 2% [0O,] (b), and PAR-responses at 21% [O;] (c) for measurements taken with

5CO2tank:—7.01%o. Solid symbols and lines are for values calculated with an isotope

discrimination model assuming a single mesophyll resistance (Eqn. (13)) and open symbols and
dashed lines with a model assuming two separate resistances across the cell wall and
plasmalemma, and across the chloroplast envelope and stroma (Egn. (16)). For the two-
resistance case we assumed a fixed ry, calculated as outlined in the Methods. e* was

implemented according to Eqgn. (20) taking into account that A s changes with the

environment, and we assumed the fractionation values e = -3%eo, f = 7%o0, and h = 0%o.. N = 5
individual plants + s.e.m. for CO, responses and n = 4 individual plants + s.e.m. for light

responses, except for 200 umol m?2 s PAR, where n = 3 individual plants £ s.e.m..
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