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Abstract:

The higher photosynthetic potential of @ants has led to extensive research over the past 50
years, including ¢-dominated natural biomes, crops such as maize, or for evaluating the
transfer of G traits into G lineages. Photosynthetic gas exchange can be measured in air or

in a 2% Oxygen mixture using readily available commercial gas exchange and modulated
PSII fluorescence systems. Interpretation of these data, however, requires an understanding
(or the development) of various modelling approaches, which limit the use by

non-specialists. In this paper we present an accessible summary of the theory behind the
analysis-and derivation of;@hotosynthetic parameters, and provide a freely available Excel
Fitting Tool (EFT), making rigorous {lata analysis accessible to a beraidience.

Outputs include those defining, @hotochemical and biochemical efficiency, the rate of
photorespiration, bundle sheath conductance tpdiffision, and the in vivo biochemical
constants for PEP carboxylase. The EFT compares several methodological variants proposed
by different investigators, allowing users to choose the level of complexity required to
interpret data. We provide a complete analysis of gas exchange data on maize (as @ model C
organism and key global crop) to illustrate the approaches, their analysis and interpretation.

Keywords

Modelling, quantum yield, respiration, compensation point, ATP production,
photorespiration, PEP, PEPC, oxygenation, carboxylation, Rubisco, specificity, bundle sheath
conductance, £s.
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I ntroduction

Although accounting for a relatively small number of species (c. 75Q@la6ts have
disproportionate ecological, economic, and strategic importance. In fact, they dominate
various biomes across the planet, contributing to 25% of the total terrestrial net productivity

Osborne & Beerling, 20("6, Sage & Stata, 2015), whilerGps such as maize, sugarcane,

and sorghum lead the world grain, sugar, and biofuel production (faostat.faorg). C
photosynthesis has high production potential in warm climates and, consequently,
considerable effort has been made to explore the possibility of transferring benaftcaaisC

to improve G crop productivity and yield over recent years (Hibberd et al.,|R008, Long et al.,

2015| Singh et al., 20”4, von Caemmerer et al., 2043)h&osynthesis results from

biochemical and anatomical modifications of the leaf parenchyma. External mesophyll (M;
symbols and acronyms are listed in Table 1) cells and internal bundle sheath (BS) cells are
coupled to operate a biochemical carbon concentrating mechanism (CCMsy. iGiGally

fixed by phosphoenolpyruvate (PEP) carboxylase (PEPC) and converted into C
(amino)acids. These diffuse to the BS where SQeleased, a process that increases CO
concentration in the BS, the cellular compartment where Rubisco is exclusively expressed.
Despite a notable direct metabolic cost resulting from the ATP required to regenerate PEP,
the CCM activly suppresssthe oxygenase activity of Rubisco and consedueatiuces the

energy costs associated with photorespiratory metabolite recycling (Bellasio & Griffith

U)

20144).

Whether comparing natural vegetation or manipulated plants, it is essential to quantify the
performance of £photosynthesis across contrasting decarboxylase subgroups or under
controlled and natural environmental conditions. This generally iegglas exchange
measurements and photosynthetic modelling. Leaf photosynthetiafgiéke (referred to as
net assimilation, A), water vapour transpiration, and-lea€l fluorescence yield (F) can be
measured with modern Portable Fluoresce@Gees Exchange systems (GES). GES software

uses classical calculations (Genty et al., 1989, von Caemmerer & Farquhaiir, 1981) to derive

stomatal conductance tg®, and then C&X(gs), the CQ concentration in the substomatal
cavity (G), and the photochemical yield of PSII (Y(JI)Gas exchange techniques can be
augmented if a low £(2%) mixture is fed to the GES cuvette instead of air. GES outputs can
be used iteratively to inform photosynthetic models uStngye fitting’ [recently reviewed in

Bellasio et al., 201f5)], finding parameter values that best characterise the response of a given

plant. These parameters are convenient proxies, which may mechanistically represent the
underpinning biochemical traits or empirically summarise the dataset, and can be interrogated
statistically to characterise differences between plants or experimental tresatmen
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We have recently developed such curve fitting and fast screening|tools, (Bellasio ef al.,

2014| Bellasio et al., 201%a) based on the assumption that photosynthesis is limited by

NADPH and, because the NADPH requirements are the same for all photosynthetic types,
they are of general use for natural vegetation, cultivated varieties, or plants with engineered
photosynthetic traits. By estimating the relative engagement of the reductive pentose
phosphate (RPP) and photosynthetic carbon oxygenation (PCO) @stles Rubisco rate of
oxygenation vs carboxylationoX/c), plants may be assigned to photosynthetic typgs (C

C3-Cy, Gy, Cy). For full G, traits, we now refine the analysig of Bellasio et al. (2015), to

derive quantities typical for dnetabolism (e.g. the PEP carboxylation ratg, ¥ing a
specific G model.

Several biochemical models of, @hotosynthesis have been proposed that define gas
exchange characteristics of leaves and simulate the operation of the CCM (Berry and
Farquhar, 1978; Laisk and Edwards, 2009; Laisk and Edwards, 2000; von Caemmerer, 2000).
Earlier approaches were joined into the von Caemmerer (2000pdrl (hereafter £
model); whichhas two different formulations: 1) the enzyme—limited formulation,
underpinned by the kinetics of PEPC and Rubisco2auiet light-limited formulation,
based on the assumption that, under limiting lightpltosynthesis is solely limited by the
total rate of ATP production ). Because of its complexity,s@nodelling has been
traditionally confined to specialist literature, and there is a timely nemadite data analysis
modelling tools available to a broaaudience.

Here we present an Excel fitting tool (EFT) which derives a suite phGtosynthetic
parameters and predicts variables of thenGdel, describe the theory of @odelling and
data analysis and succinctly demonstrate a range of applications with a worked example
using maize. We have developed aEET using the same rationale as that foplants

Bellasio et al., 201f5): 1) the EFT and the example dataset are freely available to download

froam Supporting Materials; 2) the use of macros is avoided, allowing greater transparency

and straightforward modification; 3) the EFT accommodates a wide range of

methodological variations for more advanced applications. Besides parameter fitting sub
routines, the EFT codes the equations for predicting thecG@xentration in M and BS (and
associated quantities), which can be used in isotopic modelling, but this is not discussed
further in this papef (Bellasio & Griffiths, 2014b, Cernusak et al., 013, Ubierna et al., 2011,
von Caemmerer et al., 2014). The EFT calculates some basic biochemical quantities (e.g. rate

of photorespiration), which can underpin more sophisticated stoichiometric derivation
Bellasio & Griffiths, 2014¢). In this papereaetail the rationale of the different
formulations of the €model with astep—by-step, logical approach. In the second part of this
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paper, a worked analysis of gas exchange data measured on maize plants exemplifies how the
outputs from the EFT allow a detailed characterisationsgftfotosynthesis.

Theoretical underpinningsof the EFT

To take advantage of the full functionality of the EFT, light and &lCves measured
under ambient and lowre required for each plant. All four curves are measured
sequentially on the same portion of the leaf (see details in the worked example below). When
curves are measured on different leavest different times, they have to be treated as
independent. In this case, and if any of the four curves are unavailable, it is still possible to
use the EFT, although with more limited functionality (see Partial datasets below). The
rationale for repeating measurements under 120 5%) is to suppress photorespiration.

Underthese conditions a relationship between Y(I) apgh &an be assumed [(Bellasio &

Griffiths, 2014lﬂ, Yin et al., 2011b), but see Discussion] and then used to estimatader

ambient Q. The Q level needs to be sufficient to drive mitochondrial respiration and to
avoid overreduction of the plastoquinone pool, and mixtures with 2% or5te@enerally

regarded as an optimal compromjse (Maroco et al.,{1998).

We propose a logical protocol similar to that previously descrlibed (Bellasio et al|., 2015)

whereby data analysis is dividedari3 discrete steps (EFT sheets are numbereti3l
accordingly) and each step extracts a new piece of information using parameters previously

derived. The ¢equations implemented here were taken ffom (Bellasio & Griffiths, 2014b,

Ubierna et al., 204[L, von Caemmerer, 2P00, Yin et al., 2011b), or originally derived for this

current work (see detailed description of each step). Steps 1, 3, 4, and 5 are identical to

Bellasio et al. (201%), however, to avoid confusion and for completeness, we include a brief

description of these steps. The 13 steps are summarised as follows:
1 Data are entered into the EFT and limitations are manually selected.

2 Respiration in the light (Rsnt) is derived using the initial lighlimited portion of the

fluorescencelight—curves|(Yin et al., 2011Db).

3 Theinitial yield of photosystem 1l (Y(ll)) is extrapolated under zero PP Blinear,
guadratic, or exponential regression of Y(Il) in the initial kgimited portion of the
fluorescencdight—curves.

4 GrossassimilationGA) is calculated by summing Rur plus A and the PPFD
dependence dbAis described empirically by a namctangular hyperbola. The
maximum quantum yield for CQixation (Y(CO,)..) and the lightsaturatedsA (GAsaT)
are estimated by curvéitting. The light compensation point (LCP) is calculated from the
fitted curve.
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5 An empirical norrectangular hyperbola is fitted to the ATirves under ambient and low
O, to estimate the maximal carboxylating efficien€gj, the G-A compensation point
(), andCO,—saturated A (Aa7). Stomatal limitation (k) is assessed using the fitted curve

in analogy to the graphical methpd (Farquhar & Sharkey, (1982).

6 A calibration factor to calculatexg is derived using two different approaches: the

approach of Yin (Yin et al., 2011b) (outpaga quantity calledsand an approach

originally derived in this worky analogy to that of Valentini (Valentini et al., 1995)

(output as a quantity called k

7 With Y(Il) .. and either ‘sor K, the initial quantum yield for ATP productio®({ate)LL,
the conversion efficiency ¢tPFDinto Jatp) is calculated.

8 Jatp is calculated using PPFD, Y(Il), antos K derived in Step 7, or with a
point-to—point approach directly fror@A (Bellasio & Griffiths, 2014b).

9 The light-dependence ofadp under ambient @is describedby an empirical
non-rectangular hyperbola. Witf{Jare).L (derived in Step)/defining the initial slope,
the curvaturef() and light-saturated arpsat are estimated by curvtting.

10Ja7p is:-modelled (drpmop) Upon measured A and,@nd Rigyr derivedin Step 2, using

the light limited equations of {photosynthesis (Ubierna et al., 2013). Bundle sheath

conductance to CQdiffusion (gss) is estimated by fittinga}rmop to empirical valuesfo
Jatp (calculated in Step 8) in the lighimited part of lightcurves and A/Ccurves [this
curve fitting is referred to as the ‘J/J’ approach (Bellasio & Griffiths, 2014b), calculation

variants are available].

11 With gss derivedin Step 10, assimilation is modelled#y) in the enzymeimited part
of the A/G curve. In vivo ¥uax (PEPC CQ saturated rate) and-KPEPC
Michaelis-Menten constant for Care estimated by fittinguyp to A, in the
enzymelimited portion of A/G curves (calculation variants are available, including the
possibility to fit low Q A/C; curves).

12With A, G, gss (derived in Step 10), andp (calculated in Step 8), the Rubisco rate of
carboxylation (), Rubisco rate of oxygenationd)/ and PEPC rate of carboxylations{V
are calculated.

13The CQ leak rate L, leakines®), the CQ concentration in M (), the CQ
concentration in BS (£s), and the @concentration in BS (£2) are estimated for each

point of the A/G and light curves using the equations of ther@del|(von Caemmerer,

200Q) (calculation variants are available).
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For clarity, we note that here we used a purely biochemical notation, but often anatomical
notation is used to qualify biochemical variables (e.g. ‘m’ to identify PEP regeneration or ‘s’,
for BS, to identify PCO and RPP cycles) and may lead to some ambiguity. Note that the C
model does not provide information on where processes occur and, in order to acquire
information on biochemical compartmentalisation, a more complex modelling approach is
required|(Bellasio & Griffiths, 2014"0, McQualter et al., 2[015, Wang et al.,| 2B&d). we
describe the practical use of the EFT, together with theory and possible alternatives following

the stepby-step procedure.

1. Data entry and selection of limitations

For each datapoint of the four response curves, PPFD, &€ Y(ll) are entered in Sheet
1 as the outputs from GES software, corrected for leaf cuvette gzckeiffusion when

appropriate (Bellasio et al., 2015). The datasets are automatically plotted graphically below

the tables. A colour code is maintained throughout tHE Brown is used to indicate

ambient Q conditions, while blue refers to lono(Modelled functions appear as continuous

lines, modelled points appear as crosses, grey cells contain general output and white cells
require data input. The data entered in Sheet 1 will be automatically transferred to subsequent
sheets in cells with a lighthaded background: for the sake of flexibility these cells can be
overwritten by the user (see also Partial datasets below).

Along with each datapoint, a limitation code (1, 2 or 3) is required, which identifies the
datapoints to be used in subsequent analyses and manipulations. Fouright ‘1’ is
assigned to the initial lighlimited points,*2’ to the light-limited points, and3’ to the
remainder of the points. For A/@urves ‘1’ is assigned to the initial PEPClimited part of the
curve, 2’ to the PEPClimited part of the curve, an@’ to the light-limited part of the curve
(a'worked example is provided in the second part of this paper). Each fitting step is largely
independent of the others, meaning that limitations can be adjusted between one step and the
next and individual datapoints can be excluded from further analysis (see instructions in
Sheet L

2. Estimating respiration in the light (Bur)

The definition and importance of B4t, and the available methods fandgr estimation

have been reviewed previougly (Bellasio et al., 2015). Methods based,amuA/€ analysis

such as the Laisk method and the method of Brooks and Favlquhar (Brooks & Farquhar, 1985)

cannot-be used for,®lants|(Yin et al., 2011a). Here we implemented theatiant of the

fluorescencelight curve method proposed by Y|n (Yin et al., 20[L1b). Assimilation is plotted
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against 1/3 Y(IDPPFDyielding a linear relationship, and,&;r is independently estimated
under low and ambient s the yintercept of the fitted line:

A=s"1/3 Y(II) PPFD — Ryjgur, .

where $is a lumped conversion coefficient (see Step 6).

This gas exchangehlorophyll fluorescence method has been experimentally
validated for G plants|(Bellasio & Griffiths, 2014p, Yin et al., 2011b). Note that the estimate
for R cut IS obtained under loRPFDand the independence afiér from PPFDis

assumed. The derivation of &7 in Sheet 2 was sepagdtfrom the derivation of'sn Sheet
6a to allow additional features in Sheet 2, including the possibility to add additional data to
the regressions (the lighimited part of the A/Ccurve and Bark, measured under ambient
and/or low Q), and the possibility odisingle value for Rsur-fitted to pooled ambient and

low O, data, since in practical terms, anyé&¥ect may be considered negligile (Yin et aJ.,

2009).

3. Initial photochemical yield of PSII (Y (L))

Y(Il) .. represents the initial (and maximal) photochemical yield of PSII obtained under
conditions of steady state illumination and accounts for conversion losses occurring under
operational conditions. Based on the observation that Y(Il) increases monotonically at

decreasing?PFD(Yin et al., 2014), Sheet 3 calculates Y(lIas the yintercept of a function

fitted to Y(l) plotted againdP PFD Alongside linear fitting, additional features in Sheet 3
allow comparison with quadratic and exponential functions, fitted to several combinations of
datapoints.

4. Light dependence of gross assimilati@®), light-saturated gross assimilation (&4,
initial quantum yield for C@fixation (Y(CQO,)..), and light compensation point (LCP)

The dependence &AonPPFDcan be modelled empirically as:

- | Y(CO2)L1, PPFD-I—GAsAT—\/(Y(COz)LL PPFD+GASAT)2—4 mY(COy)LL, PPFD GASAT 2
2m ’

GAmop
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Egn 2 is a nomrectangular hyperbola parameteriseddsar, Y(CO,)LL, and m, an
empirical factor0< m<1) defining the curvature. GAsar defines the horizontal asymptote
(GA=GAsaT) and represents the ligisaturated rate &6A under the C@concentration used
for measurements. Y(C). corresponds to the maximal quantum yield for,@igation
(Y(COy) i.e. the conversion efficiency of PPFD into fixed £06ften referred to adcop) and
defines the inclined asymptot@A=Y(CO,).. PPFD). To facilitate the physiological
interpretation of m, Sheet 4 calculates the PPFD which half sat@GAt@3P F3),
analogous to a # kinetic parameter. The values of Y(Q, m, andGAsat are found by
iterative fitting ofGAuop to GA. These parameters can readily be used to highlight
phenotypic variations. A recently proposed linear alternative for the derivation of)Y{CO
Yin et al., 2014) can be compeatin the additional features of Shé&st From Sheet 4a
onwards, we have included the possibility to-fognsform residuals. By partially correcting

for proportionality between residuals and modelled quantity (e.{.tGiA feature increases

the weight of initial datapoints (e.g. low PPFD) in determining the characteristics of the fitted
curve. The opportunity to legransform depends on the characteristics of the dataset and the
structure of error and should be considered on a-bgsmse basis.

The fitted hyperbol@ used to calculate tHePFD-A compensation point, LCP [the

importance of which has been reviewed in (Bellasio et al.,{2015)] by solving EqP P ki

under the condition of A=0, i.6&A=R cnT. A linear alternative to derive LCP from the initial
region of the lightresponse curve can be compared in the additional features of Sheet 3.

5. CO, dependence of assimilation (A), @®aturated assimilation &), initial
carboxylating efficiency for Cofixation (CE), CG—A compensation point/), and stomatal
limitation (Ls)

The relationship between A angn be modelled mechanistically to derive important
PEPC kinetic parameters (Step 11), however, important informedioalso be acquired by

empirical modelling without the need for any particular physiological consjraint (Bellagio et

al.; 201%). Assimilatiomanbe modelled in terms of;@rough a noarectangular hyperbola

(analogous to Eqgn 2):

_ CE (Ci—D)+Asa1—V/(CE (Ci—T)+AsaT1)?—4  CE (Ci—T) AsaT 3
2w ’

AMOD

Eqgn 3.is calculated in sheets 5a and 5b and is parameterise@b€B I', andw. Asar
represents th€O,—saturated rate of Aunder the PPFD of the measurement, and is the
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horizontal asymptote (A=f7). CE is known as maximal carboxylating efficiency for £0
fixation (CE), and defines the inclined asymptote, which has the equatiGi £G-T'), i.e.

the asymptote equation corresponds to the linear equatjon of (Farquhar & Sharkgyy1982).

is an empirical factof0< w <I) defining curvature. To facilitate the physiological
interpretation otv, sheets 5a and 5b calculate thevB@ich half saturates A {§g) — analogous
to aKy, kinetic parameter. With Ryt derivedin Step 2, the values @E, w, I', and Aat
are found by iterative fitting of Mop to measured A

The fitted equation can be useful to assess stomatal limitatipmiphosed by stomatal

conductance & analogous to previous graphical methpds (Farquhar & Sharkey| 1982 Long

& Bernacchi, 200B). Stomatal limitatiory ks generally assessed by comparing a value of

assimilation rate Ameasured under ambient €€ncentration (i.e. when) = ¢, - gi;) with

the hypothetical Athat would be obtained if the mesophyll had free access to then@ie
ambient air (i.e. when;EC,). In Sheet 5a, by specifying,@nd G, stomatal limitation can be
calculated under any G@oncentration, this may be useful when comparing plants grown
under contrasting C{roncentrations. Sheet 5a calculateas:

where Ais calculated by solving Eqn 3 for the specified &d A is calculated by solving
Eqgn 3 for the specified £

6. /Acalibration factor to calculatgr

A calibration factor to calculates is derived for each individual plant using the data
obtained under low £conditions|(Bellasio et al., 20[L5), where the ATP co&Atan be
assumed (see steps 7 and 8, and Discussion). In the EFT we implemented two approaches

the approach ¢f Yin et al. (2011b) and an approach modified from Valentini et al.|(1995).

The Yin approach is based on Eqn 1, and tietercept, Renr, was derivedn Sheet 2.
The slope Sis derived in Sheet 6a’.is aconversion coefficient lumping the fraction of

PPFDharvested by PSII with several other difficult to measure quaritities (Yin & Struik,

2012), such as leaf absorptance, PSII optical esession, stoichiometry of the ATP

synthase, engagement of cyclic electron flow, and alternative electron pa‘hways (Yin gt al.,

2009).
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Alternatively, in Shee6b, modified from the approach of Valentini, an empirical linear
relationship between Y(C{pand Y(ll) is fitted:

Y(II) = k' Y(CO,) + b, 5

where Y(Il) is measured directly and Y(©0s calculated a%, k' is the slope and b is the

intercept of the fitted line. b represents the fraction of Y(Il) not used,pREP and PCO
cycles.

7. Initial quantum yield for ATP productiofY (Jarp)LL)

The initial quantum yield for ATP productio(Jartp)LL) iS the maximal conversion
efficiency of incident light into ATP, mathematically extrapolated to PEF:Ih Sheet 6a,
with. the calibration of YinY(Jate)LL IS calculated as:

rY(II
YUATP)LL = M, 6

1-x

where Y(IlI).. was derived by linear, quadratic, or exponentialifitStep3 and x is the
fraction of Arp used for PEP regeneration under loy@enerally assumed 0.4, e.qg.
Ubierna et al., 2013)].

In Sheet 6b Y(ll). is calculated modified from the Valentini approach:

Y(JarpiL = % (Y(”)LL —b), 7

where 5 is the ATP requirement for GA under low(@ifferent values can be specified in the

EFT, see Discussion), and can be related to the approach of Y rﬁs; (Egn 1 and 7).

8. Rate of ATP production £zb)

Jatp IS the total ATP production rate used by photosynthetic processes (PEP regeneration,
RPP and PCO cycles) and does not include alternative ATP sinks. These are excluded for
consistency with the assumptions in subsequent derivations (i.e. rates of PEP carboxylation
and rates of RuBP oxygenation and carboxylation, see Eqn 15, 17, 18). Accuracy in

This article is protected by copyright. All rights reserved.



estimating drp is critical, especially for g fitting, which is based on the additionakgd
demand brought about by the PCO cycle under ambig(wkiich, of course, is minimal as
the G CCM suppresses photorespiration)e jfYopose three approaches to calculate that
can be selected depending on the particular modelling requirements.

Firstly, following the approach of Yin, sheets 8, 9, 10, and 12 calcuat@as:

s'"Y(II) PPFD 8

ATP — 1—x

Alternatively, following Valentini, sheets 8, 9, 10, and 12 calculgte ds:

Jarp =% (Y(I) — b) PPFD

Where relevant quantities have been previously defined. Eqn 8 and 9 differ by the parameter
b which'is the fraction of Y(Il) not used by,RPP, and PCO cycles. The difference is
negligible under limiting? PFDQ but becomes appreciable under moderate or high PPFD.
Egns 8 and 9 are underpinned by three assumpfipRs .yt does not vary with light level,

2) s, K and b are constant, that is, the degree of engagement of alternative sinks and cyclic
electron flow do not vary witRPFDor G; 3) ATP partitioning between and G activity is
constant. Deviations from linearity may arise from differential engagement of alternative

sinks or experimental biases introduced by-sakurating flash intensitigs (Harbinson, 2013),

or also vertical differences in Y(Il) quenching down the leaf profile (Bellasio et al.| 2015,

Evans, 200P). To account for ndimearity, we implemented the simple approach presented
by Bellasio|(Bellasio & Griffiths, 2014b). Sheets 8, 9, 10, and 12 calcwatdal each point
of the light and A/Ccurvesas

Y(I
Jarp =5 GArow YEII;—:(:;’ 10

where Y(Iavs and Y(Il).ow are the values of Y(II) measured under ambient and Igw O
respectively. 5 represents the ATP cosBéfunder low Q (the value can be modified in the
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EFT). Egn 10 relies on assumption (1), it does not rely on assumption (2), and only partially
relies on assumption (3), in the sense that the ATP partitioning between G adivity is
assumed constant only acrossl€vels but can vary between PPFD ande@els.

9. PPFD dependence afd

The process of photophosphorylation is driven by light and displays a saturating response
to increasindg® PFDwhich can be described empirically by a a@ttangular hyperbola

Farquhar & Wong, 1984) analogous to Eqn 2 and implemented in Sheet 9

_ YUarp)LL PPFD+]ATPSAT— (Y(aTP)LL PPFD+]aTPsAT)? =48] aTPsaTY JaTP)LL PPFD 11
26 )

]ATPMOD Emp

Eqgn 11 describes the relationship betwegwbp empandPPFDin terms of drpsat,
Y(Jatp)LL, andd. Jarpsat represents the value ofr under infiniteP PFDand defines the
horizontal asymptote fdpmop=Jatrsat). Y(JatP)LL represents the initial (and maximal)
guantum yield for ATP production, defining the inclined asymptote(bo= Y(Jatp)LL
PPFD. 0 is an empirical facto(0< 6 <1) defining the curvature. To facilitate the
physiological interpretation of 0, Sheet 9 calculates tiP FDwhich half saturatessgrmon
(PPFDQy) (analogous to I,). With Y(Jatp)LL foundin Step 7, drpsartand 0 are derived in
Sheet 9 by fitting dremop (Eqn 13 to empirical values ofate (Eqn 8, 9 or 10) calculated at
eachPPFD. This fitting is limited to ambient,Of Jarpmon, Y(Jate)LL, and Arpsat are
desired under low §because of the assumption of Aphotorespiratory conditions, they
can be calculated from quantities derived in Sheetsinrpvop = 5 GAviop, Y(Jatp)L = 5
Y(COy)L, Jatpsat =~ 5 GAgar.

10. Bundle sheath conductance to,@dfusion (gss)

The G, (amino)acids diffuse through plasmodesmata from external Mtoedls internal
layer of cells, thdS, and are decarboxylated to supply G@r Rubisco. For this CCM to
work, the BS has to be partially isolated from the surrounding M, and th@&@eability at
the BS/M interface, known as the bundle sheath conductance,t(ggésPhas to be finely
regulated (Bellasio & Griffiths, 2011l|b, Kromdijk et al., 2014). It is widely accepted ghat g
varies between different species and environmental conditions, however, resgiirg g

challenged ¢physiologists. For instancegghas been resolved by fitting a ‘modelled’

isotopic.discrimination to observed,-dime isotopic discrimination (Ubierna et al., 2011).

Recent theoretical developments, coupled with refinements in gas exchange data analysis,
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have allowed gk to be resolved from combined fluorescergaes exchange dataseéts (Bellgsio
& Griffiths, 20144} Yin et al., 2011bWith this approach, known as ‘J/J’, the C4
photosynthesis model is rearranged (Ubierna et al.,[2013) to exprassplas:

-y +y2-4wz 12

] ATPMOD Mec/1. — 2w ’

_ 1-x[gss Y el _x RLIGHT).
T3 [A+(CM 9Bs yOM) 1 0.047] 2(1+ A )

2 = (4 P) (Ru = gns = =52) + Rur + 4) (1= 5505)

a is the fraction of PSII activity in BS cells;y* is half the reciprocal Rubisco G,
specificity; Qu is the oxygen concentration in;NRy is the M fraction of Rexr (generally
0.5 RiguT), and other variables were previously defined (Tablegk)isgfound by iterative
fitting Jatpmop tO experimental values ofs (Eqn 8, 9, or 10) in the lighlimited region of
the light curve (as a variant, the EFT allows the user to include thelilingitéd region of the
AC; curve).

11. PEPC kinetics- In vivo maximum carboxylation rate fwvax) and in vivo effective
Michaelis-Menten constant for CQKp)

In conditions of high PPFD and low,@ssimilation is limited by enzyme capadity (vor

Caemmerer, 2000). In particular, the initial part of the; Bl@ve is determined by PEPC

activity and can be described with a Michadliienten response [Eqn 4.26]in (von

Caemmerer, 20Q0)] as:

Cv Vpmax
GA = M -PMax 13
Cy+Kp

where Gy is the CQ concentration in M, Msax is the PEPC C@saturated rate, s PEPC
Michaelis-Menten for CQ. Eqn 13 is a mathematical approximation of a quadratic equation
[Egn 4.21 in|(von Caemmerer, 2000)]:
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Ao = - p—+/q?—4pr 14

2p

where:
_ 14 _ . GKc |
P 3 0.047Ko’
0 a * Kc)].
q == [VP — Rm + gps Cm + Vemax — Rugur + 9psKc (1 + ﬁ) t 5o (V Vemax + Ruigar K—(C))]

* Om\.
r = (Vemax — Rueut) (Ve — Rm + gps Cm) — Vemax 9ss ¥ *Om + Ruignt 9ssKc (1 + K—Z)

0.047 is a coefficient scaling@nd CQ diffusivity (von Caemmerer, 2000)* is half the

reciprocal Rubisco specificity and it is often taken from in vitro studies (e.g. 0.00049B); C
calculated with Egn 19, @is the Q concentration in M, generally assumed to equal the
atmospheric @concentration, Muax is the Rubisco C®saturated rate of carboxylationg K

is- the Rubisco MichaelisMenten constant for COKo is the Rubisco Michaelidlenten
constant for @ and other quantities were previously defined. In Sheet 11, Egn 14 is fitted to
the initial part of the A/Ccurve (limitation ‘1’ and ‘2”) to estimate Vpumax and Ko in a single

fitting step. Alternativly, if an in vitro value for KKis used, only Muax can be fitted. In

Sheet 11b, Egn 14 is fitted to the low MC; curve and, additionally, ambient and low O

A/C; curves can be fitted concurrently (see instructions in Sheet 11b).

Although \emax, Kc, and kg appear in Eqn 14, they cannot be reliably estimated by curve
fitting, and are preferably taken from in vitro studies. In fact, as seen above, undeHqw C
14is approximated by Eqn 13 whose behaviour is independergvakVKc, and ko. Under
higher G, CO; assimilation rate is rdonger enzyne-limited, and consequently cannot be
modelled using enzyme kinetic equations (Eqn 13 and 14). Moreover, a very poor correlation
with in vitro Rubisco C@saturated carboxylation rate was found with attempts to estimate
Vemax by fitting Eqn 14 to A/Cdata|(Pinto et al., 2014).

12. PEP. carboxylation rate §// Rubisco rate of Carboxylation §¥and Oxygenation ()

Ve, Vo, and \¢& cannot be measured directly by gas exchange, but they can be estimated

using the lightlimited equations of the £nodel|(von Caemmerer, 2000). The fraction of

Jatp partitioned to PEP regeneration can be calculated through an assumed partitioning factor
called x (see also Step 7). Knowing that PEP synthesis requires 2 AGéh We calculated
as:

Ve = xJare 15
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The complement (1-x)dp represents the fraction ofw partitioned to the RPP and PCO
cycles. Knowing that each Rubisco carboxylase catalytic event requires 3 ATP, while each
Rubisco oxygenase catalytic event requires 3.5 ATP, it can be written:

(1 — X) ]ATP = 3‘/(: + 35V0 16

Further, the leaf C&balance can be formulated as:
GA=V, —~V,. 17
When Eqn 17 is substituted in Eqn 16,34n be solved as:

V. — (1-x) Jarp—3GA 18
) 5 .

The rate of photorespiratory G@elease can be calculated as Fstawd \t can be solved
from Egn 16. 4rp in Eqns 1518 is calculated after Yin (Egn 8), Valentini (Egn 9) or
Bellasio (Eqn 10). The Yin calibration is based on the initial fiiginited portion of the light
curves and is preferably used only in this narrow interval. The Valentini calibration is based
on all light-limited datapoints, and should not be used outwith these. The Bellasio calibration
can be used flexibly to calculate any datapoint. In fact, although Ega8 &Ssume light
(and ATP) limitations, they may be valid not only when ATP is actually limiting, but also
when the ATP demand for PEP regeneration, RPP, and PCO cycles fully feedback to the
electron.transport chain. This condition is generally satisfied, as thylakoid reactions are
tightly regulated by ATP and NADPH demahd (Kramer & Evans, R011), althowgh, th
regulation of thylakoid reactions may differ under different limitations (see Discussion). For

this reason, although Sheet 12 calculates Eqn$8Ltor all datapoints, enzymkmited
datapoints are highlighted in red and results should be taken with care. Values can be
compared with the enzymlémited formulation in additional features in Sheet 12.

13. CQ concentration in M (fz), CO, and Q concentration in BS (§s and Qs), Leak rate
(L), and bundle sheath leakineg$ (
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The process of CQdiffusion in G, parenchyma consists of several steps. Starting from the
intercellular air spaces, Gd@iffuses into the liquid phase through the cell walls, the
plasmalemma, and the cytosol, wh€@; is hydrated to HC®), the substrate of PEPC. The
overall ability to conduct C&through this patis mathematically expressed as the mesophyll
conductance (g) and the CQ@concentration in M can be expressed as

A
CM:Ci_E' 19

Because the (diffusion path is shorter than that fog @lants, G guv is larger than €gu.
However, G gu values are still subject to debate [because of numerous experimental

limitations, seq (Ubierna et al., 2Q11) for reviewl].

CO, is more concentrated in BS than M (see Step 10 above), and because BS and M are
connected by plasmodesmata, some @DodiffusesThis ‘leakage’ is aninherent process
of the CCM. The rate of CQetrodiffusion is called leak rate (L), and the law of diffusion
can be written as:

Cps = Cy + —— 20

gBs

Of the guantities in Eqn 20ggwas derived by curve fitting in Step 10 whilgs@nd L
are yet to be determined. A first approach to resobga@d L, which we calimass balance’
determines L from M mass balance as:

L=Vp—Ry—A 21

Egn 21 can be solved with\{calculated with Egn 15), measured A, an@gi (the
fraction Ry/R_ gt IS generally assumed, Table Cgs can then solved from Eqn 20.

A second approach, which we cdfubisco specificity’, estimates g5 from the Rubisco
oxygenation vs carboxylation ratiod¥c, Eqn 16 and 18 given a certain Rubisco

specificity and @ concentration in BS, or in the equivalent notation of (von Caemmerelr,

2000);
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* 1-
(y*0ps)[Zea+E=2ATE] 22
(1—X)31ATP_GA !

Cgs =

where Qs, the Q concentration iBS, is calculated as:

aA
Onc = 0 23
BS ™ 0.047gps My

where terms are defined in Table 1. Finally, L can be solved from Eqn 20 gsideriyed in

Step 10. Note that the logic and parameter requirements of the mass balance and Rubisco
specificity approaches are different. The mass balance approach depeggsamial X,

whereas the Rubisco specificity approach is mathematically independaint ahd X if
consistency is maintained between Eqn 8, 9, or 10 and Eqgn 16 and 18 (see also Djscussion

A useful term in @ physiology is leakiness), defined as the leak rate relative to the PEP
carboxylation rated(=L/Vp). Since Rubisco C&fixation (in BS) is complementary to leakage
(out of BS),0 can be used as a proxy for the coordination between the CCMzand C
assimilatory activity. Further, under conditions of Alamiting light, when leaking CQis
entirely re-fixed by PEPC¢ can be used as a proxy of biochemical operating efficiency [see

exceptions and references|in (Bellasio & Griffiths, 2Q14a)]. Leakiness is believed to be
tightly regulated to optimise {bperating efficiency (Bellasio & Griffiths, 2013b, Kromdijk

et al.; 2014). The EFT calculatésvith both the mass balance (Egn 13, 18, and 19) and

Rubisco specificity (Egn 18, 20, and 21) approaches.

Applying the EFT to primary data from Zea maysL .. a worked example

Genetically identical maize plants (F1 Hybrid PR31N27, Pionedrreld, Cremona, Italy)
were grown in controlled environment growth rooms (BDW 40 Conviron Ltd, Winnipeg,
Canada) set at 14h day leng#R FD= 350 umol m? s?, temperature of 27 °C / 18 °C, and
50% / 70 % relative humidity (day / night). Plants were manually watered daily, with
particular care to avoid overwatering. The apical part of the youngest fully expanded leaf was
subject to combined gas exchange and fluorescence analysis.

A portable gas exchange syst@@ES, L16400XT, LI-Cor, USA), was factory—modified
to control at low C@concentrations (a webinar is available on theQDR website). The
GES was fitted with a 6m’” ‘sun+sky’ cuvette, upper and lower black neoprene gaskets, and
with aLI-COR 640618 RGB light source, positioned to uniformly illuminate the leaf. The
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aluminium casing of the cuvette was perforated to fit the light sensor removed from the RGB
light source which was calibrated using a factory—calibrated Li—250 light sensofLI-Cor,

USA) according to the manufacturer’s instructions (Doug Lynch, personal communication),

and a fibre probez(1.5 mm) fitted at 45° and c. 1mm distance from the leaf. The fibre probe
was connected to a Junior PAM (Heinz Walz GmbH, Effeltrich, D). Pulse width was set to
0.4 s, pulse intensity was set to level 9, enough to saturate P signal (which occurred between

level 6 and 8). Mass flow leaks (Boesgaard et al., R013) were monitored with a gas flow

meter as detailed in (Bellasio et al., 2D15), but no sealant was nec@sRakyx/C,

response curve was measured by setting referengat©#00, 800 and 1200 pmol mol™?,
flow set at 400 mmol mih After stabilising at each level, the GES was matched and
assimilation was measured every 5s for c. 60s (and then averaged). A diffusion correction

term ‘K> {(Walker & Ort, 201%) and RRrk Were determined by linear curve fit, taking 400

umol mol” as the lab C@®concentration (an example is provided in Supporting Information).

Light was set at a PPFD of @@nol m? s*; after 10 min acclimation the GES was
matched and assimilation was measured every 5s for c. 60s (and then averaged), and a
saturating pulse was applied to determine Y(II). The background gas was switched p 2% O
after sixminutes, measurements were taken again. The background gas was switched to air
and the routine was repeated to measure at PPFD of 50, 75, 100, 150, 300, 600 and 1200
umol m? s*. Flow was set at 150 mmol nir{first 5 points) and then increased to 400 mmol

min™ for the rest of the measuremefts (Bellasio et al.,[2015). Theu@s were measured
at PPFD level of 120@mol m? s*. Reference COwas set at 50@mol mol* and the
background gas was switched to air, aftemsimutes’ acclimation the GES was matched and

assimilation was measured every 5s for c. 30s (and then averaged) and a saturating pulse was
applied to determine Y(Il). The background gas was switched to 2 ¥ft@rsix minutes’

acclimation the GES was matched and measurements were taken again. The routine was
repeated to measure at a reference @00, 300, 200, 100, 60, 40, 20, ol m?s?,

Upon switching background gas, the é@ncentration was specified in the GES software.

This protocol took c. 8h, and was repeated on n=3 plants. Experimental practicalities are
discussed in Discussion.

Primary data were corrected for €@iffusion through the gaskets as:

A = Photo + 820" 21
100 Area
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where Photo is the uncorrected assimilation as calculated byt8©R software, 400 is the
CO, concentration outside the cuvettg,i€the CQ concentration in the cuvette (CO2S in
the L-COR notation) and Area is the leaf are@if® in this example), k was derived by
linear fit as detailed above; @as recalculated using thelJOR equations inputting A
calculated with Eqn 21. Diffusiewcorrected data are shown in Figure 1.

Because of the low £susceptibility of G physiology, differences in net assimilation
between ambient and lons@-ere small but consistent (c. ol m? s for both the light
and A/G curves. Y(Il) was lower under low,@dotted line) reflecting the smaller ATP
demand under nephotorespiratory conditions. Data were analysed using thee3
approach of the EFT, summarised below.

1. Thresholds used to assign datapoints were, for-tightes:*1’ PPFD< 300pmol m? s™;
‘2’ remainder of datapoints. For Al€urves:1’ C; < 20 umol mol™*; <2’ 20 < G < 40pmol
mol % 2.5 40 < G < 70 umol mol* (these datapoints were excluded fropw fitting, Step
11), and‘3’ C; > 70umol mol™.

2. Rient Was derived under ambient and low3ing linear regressions (Eqn 1).
3. Y(II). was derived with linear regression.

4. GAwas calculated under ambient and loyuSing the values of Rut derived in Step 2.
ThePPFDdependence dbA was modelled to deriv@Asat, PPFDRo, and Y(CQ)...
Residuals were legransformed to correct for proportionality between residual€<G¥dhus
providing a better fit in the initial (low?PFD region of the curve. The LCP was slightly
higher under ambientQeflecting the additional light requirements for operating the PCO
cycle.GAgar was slightly higher under lowecause of the additional ATP and NADPH
availability for CQ assimilation. Y(CQ).. was slightly higher under low Qeflecting the
higher conversion efficiency of light into fixed GO

5. The Gdependence of Awas modelled under ambient and lotw @erive CE, Aat, Ciso,
andrI'. Residuals were legransformed to improve fit in the initial (low;)Gegion of the
curve. Parameters reflect a low Susceptibility, howeverdwas slightly higher under low
0..

6a. The Yin calibration was performed with standard settings.

6b. The Valentini calibration was performed using i estimatedn Step 2 under low £
and limiting the regression to lighimited datapoints taken from the light curve (limitation
‘1’ and ‘2’) and A/C; curve (limitation ‘3”). The fit was good R?c. 0.99, but in this case the
calibration is valid only for lighflimited datapoints. The parameter, b, which is responsible
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for differences between the Valentini and Yjrlderivation (see 9), was substantially
different from O.

7.Y(JatR)L Was unaffected by the,@evel, as expected.

8. Jatp Wascalculated using the Valentini calibration. Values are shown in Figure 2A (light
curves) and 2B (A/Ccurves) only for lightlimited datapoints. If values fond are desired
for other datapoints the calibration of Bellasio can be used instead (but see Discussion).

9. ThePPFDresponse ofa}r was modelled to derivexgbsat, 6, and PPFE.

10. gss was estimated by fitting data pooled from the light and &@ves (only the three
points at the highest;C using Ryt derived under ambient,n Sheet 2 andadp shown in
Figure 2A and 2B. Assumed values fay,@, gu, m,y*, and x are listed in Table 1.
Ru/RueHt was assumed to be 0.5. Residuals werettagsformed to correct for
proportionality between residuals angg]

11. \buax Was estimated using Byt derived in Step 2 andsgderived in Step 10, by curve
fitting to the enzymedimited region of the A/Ccurve {imitations ‘1’ and ‘2’). Assumed
values for @, a, gu, v*, X, and Rubisco kinetic constantg, Ko, and \éuax are listed in
Table 1. R/Rcnt was assumed to be 0.5. Althoughdéuld be fitted concurrently to

Vemax, 1IN this example it was assumed to beauB@r |(von Caemmerer, 2000) to increase

constraint.

12. The rates of Rubisco carboxylation, oxygenation, and photorespiratgmglé@se were
calculated for each datapoint, usingrlvalues shown in Figure 2A and 2B/Vc ratios are
shown in Figure 2C (light curve) and 2D (ATirve.

13.C0O; concentration in M, BS, CQOeak rate and leakiness were calculated with the mass
balance approach, usingsglerived in Step 10 and the values gfsJerived in Step 8 with

the Valentini calibration. Assumed values fay,@, gu, v*, X, are listed in Table 1.

Ru/Rucnt was assumed 0.5.Figure 2E and G (light curve) and 2F and Hc{(#@) shows

the calculated values forg€and leakinessd) respectively. These display the expected trend
at low light intensity and are within the physiological limits for the lghtited points of

AC; curve.

Discussion

We have developed a tool for the analysis of gas exchange data embedded with a model of
C4 phatosynthesis. The key output from the data analysis is the ATP productiogrgate J
which is‘inputted to the Imodel to derive detailed information og ghotosynthesis such as
Vp, Cgs and L. Because these approaches are integrated, some uncertainties of model
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parameterisation are avoided. Further, the-$tggstep logic allows inputs based on various
independent model sources to be compared, and model fitting to the data is straightforward
and easily modified. Some sources of error associated with model assumptions or uncertain
parameterisation, however, remain. These are now briefly reviewed, together with sources of
experimental error which, although not strictly related to data analyses, could affect the
quality of results.

Experimental sources of error.

Because ¢photosynthesis suppresses photorespiration, the difference in photosynthetic
rates between ambient and low &e minimal (as low as 1%), and so are the difference
between Y(I)ow and Y(IDauws. These differences are used to calculate dnd are translated
into VoV, which, in G plants is as low as-8%. Distinguishing these small differences is
an experimental challenge, hence high quality data, in terms of precision and accuracy, are

essential [for theory of error s¢e (Bellasio et al., 2014b) and references therein]. We briefly

mention the important experimental practicalities of gas exchange measurements, for details

see Supporting Information|in Bellasio et al. (201X, diffusion through the gaskets is a

well-known source of error of GES (Flexas et al., 2007) which becomes substantial when the

experiment is undertaken using small chambers (Pons et al}, 2009). As compared to the

tobacco example jn Bellasio et al. (20115), wherecem2chamber was used, here we

preferred a @m? chamber, with two black neoprene gaskets. It was recently pointed out that
massflow leaks resulting from a poor seal between the gasket and the leaf alter diffusion

Boesgaard et al., 20[L3). Mass flow leaks were monitored with a flowmeter as detailed in

Bellasio et al. (201%) and for these measurements it was not necessary to apply additional

sealant around the main vein. To correctly account for diffusion we derived a

measuremenspeific coefficient of diffusion ‘K’ by linear regression (example provided in

Supporting Information) of fark/Ca curves|(Walker & Ort, 2015). In agreement with

Walker and Ort (201%) we found that the mean k did not differ from the suggested value of

0.4, however we noted some variability so there may be scope for calibrating each replicate
leaf.

It is well-known that subsaturating light pulses will artificially lower Y(ll) (Earl &

Ennahli, 2004). This issue arises particularly when using whbémber fluorometers,

which generally have a lower saturating pulse intensity than fibre probe fluorometers.
Although the method proposed here recalibrates the relationship between Y(Iiafat J
eachindividual plant, and therefore minimises any effect of systematic error, we used a
fluorometer working on a small fibre probe. We found this solution very reliable, particularly
for the possibility of reaching the vicinity of the leaf without shading and regulating the
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saturating pulse intensity (which was determined in a pilot experiment) so as to saturate the P

signal [(Harbinson, 2013, Loriaux et al., 2013).

Light intensity levels were chosen bearing in mind that high resolution between 30 and
150 umol m? st is required when obtaining lighturves for fitting respiration in the light
(RuicHT) and to calibrate’sccording to Yin, while relativelyeiver points are required at high
PPFDto fit the lightsaturated rate of ATP productiorrd sat. Here we preferred not to use
saturating PPFDs so that the points at féDcould be useth the fitting of gs, which
works under the assumption of lighinitation. Similarly, the light intensity under which
A/C; curves were measured was intermediate so that datapoints obtained under anbient C
were lightlimited and used forgg fitting. To provide a sufficient number of datapoints
under low Gto fit Vp uax We had the GES factorgnodified to reach very low CO
concentrations. With this particular experimental routine, when the enfigmted
datapoints were plotted for the Valentini calibration, theyddifferent slope and intercept
than the lightlimited datapoints. This behaviour is generally attributed to the existence of
alternative electron sinks. Here it may be duatifference in regulation of PSIl under
light-limitation, rather than under enzynienitation; to a changing profile of PSII

guenching through the thickness of the I|eaf (Evans, [R009, Kaiser et al., 2014); or because BS

and M are spatially separated to a different partitioning of thylakoid reactions between BS
and M. These considerations are beyond the scope of this review and we refer the reader to
specialised literaturg (Bellasio & Griffiths, 2014c, Kramer & Evans, HOll, Yin & Struik

2012). To avoid any issue of ndimearity we limited the application of the lighimited

model to lightlimited datapoints in the Valentini calibration (Sheet 6b), in the derivation of
Oss (Sheet 10) and in the subsequent parameterisation of, tned&I(Sheet 12—13). It has
been noted, however, that lighinited equations may be applied beyond the strictly

light-limited datapointg (Archontoulis et al., 2012). For this reason the model output was

calculated for all datapoints regardless of the limitation. Further, we included the Bellasio
calibration, which is point-to—point based and can be used more flexibly than the Valentini or
Yin calibrations, and we also includée enzyme—limited formulation in additional feature

of Sheet 12—13 in order to provide a useful comparison. Because of these technical
difficulties it may be productive to concentrate on a smaller dataset, and opt for data quality
over quantity (see also Partial datasettow). For instance, the light-limited part of the

light curve is ideal to estimatgg(Bellasio & Griffiths, 2014h)while the enzyme—limited

part of the A/Gcurve can highlight any effect on PEPC actiyity (Pinto et al., [2014).

Finally, the Q concentration in the background gas modifies the-irdcabsorption of

H>O [Bunce, 200R), and will affect the estimate[tdsO], and hence transpirations gnd G.

LI-COR, for example, has built the ability to specify gas mixtures different fromtaithe
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GES software (selel-COR manual for details). If thcorrection cannot be implemented

(e.g. reanalysing an existing dataset or working with a different GES), the EFT can still be
used, avoiding sheets 5b, and 11b, which rely a@]Hneasured under low,OAll other

sheets are valid, as based on §C&nd [HO] measured under ambient,@nd on [CQ|
measured under low0

Validity and Applicability

The EFT developed previously|by Bellasio et al. (2P15) is based on NAD#ted
equations, which are valid for any photosynthetic type, but do not allowf@s¥and L to

be derived. Here we developed the Alidited equations, which allow such derivations, but

necessitate assumption of the ATP cost of gross assimilation undeﬁ,léﬁgw, and the

value of a partitioning factor called x, which specifies the fraction of ATP consumed by PEP
regeneration. These assumptions introduce uncertainty. We will now distinguish two cases,

ATP . . TR
when— and x are known with a reasonable degree of confidence, andiwhen and
GA Low GA Low

x are unknown. First is the case aofihotosynthesis where x was predicted to have limited

variability across a range of conditions (Kromdijk et al., 2010, von Caemmeref, 2000).

ATP . ATP 3
— was proposed to be determined Bs¥x— = — (Tazoe et al., 20(”8, von
GA Low GA Low 1-x

Caemmerer, 20(”), Yin et al., 2011b), %F ~ 5. There are assumptions within this

Low

equation that need to be carefully considered: 1) respiratory ATP and NADPH are assumed to
be entirely consumed by basal metabolism; 2) respiration is assumed to be supplied by old

assimilateg (Stutz et al., 2414), thus respiratory PGA consumption is neglected; 3) PEP

carboxykinase (PEPCK) activity is neglected; 4) starch synthesis and sucrose loading have no

ATP cost. A metabolic model can be used to study the influence of each of these variables on

% N and a freely available version is provided in the supporting information of
Low

McQualter et al. (201%). Because PEPCK catalytic cycle requires half the ATP of PPDK, a

moderate PEPCK can compensate for the ATP cost of carbohydrate synthesis, iasulting
ATP

G_ALOW
reaction may not be fast enough to sustain high decarboxylation rates, such a sstuation

~ 5. Complete PEPCK engagement would resu%frlow < 5, but as the PEPCK

unlikely. In these conditions part of the newly synthesized PEP may be necessarily
hydrolysed to drive the PEPCK reaction (Richard Leegood, personal communication),

allowing %LOW ~ 5. Even within these confidence limits the i@odel would be highly

", . . ATP .
sensitive to any uncertalnnya and x, but the error would be small relative to the
Low
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experimental error discussed above. The application fth@tosynthesis, which emerges as

a special case when x=0 a‘%@ ow 3, would also be well constrained. In this condition
Low
the EFT would code the AHRmited model of G photosynthesis. Sheets1D and 1112
ATP

would also be valid, and can be inputted x=0 %@%W = 3 (Sheets, cells: 6a, T16b,

Ul13; 89, H3; 10,J8 12-13, Q4). Sheet 10 would be operating similarly to the derivation of

Cs gw, but based on ATP requirements, while the derivationsgf¥would be invalid.
Secondly, Wheﬁlg ) and x are not known, the EFT can still be used, but different steps
Low
need to be taken. This scenario could allow disruptgahGtosynthesis to be studied, with

variable PEPC engagement, and Rubisco entirely located in BS. In thissgadeqgh 8, 9
and 10), ¥ (Egn 15), and the mass balance approach to estirgateddld not be resokd
Because similar multipliers are used when calculating Egn 8, 9 or 10 and Egn 16 and 18,

VolVc, are mathematically independent of the valu%:szow and x, as long as they satisfy

ATP

3 ATP . .
— =— Test values for— and x could be entered in the aforementioned cells,
GA Low 1-x GA Low

Cgs could then be determined frong/V¢c with the Rubisco specificity approach, and then

used to calculate L through Eqn 20 andhfough Eqn 21. Using this reverse logic x aﬁ‘§§

in a dysfunctional ¢gplant could, in principle, be estimated. Alternatively/\W¢ could be

determined with the NADPHimited equations in the previous EFT (Bellasio et al., 2015)

and then follow the same logicdWc—Cgs—L—Vp). This model cannot be used when
Rubisco activity is shared between BS and M, which requires the intermediate model of

C3-C, assimilation| (von Caemmerer, 2000).

Adjusting for temperature and pressure

Consistency between the temperature of validity for input parameterg*(&yg, Vcmax.,
Kc) and the temperature at which the response curves are measured is essential. Parameters

can be temperaturadjused using exponential equations (Bernacchi et al., HOOB, Bernalchi
et al., 2003, Bernacchi et al., 2(”01, June et al.,[P004, Scafaro et a"., 2011, Yamori & yon
Caemmerer, 2009). Because empirical constants for temperature adjustment are available for

only a limited number of parameters and species, they could not be implemented as a general
tool in the EFT.

The EFT was developed to allow (diffusion corrected) gas exchange data to be inputted
directly, whereby C@levels are normally expressed as concentratioro{ mol?). This way
of expressing C@is convenient as it is independent of pressure, however, it is a
simplification valid only at the pressure of’1®a. In fact, enzyme reaction rates depend on
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the chemical activity of C@expressed as fugacity. When £éghaves as an ideal gas,

fugacity is proportional to the partial pressure of the gas in equilibrium with the air above the
liquid, in conditions outwith these limits fugacity should be used instead of concentration
Sharkey et al., 2007).

Use of the EFT with partial datasets

It is still possible to use the EFT when only a limited number of datapoints is available,
however, it is recommended that the minimum requirements listed in Table 2 are met, and to
ensure that all datapoints and parameters used in the calculations are available. To ensure the
maximum flexibility of the EFT, all automatically populated data, placed in cells with a light
background, can be manually overwritten.

Conclusion

Using combined fluorescene&/C; and fluorescenedight-response curves, measured
under ambient and lowOthe Excetbased fitting tool (EFT) can be used to derive a
comprehensive suite of,@hysiological parameters. These are derived with alsyeptep
logic to avoid many of the uncertainties associated with concurrent-mmaitiel applications.
All steps are implemented in a freely downloadable Excel workbook that can beeaodifi
easily by the user. The parameters derived by the EFT summarise the physiological traits of
the plant(s) measured and can be used to compare different plants or to parameterise
predictive models. Overall, the EFT integrates the latest developments in the theory of gas
exchange, fluorescence angir@odelling.
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Table 1. Acronyms, definitions, variables, and units used.

Symbol Definition Values / Units /
References
A Measured net assimilation pumol m?s?t
Awmop, Ac Net assimilation under ambient O, modelled through Eqn 3 and 14 respectively umol m?s?t
Asat CO,—saturated A, under the PPFD of A/Ci-curves pumol m?s?
b y—intercept of the linear fit of Y(ll) against Y(CO,), it represent the fraction of Y(/I) not used for PEP dimensionless IVaIentini et ]
regeneration, RPP and PCO cycles, i.e. the fraction of Y(//) used by alternative ATP sinks lal., 1995)
BS Bundle Sheath
C CO, concentration in the cuvette as measured by the GES umol mol™*
Cas CO, concentration in the BS (Eqn 20 and 22) pumol mol™
cc™M Carbon Concentrating Mechanism
CE Carboxylating efficiency, i.e. initial slope of the A/C; curve molm?s™
G CO, concentration in the substomatal cavity as calculated by the GES pmol mol* (Eqn 1-18 in
the LI-COR 6400 manual)
Cw CO, concentration at the site of PEPC carboxylation C y = C; — ;—M umol mol™*
EFT Excel based Fitting Tool
F Photorespiration rate, or rate of photorespiratory CO, evolution F = 0.5 - Vg umol m?s?
F Chlorophyll a fluorescence signal (corresponding to fluorescence yield because normalized to measuring light) dimensionless
GA Gross assimilation GA = A + Rpjgyr. GA represents the net biochemical CO, uptake GA=Vc-F pmol m?s™
GAwmop Gross assimilation under ambient or low O, modelled through Eqn 3 pumol m?s?
GAsar Light—saturated GA, under the CO, concentration of light—curves pumol m?s?
Jss BS conductance to CO, diffusion mol m?s™
am Mesophyll conductance to CO, diffusion molm?s™
GES Portable Fluorescence—Gas Exchange systems
Jatp ATP production rate used by PEP regeneration (C4 cycle), RPP and PCO cycles pmol m?s™
JaTpsaT Light—saturated ATP production rate, Eqn 11 pumol m?s?
JatPmoD Modelled Jare, either empirically through Eqn 11 (Jaremop emp), OF mechanistically through Eqn 12 (Jaremop mech.) umol m?s?t
k GES cuvette diffusion correction parameter mol/s
k' Slope of the linear fit of Y(Il) against Y(CO;), Eqn 5 dimensionless
[al, 1995]
Kc Rubisco Michaelis—Menten constant for CO, 650 ubarlvon Caemmerer |
[2000]
Ko Rubisco Michaelis—Menten constant for O, 450000 pbar [von
Kp PEPC Michaelis—Menten constant for CO, 80 pbar or variable Ivon |
|Caemmerer 2000]
L Leak rate, i.e. magnitude of CO, flux diffusing out of BS, Eqn 21 pmol m?s?
Lcp Light compensation point, i.e. PPFD when A=0. At the LCP the rate of Rubisco carboxylation equals the rate of umol m?st
respiration + photorespiratory CO, release (V=R gur+F). In non—photorespiratory conditions, when V=R gur,
the LCP is lower.
M Mesophyll
Ow Oss 0, concentration in M cells (assumed to equal ambient) or BS cells (Eqn 23) Ow = 210000 pmol mol™
PCO Photosynthetic Carbon Oxygenation (cycle)
PEP Phosphoenolpyruvate
PEPC Phosphoenolpyruvate carboxylase
PEPCK Phosphoenolpyruvate carboxykinase
PGA 3—phosphoglyceric acid
PPFD Photosynthetic Photon Flux Density umol m?st
PPFDs, PPFD which half saturates either GA or J pmol m?2s™?
PSll Photosystem Il
Rpark Dark respiration Roark >0 pmol m?s™
Ruchr Respiration in the light; also known as non—photorespiratory CO, release in the light, or respiration in the day Ruxr >0 pmol m?s?
Rwm M fraction of Rygur generally 0.5 Rygur
RPP Reductive pentose phosphate (cycle); also known as Calvin—Benson—Bassham cycle or photosynthetic carbon
reduction cycle
Rubisco Ribulose bisphosphate carboxylase oxygenase
RuBP Ribulose—1,5-bisphosphate
s' A calibration factor to calculate Jarp according to Yin, it depends on leaf absorptance, PSII optical cross section, dimensionless lYin etal., |
accounts for engagement of alternative electron sinks and cyclic electron flow, and the stoichiometry of ATP 12004)
synthase
Ve Rubisco carboxylation rate, Eqn 16 pumol m?st
Vemax CO,—saturated Rubisco carboxylation rate 60 umol m?s™
Vemax PEPC carboxylation rate, Eqn 15 pumol m?s?
Vp CO,—saturated PEPC carboxylation rate pumol m?s?
Vo Rubisco oxygenation rate (Eqn 18) pumol m?st
X Factor partitioning Jarp between PEP regeneration (C, activity) and RPP+PCO cycle (Cs activity), Eqn 15 and 16 generally 0.4 but can vary
Y(CO;) Quantum yield for CO, fixation Y (C0,) = PgﬁD; also known as ®co, dimensionless
Y(CO3)\. Initial (or maximum) quantum yield for CO, fixation, i.e. quanta required for each CO; assimilated; ®coy. in the
notation of Yin
¥(u), Yield of photosystem II, Y(II) = F;"TFS; also known as @, or Mps,, unspecified, under ambient or low O, dimensionless EGentv et ]
Y(u),%, Fm lal., 1989)
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Y(ll)ow
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Y(JATP)LL
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o 3ec @

respectively
Initial Y(Il) extrapolated to PPFD=0

dimensionless

Initial (or maximum) quantum yield for ATP production, i.e. conversion efficiency of PPFD into Jarp (Eqn 6 and 7) dimensionless

Fraction of PSIl active in BS

dimensionless

G—A compensation point, i.e. G at which A=0 and V=R gur+F umol mol™

Half the reciprocal Rubisco specificity y *= ! 0.000193 fvon ]
Sc/0 [Caemmerer, 2000)

Curvature of the non-rectangular hyperbola describing the PPFD dependence of J, Eqn 11 dimensionless

Curvature of the non—rectangular hyperbola describing the C; dependence of A, Eqn 3 dimensionless

Curvature of the non—rectangular hyperbola describing the PPFD dependence of GA, Eqn 2 dimensionless

Leakiness, ¢=L/Vp

dimensionless
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Table 2. Minimum data required to obtain a desired output

Desired output

Minimum data necessary Notes

k', b

Y(CO,),, LCP,
GAsat, PPFDs, (GA)

JATPSATI PPFDSO
(-/ATP)

Yl

Y(-/ ATP) LL

Kpand Vpyax

r; CE; ASATI CiSOI LS

LCP

Jss

RLIGHT

VCI VO/ F

Cw Ces, L, O

Low O, fluorescence-light—-response curve

Rygut, low O, fluorescence—A/C; response curve or low .
. If both curves are available they can be pooled
0, fluorescence-light-response curve
If Rygur is not available it can be derived in the

Light—response curve, Ry gyt same fitting

Fluorescence-light-response curve, s’ or k" and b

Fluorescence—light-response curve

Y(ll),, s'ork'and b

Values for Oy, , gw, Y*, X, Rm/Rucnt, Rubisco
A/C, response curve, Rygur, Jss kinetic constants K¢, Ko, Vcumax are assumed
(Table 1)

A/C response curve

. RyHr is preferably required if LCP is derived
Light—response curve . .
non-linearly (together with GAsar)

Fluorescence—light response curve, Rygur, s'or k’ and b Values for Ow, a, gu, v* X Ru/Rycr are
assumed
If fluorescence data are not available R gyt can
Fluorescence—light—response curve be estimated in Sheet 4 by non—linear curve
fitting
A and Y(ll) for each desired datapoint, Ry gur, s’ or k' and
b

A, G, and Y(ll) for each desired datapoint, ggs, s’or k'  Values for gy, X, Rm/Rucut (mass balance) and
and b, Rygur Owm, 9, v* (Rubisco specificity) are assumed
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Table 3. Output obtained by analysing the primary responses of maize plants reported in
Figure 1. n=3'additional output‘methodological variants.

Ambient O, Low O,
EFT Location EFT Location

Logical Step Output Unit Method Mean C.V./% sheet, cell |Mean C.V./% sheet, cell

2 Rucr pmol m?s™? Fluorescence-Light (Yin) | 1.45 11 2-3, N6 147 11 2-3,P6

3 m dimensionless Linear 0.726 1 2-3,N7(AR11)/0.716 1 2-3,P7(AT11)

4 LCP pmol m?s™ Hyperbola 282 13 4a, G5 265 16 4b, G5

4 GAsar pmol m?s™ Hyperbola 30.8 8 4a, M3 327 7 4b, M3

4 Y(CO;). ~ CO,/quanta Hyperbola 0.0520 8 4a, M2 0.0562 6 4b, M2

4 PPFDs;,  pmol m?s™ Hyperbola 328 3 4a, G6 335 4 4b, G6

4 m dimensionless Hyperbola 0.889 6 4a, M4 0.849 6 4b, M4

5 CE mol m?s™ Hyperbola 0.640 14 5aM2  |0.602 8 5b M2

5 Asar pmol m?s™ Hyperbola 344 17 5a M3 355 11 5b M3

5 W dimensionless Hyperbola 0.717 25 5a M4 0.737 14 S5b M4

5 r pmol m?s™ Hyperbola 0 - 5a M5 0 - 5b M5

5 Ciso pmol m?s™ Hyperbola 345 20 5a G3 373 14 5b G3

5 Ls dimensionless Hyperbola 0.161 41 5a715"  |0.179 27 5b 715

6 s’ CO,/quanta Yin - - - 0237 5 6a-7, M5

6 k' quanta/CO, Valentini - - - 7.47 5 6b-7, G5

6 b dimensionless Valentini — — — 0.281 5 6b—7, G6

7 Y(aw)u  ATP/quanta Valentini 0298 5 6b-7,G9" 0292 6 6b-7, G10*

9 Iatesat pmol m?s™ Valentini 167 9 8-9, M2} - - -

9 0 dimensionless Valentini 0.858 9 8-9, m3* - - -

9 PPFDs,  pmol m?s™ Valentini 328 8 8-9, M6" - - -

10 gss mol m?s™ Jae from Valentini 0.00123 9 10, R7* - - -

11 Vewax pmol m?s™ gss from Jur Valentini 828 11 11a,Q7° |767 8 11b, Q7*
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Figure 1. Example of fluorescence gas exchange data obtained on maize plants. Ranel
light-response curves. Symbols show the response ofr&teasing PPFD measured under
ambient Q (closed circles) or 2% fJopen circles). Lines show the response of Y(Il) under
ambient Q (solid line) or 2% @ (dotted line). Mean + SE. PanBl A/C; response curves.
Symbols show mean A = SE plotted against meat GE measured under ambient O
(closed circles) or 2% £open circles). Lines show mean Y(lII) £ SE for the same datapoints.
n=3.
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Figure 2. Example of output obtained on maize plants. PakelJarp calculated for
light-response curves obtained with the Valentini calibration. PBnékrp calculated for
A/C; response curves. Because the Valentini calibration was performéghoAimited
datapoints, only light limited datapoints are shown. Pa@Bel Vo/Vc calculated for
light-response curves using the values g 3hown in panel A. Pan&: Vo/V¢ calculated
for A/IC; response curves using the valuesgf $hown in panel BCO, concentration in BS
(Cgs) calculated for light-response curves (Panek) and for A/G response curves (Parfél
using the values ofadp shown in panel A and B. Bundle sheath leakingsslculated for
light-response curves (PaneG) and for A/G response curves (Part¢) using the values of
Jatp Shown in panel A and B. MeanSE;, n=3.
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