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Abstract:

Combined phdosynthetic gas exchange and moduated fluorometers arewidely used to evaluate
physiologicd characteristics assaiated with phenotypic and genatypic variation, whetherin
respong to genetic manipulation a resouce limitationin netural vegetation or crops.After
describing relatively smple experimental procedures, we present the theoreticd badcgroundto the
derivation d phaosynthetic paraneters, and provide afredy avail able Excd Fitting Tod (EFT)
that will be of useto specialists and nonspedalists ali ke. We use data acquired in concurrent
varable fluorescence - gas exchange experiments, where A/C; and light-response curves have been
measured urder ambient and low oxygen. From these data, the EFT derives light-respration, initi al
PSII phaochemical yield, initia quantum yield for CO; fixation, fraction d incident light harvested
by PSII, initial quantum yield for electron transyort, eledrontranspat rate, rate of phaoresgration,
stomatal limitation, Rubisco rate of carboxylation and axygenation, Rubisco spedaficity factor,
mesophyll condwctanceto CO; diffuson, light and CO, compensation pant, Rubisco apparent
Michadis-Menten congant, and Rubisco CO»-saturated carboxylationrate. As an example, a
complete analysis d gas exchange data ontobacco pantsis provided. We aso dscuss pdential
measurement problems and patfall s, and sugest how such empiricd data could subsquently be
used to paraneterise predictive phaosynthetic models.

Keywords

Modélli ng, guantum yield, respration, compensation pant, af3, eledron transpat rate,
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I ntroduction

Leaf phaosynthetic gas exchange is generally measured with infra+ed gas analysers (IRGA). CO,
uptake (referred to as net assmilation, A; symbals and acionyms arelisted in Table 1) and water
vapou transpration aremeasured dredly. A first data treament step, embedded in the IRGA
sdtware uses clasgcal caculations(Farquhar et al., 1980, vonCaeanmerer & Farquhar, 198) to
derive somatal conductanceto H20O, and then CO» (gs), together with the CO, concentrationin the
subgomatal cavity (Cj. Inthisway, A, gs and C;j arestandard ouputs d IRGA measurements,in
addition to incident light intensty (PPFD) (Evans 2013,Long & Bemacdi, 2003,Longet al.,
1996. All IRGA manufacturers ogionally mourt a puse amplitude moduated leaf chamber
fluorometer onthe IRGA leafcuvette. These devices add high frequency pulses d ‘moduated
light’ to the badkgroundillumination and deconvdute the refleded fluorescence signal, asthe
dimengonless gantity ‘F representing leaf-level fluorescenceyield [seerecent comments and
refinements: (Harbinson 2013,Loriaux et al., 2013,Schansker et al., 2014 Stirbet & Govindeg
2017)]. The phaochemical yield of PSII (Y(I1)) can be measured under continuousPPFD (Genty et
al., 1989 by comparing the steady state F (Fs) to a maximum (Fv’) oltained by artificially
‘quenching’ Y(I1) usng an ingantaneous' saturating puse’ (8 — 20mmol phaon ntt s PPFD)
which completely reduces Qu (Baker, 2008, Maxwell & Johnson, 2000, Miehie & Lawson, 2013,
Papageorgiou, 2004. Gas exchange can provide additional informationif measured in alow O
(1.52%) badkgroundinsteal of air. Low O, suppesses Rubisco axygenase adivity (Eckardt,
2005, thusall owing the rate of Rubisco carboxylation (Vc) to be derived from A and R igHT (the
rate of ‘day’ respration). These techniques can be augmented by real-time isaopic discrimination
measurements (Bellasio & Griffiths, 2014bCemusak et al., 2013,Gu & Sun, 2014, Bzoeet al.,
2011, vonCaanmereret al., 2019, bu arena consdereal furtherin this paper.

IRGA outputs can be analysed ‘descriptively’ usng phaosynthetic models. These describe an
output varable (e.g. asgmilation Amop) usng 1) measuableinpu variables (e.g. Ci); 2) a
mathematicd expresson; and 3 parameters representing physiologicd traits (for ingance Rubisco
COp-saturated rate of carboxylation Vewax). Parameters may be congant or differ between dff erent
groupsof plants, depending onthe rationale of the experiment. To find the paraneter values which
‘describe’ the respong of agiven plant, models are ‘fitted’, i.e. the sum of squared residua (SE)
between the model output and a congstent set of measured datais minimised by iteratively trying
different parameter values. Theseiteraionsare generdly aided by spedfic sditware(e.g. we used
the Excd padage ‘Solver’). The fitted parameters provide useful proxies which summarise
contrasting phaosynthetic respongs, and can be statisticdly treaed to highlight differences
between pants a treaments. The work of experimental physiologists may be completed at this
stage, although models and paraneters can be used in athird phese, which we cal ‘predictive’.
Here phdosynthetic charaderistics arecdculated for condtionswhich will differ, in space, time or



for environmental factors, to those of the origina gas exchange experiment(s). Predictive modelli ng
isimportant when phdosynthesis canna be measured directly, for ingdance at the field scde
(Bernacchi et al., 2013,Boote et al., 2013, Keurentjeset al., 2013,Yin & Struik, 2010, or at the
global scale (Metonet al., 2013, Woodward & Lomas, 2004.

Therearea variety of descriptive modelli ng approacdhes, and recent reseach has refined classcd
modelsto acourt for mesophyll diffusonresistances and variable enzyme kinetics (Ethier &
Livingston, 2004Guet al., 2010, Théenet al., 20120). Thereis a neal for these new approaces
to beincorporated in predictive modelsin arderto refine estimates o global net productivity (Sun
et al., 20140). However, updating existing data analysis tools with new sub-routines can be difficult
becaise they may na be fredy downloadable, use proprietary software, and coding skill s areoften
required to implement modifications(Guet al., 2010,Laisk et al., 2002,Yin et al., 2009.
Furthemore, different modelli ng logics read to work together, and parameters cerived urder
different experimental conditionsmay need to be recwited from urnrelated sudies. Tre goals d this
work were to 1) develop an updited and accesgble comprehensve data treatment toal for
descriptive modelli ng; 2) describe the genera logic and theory of data analysisincluding classcd
and modem approades; and 3 swcanctly demondrate the current best practices d data analysis
and fluorescence-gas exchange measurements.

We implemented an Excd based fitting tod (EFT) that is fredy avail able to download from
Suppating Maternas. The use of macrosis avoided sothat all cdculationsappearin spealshed
cdls, allowing greder transparency and graight forward modification. The EFT derives a sute of
advanced phdosynthetic paraneters usng standard gas exchange-fluorescence datasets, and
therefbre represents a sgnificant advancement for many molecular biologists and emlogists. In
addition, the EFT accommodates a wide range of methoddogicd varations for more advanced
applicaions.Wefirst review the theory of gas exchange data analysis then describe how the EFT
outputs al ow detail ed comparisons & phaosynthetic charaderistics to be made —whether for
natural vegetation a plants with engineered phdosynthetic traits. A worked analysis o gas
exchange data measured ontobacm plantsis dscussd in the seand fart of the paper and we detail
the gas exchange experiment settings and pdential pitfallsin Suppating Information. Finaly, we
provide alink to a demondration video tutorial. Although predictive modelli ng goes beyondthe
scope of thiswork, we will mention hav the EFT outputs can be used by current or next-generation
models.

M easurements and rationale for different Oz levels

To derive acomplete set of physiologicd paraneters with this BT, four respong curves (A/Ci and
light-resporse curves each measured urder bath ambient and low O;) aremeasured coneautively
onthe same partion d the leaf Detail ed sttings and pdential isstes d gas exchange measurements

areprovided for guidance in Suppating Information Notes 1and 2. The rationale for repeding gas
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exchange measurements underlow Oz isto suppess phaoresgration. In these condtionsVc can be
resdved from grossassgmil ation GA (GA=A+RLicHT) as Vc=GA. Sincethe main gnk for reducing
poweris CO, assmilation, the rate of eledrontranspat (J) can then be stoichiometricaly derived
asJ=4Vc. Different definitionsfor J coexist in the literaure on phaosynthetic modelli ng, which hes
led to sane ambiguity. Herewe define J as the rate of electrontranspat delivered to NADP* and
used by the phaosynthetic RPPand the PCO cycles. The factor 4 resuts from knowing that
reducing eadh fixed CO requires 2NADPH, each carying 2e. With J, a cali bration factor between
Jand Y(Il) can be established (Valentini et al., 1995, Yin et al., 2009. That cdibration factor
allows Jto be predicted under phaorespratory condtions, usng values of Y(I1) measured urder
ambient Ox.

Development of Theory embedded within the Excel-based Fitting Tool (EFT)

Description d the procedure for deriving parareters

We modified the overdl logicd path proposd by Yin et al. (2009, from concurrent multi -curve
fitting to a cascade ‘ step-by-step’ fitting protocol. This was then integrated with recent
developments and alternatives proposd by other investigators. Cascade ‘ step-by-step’ meansthat
dataanalysisis dvided into 13 dscrete seps(EFT sheds are numbered 1— 13acmrdingly) and
eat dep extrads a new pieceof information usng parameters pevioudy derived. Light-curves,
fluorescence and low O increase the avail able information eight-fold compared to an ordinary A/C;
curve, provide better model condraints, and reduce the risk d deriving many parameters from a
limited number of datapoints (overparameterisation). Discrete sepsall ow greaer control over the
output and flexibil ity in choosng which paranetersto derive. The sepsare summarised as foll ows:

1 Dataareentered into the EFT and limitationsareseleaded manually.

2 Resprationin thelight (RuichT) is derived usng theinitial light-limited pation d the
fluorescence-light-curves (Yin et al., 2011).

3 Theinitia yield of phaosystem 11 (Y(I1)LL) is extrapolated uncer zero PPFD by linear regresson
of Y(I) intheinitial light-limited pation d the fluorescencedight-curves (Yin et al., 2009.

4 Grossasgmilation (GA), the net biochemica CO, uptake, a key quantity of phaosynthetic
modelli ng, is cdculated by summing RuicHT plus A and the PPFD dependence of GAis
described empiricdly by a nonrectangular hyperbola. The maximum quantum yield for CO»
fixation (Y(CO2)LL) and the light-saturated GA (GAsat) areestimated by curve-fitting. The
PPFD-A compensation point (LCP) is cdculated from the fitted curve.

5 Anempiricd nonredangular hyperbolaisfitted to the A/C; curves under ambient and low Oz to
estimate the maximal cartboxylating efficiency (CE), the C—A compensation pant (T, i.e. the Ci
at which Ais zero) and Ci—GA compensation pant (Ci*, i.e. the Ci at which GAis zero) and CO;-



saturated A (Asat). Thefitted curveis u®d to asess somatal limitationto phaosynthesis (Ls).
Therate of triose phoshate utili sation is cdculated (variants avail able).

6 Thefraction d PPFD harvested by PSII is derived usng two different approades. the approach
of Yin(Yin & Struik, 2009, Yin et al., 2009 (which fits a quantity cdled s) and the approach of
Valentini (Valentini et al., 1995 (which fits a quantity caled o).

7 With Y(Il).. and eithers or af, theinitia quantum yield for electron transport (Y(J).L,
conversion efficiency of PPFDinto J) iscdculated (Yin et al., 2009.

8 Jiscdculated usng PPFD, Y(Il), and s or of derived in Step 7 a with a pant-to-point approach
direaly from GA

9 Thelight-dependence of J underambient Oz is described by an empiricd non-redangular
hyperbola(Yin et al., 2009: Y(J).L denived in Step 7 cefinesthe initial dope whil e the
curvature, 0, and the light-saturated Jsat areestimated by curve-fitting.

10With Jand A, al quantities assaiated with Rubisco adivity in vivo (rate of caboxylation,
oxygenation and phdorespration rate) arecdculated for each datapoint (Bellasio et al., 20149
assuming that reducing power is limiti ng phaosynthesis (von Caenmerer, 2000.

11Thein vivo Rubisco specificity fador (Scio) is estimated by comparing the previoudy derived
CE uncerambient andlow Oz (Yin et al., 2009.

12With S0, J and RuigHT previoudy derived, assmilation is modell ed (Avop), and mesophyll
conductance to CO, diffuson (gw) is estimated by fitting Amop to A in the light-limited part of
A/C; and light-curves (cdculation variants are avail able).

13With I', gu, and RuichT, the Cc based Rubisco kinetic parameters Vemax (COez-saturated
caiboxylation rate) and Kc(1+O/Ko) (apparent Michadis-Menten condant) areestimated by
fitting the ‘full Farguhar model’ as developed by (Ethier & Livingston, 2M4) to the Rubisco-
limited part of the A/C; curve. By usng information cerived in previous $eps,this procedure,
avoids urcettainties asociated with the overparameterization d the Farqguhar model (Gu et al.,
2010.

Steps 1 — 1Qareapplicable to any phaosynthetic pathway of assmilation such as G, Cq,
intemediate, C;, and CAM metabalism (seelntermediate and Engineered assmil atory pathways,
below). Thisis posgble becaise equationsrelate to NADPH-limited phdosynthesis (von
Caanmerer, 20) which areindependent of the photosynthetic pathway, and becaise the
mathematicd formulation of empiricad modelsis purely based onthe extemal behaviour of the
system (Thakur, 199)). Steps 11 — 13&arebased on medanistic models, which areunderpinned by
the functional medhanisms d the individual biochemicd processes and thuswill produce
meaningful resuts orly for the Cz asamil atory physiology. We will now describe the pradica use
of the EFT, together with theory and posgble aternatives foll owing the step-by-step procedure.



1. Data entry, presentation d andysis and sledion d ratedimited and s#éurated daapants

For each datapoint of the four resporse curves, PPFD, A, Ci, and Y(I) are entered as the outputs
from IRGA sdtware (or, when appropriate, correded for CO; diffuson, sseexample below) in
Shed 1. The datasets areautomaticdly plotted graphicdly below the tables. A colour codeis
maintained throughou the EFT: brown is usd to indicate ambient Oz condtions, bue refersto low
O2, modell ed functionsappearas continuouslines, modelled pants appearas crosss, grey cells
contain general output and white cdlsrequire datainpu. The data entered in Shed 1 will be
automaticdly tranderred to subgquent shedsin cellswith alight-shaded badkground for the sake
of flexibili ty these cdls can be overwritten by the user (see also‘Partial datasets' below), but in this
case a copy of the original workbook reedsto be saved to preserve the original functionality.

Along with each datapaint, alimitationcode (1, 2 o 3) isrequired, which identifies the
datapoints to be used in subgsqguent analyses and manipulations.Automatic routines for the
limitation sledion generaly require dedicaed oftwareand have been tested only for A/C; curve
data seledion (Guet al., 2010 ) under ambient Oz. Given the complexity of the EFT and the
necessty to ded with 3 (or more) limitationsin ead of 4 curves we implemented a smpler manua
seledion, in-line with Sharkey et al. (2007), that all ows maximum transparency of the fitting
procedures and draight-forward adjusments. For light-curves, ‘1’ isassgned to theinitial light-
limited pdnts (e.g. PPFD < 150umol m? s?); ‘2’ to the light-limited pdnts (e.g. PPFD < 500
umol m? st); and ‘3’ to the remainder of the paints. For A/Ci curves ‘1’ isassgned to theinitial
Rubisco-limited part of the curve (e.g. Ci < 150pmol mol™); ‘2 to the Rubisco-limited part of the
curve (generally obtained under subbambient external CO, concentration, e.g. Ca < 400pumol mol™2);
and ‘3 totheribulose regeneraion limited part of the curve (generally obtained uncer above-
ambient extemal CO, concentration, e.g. Ca> 400 umol mol™). Fitting stepsarelargely
independent, meaning limitationscan be adjuged between one step and the next. Individual
datapaints can be excluded from further analysis (seeingructionsin Shed 1).

2. Egimating Respration in the light (RLicHT)

For the sake of thiswork ‘Respration’ is grimarily mitochondial CO; release. Resprationin the
light (RuicnT) is very difficult to resdve because of concurrent phaosynthetic CO, uptake and
phaorespratory CO» release under ill umination.

All methodsto estimate R_igHT involve assumptions. The Smplest assumptionis arelationshp
with Roark, which is easily measured, for ingance RLicHt=Roark [€.0. Kromdijk et al. (2010], or,
foll owing the observation that resprationis davn-regulated in the light, R.icHt=0.5RparRK [€.0.
Martinset al. (2013]. Because the magnitude of the down-regulation will depend onthe species
and environmental condtions(Buckley & Adams, 2011 Gandin et al., 2014, Therkezet al., 2008,
these smple assumptions shold be used with caution.



The method developed by Laisk (1977) [described in Brooksand Farquhar (1985, e.g. applied
in Flexaset al. (2007)] identifies RuicHT asthe y-vaue of the intersedion o >2 linearA/Ci
relationshpsasses®d at limiting PPFD. The Laisk methodassumesthat R.icHT IS nd affeded by
PPFD, requires dedicated experimental routines, and kecause it mathematicdly underestimates
RLicHT, has been deamed inadequate (Gu & Sun,2014). An interesting smplification method,
athouwgh based onthe same theoretica condruct, was presented by Brooks and Farquhar[(1985
heresfter BF method. In the BF method,the y-value of a single linear A/C; regresson (Ci <150
pumol mol™2) in corresponance of x = Ci* istaken as Rucnr. Ci*, the Ci—-GA compensation pant is
generdly assumed to equal I'*, the Cc—GA compensation pant (the Cc at which GA is zero), where
I'* is cerived from in vitro Rubisco spedficity (see Step 11). Interestingly, when Ry igHT values
derived from the BF methodareused for A/Ci modelli ng uncer the same PPFD, the independence
of Ruicht on PPFD does not need to be assumed. We nate that the mathematica underestimation
theoreticdly highlighted by Gu & Sun (2014 islargely outweighed by artefacts dependent onCO;
diffusonthrough the IRGA cuvette gaskets (see Suppating information Note 1) and this effect has
previoudy resuted in consderable measurement artefads (Drake et al., 1997,Gu & Sun, 2014,
Long & Bemacdi, 20®). For these reasons the use of bath the BF and Laisk methods shold be
discouraged with samall IRGA chambers.

Altematively, R.icHT can be estimated from light-respong data, with the benefit of usng
measurements taken urder a CO, concentration close to ambient or extemal to the cuvette (typicdly
400- 550pumol mol™). The eatiest method d Kok estimated RyicHt as the y-intercept of alinear
regresson ketween A and PPFD. A very limited portion d the light-curve can be used because
lineaity is soorlog (e.g. PPFD > 100pumol phaons m? s?) andtheinitia part has to be discarded
[it has a different dope: the ‘K ok effect’ (Kok, 1948), seefor review and examples Yin et al. (2009
andYin et al. (2011a)]. The Kok method has recently been developed by Yin et al. (2011a)in agas
exchange-fluorescence methodwhich correds for nonlineaity usng chlorophyll fluorescence data:
Ais dotted againg ¥4 Y(II) PPFD yielding alinear relationshp in awider datarange (e.g. < 300
umol phaons m? sY). Following this approach, in Shed 2, Rucnr isindependently estimated urder
low and ambient O, as the y-intercept of the fitted line:

A= S]/4Y(II) PPFD _RLIGHT 1

wheresis alumped conversion coefficient (seeStep 6).

Eqgn lis vaid undcer nonphaorespratory condtions[an expresson analogousto Egn 1can
be derived for phaorespratory condtions €eEgn 7ain Yin et al. (2009, and Yin et al. (2014)].
This gas exchange-dhlorophyll fluorescence method hes been theoreticdly demondrated (Yin et al.,
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2004 and experimentally validated for Cz and G plants (Bellasio & Griffiths, 2014bYin et al.,
2009,Yin et al., 201%). Note that the estimate for RuigHT is oldained urder low PPFD and the
independence of R.ignt from PPFD is assumed. The derivation of RuicHT in Shed 2 was separated
from the denvation d sin Shed 6ato alow additional feauresin Shed 2, including the posshili ty
to add additional datato the regressons(the light-limited part of the A/C; curve and Roark,
measured urder ambient and/or low Oy); and the posshility to fit a value for RuieHT concurrently to
ambient and low O data, Sncein pradical tems, any O effect may be considered negligible (Yin
et al., 2009. Resuts can be compared with the BF methodin the additional feaures embedded in
Shed 11.

3. Initial phaochemical yield of PSI, Y(II).L

Y(I) L represents the initial (and maximal) phaochemicd yield of PSII obtained uncer
condtions d steady state ill umination and acurts for conversionlosses accurring under
operaiona condtions.Based onthe observationthat Y(I1) increases monaonicdly at deaeasing
PPFD (Yin et al., 2014, Shed 3 cdculates Y(I1).L asthe y-intercept of afunction fitted to Y(I1)
plotted againg PPFD. In Shed 3 agraight lineisfitted to theinitial light-limited pation d the
light-resporse curve, and additional feauresin Shed 3 allow comparisonwith quedratic and
exporential functionsfitted to any combination d datapaoints. F/Fu [Y(II) measured ondark-
adapted |leaves, (Baker, 2008, Maxwell & Johnsm, 2000] does nd refled PSII operational
condtions unerill umination (Schansker et al., 2014,Stirbet & Govindjee, 2011 and therefore
Fv/Fwv is nd agoodproxy for Y(II).L (Yin et al., 2014.

4. Light dependence of grossassmilation (GA), light-saturated grossassmilation (GAsat), initial
quartumyield for CO; fixation (Y (COz)LL), andPPFD-A compensaion pant (LCP)

The dependence of GA on PPFD can be modell ed empiricdly. The derived parameters are
informative, but nolonger used in predictive modelli ng having been surpassed by medanistic
predictions kased onJ (von Caeanmerer, 2013,Yin & Struik, 200%). In sheds 4aand 4bwe
modified an equation from Prioul and Chartier (1977) to empiricdly describe GAas:

A _ Y(CO,) ., PPFD + GASAT—\/(Y(COZ)LL PPFD + GAgpar)? — 4mY(CO,) .. PPFD GAgar 2
MOD —

2m

Eqgn 2isanonrectangular hyperbola paraneterised by GAsat, Y(CO2)LL and m, an empiricd
factor (0< m<1) defining the curvature. GAsat defines the harizontal asymptote (GA=GAsat) and
represents the li ght-saturated rate of GA under the CO, concentration usd for measurements.



Y(COp)LL correspondgo the maximal quantum yield for CO; fixation (Y(COy) i.e. the conversion
efficiency of PPFD into fixed COg, often referred to as ®co2) underthe CO, concentration usd for
meaurements, and defines the inclined asymptote (GA=Y(CO,)L.L PPFD). To fadlit ate the
physiologicd intempretation d m, Shed 4 calculates the PPFD which half saturates GA (PPFDsy),
analogousto a K12 kinetic paraneter. The values of Y(CO.)LL, mand GAsat are foundby iterative
fitting of GAvop to GA. A recently proposd linear atemative for the derivation d Y(CO,)L (Yin
et al., 2019 can be compared in the additional fedures d Shed 6a. From Shed 4a onwardswe
included the posshili ty to log-trandorm residuals. By partialy correcting for propationality
between residuals and GA, this feaure increases the weight of initial datapoints (e.g. low PPFD) in
detemining the charaderistics d the fitted curve. The oppatunity to log-trandorm depends onthe
structure of the dataset and the charaderistics o error and shold be consderal ona case-by-case
basis.

The fitted hyperbdais used to cdculate the PPFD-A compensation pant (LCP, i.e. the PPFD at
which Ais zero). TheLCP isa versatil e index expressng the metabali c cost of basal metabalism,
related to the degreeof shade acdimation a adaptation (Timm et al., 20@, Walters & Reich, 1996
and represents the capacity of cropsto perform well underlimited light (Bellasio & Griffiths,
2014, Craine & Reich, 2005,Yongjianet al., 1999. Stressevents affecting respration a the
phaosynthetic capadty will readily be mirrored by the LCP [e.g. Yongjianet al. (1998]. The LCP
iseasily determined and, sinceit relies onlight-response data andis generdly measured uncer
extemal CO» concentration, isinherently more accurate than the Ci—A compensation pant I'. Sheds
4aand 4bcalculate the LCP by sdving Eqn 2for PPFD underthe condtion o A=0, i.e.
GA=RLiGHT:

GAsatRLiguT — MRLiGHT 3
Y(CO3) 1L GAsat — Y(CO,) LLRLiGHT

LCP =

A linearalternative to derive LCP from the initial region d the light-respase curve can be
compared in the additional features d Shed 3.

5. CO, dependence of assmilation (A), CO»-saurated assmilation (Asat), initial carboxylating
efficiency for CO, fixation (CE), C—A (") andCi—GA (Ci*) compensdion paints

The relationshp between A and Ci can be modell ed medhanisticdly to derive Rubisco CO»-
saturated rate of catboxylation (Step 13, however, important information can also ke acquired by
empiricd modelli ng without the need for any particular physiologicd condraint. Farquhar and
Sharkey (1982 mathematicdly described the initial part of the A/Ci curve with alinearrelationshp
between A and G as A=CE (Ci-T'), whereT is the Ci—A compensation pant. It has been naed that



the relationshp between A and C; is reverlinear, even at very low Ci (Gu & Sun, 2014. To account
for this pthysiologicd non-lineaity andto avoid arbitrary selection d the part of the curve
congdered linear (seledion d cut-off pant), we propos that A shoud be modelled in terms d Ci
through a nonredangular hyperbola (analogousto Eqn 23:

_ CE(Ci—T)+ Asar —/(CE (C; —T) + Asar)? — 4w CE (C; —T) Asar 4
Amop = 5o

Eqn 4iscdculated in steets Saand Sbandis parameterised by Asat, CE, T and w. Asat
represents the COp-saturated rate of A underthe PPFD of the measurement, and is the horizontal
asymptote (A=Asat). CE isthe maximal catboxylating efficiency for CO; fixation (CE), and defines
the inclined asymptote, which has the equation A=CE (C;-I), i.e. the asymptote equation
correspondgo the linear equation d Farquhar and Sharkey (1982. w is an empiricd factor (0< w
<1) defining the curvature. To facilit ate the physiologicd interpretation d «, sheds Saand 5b
cdculate the C; which half saturates A (Ciso) —analogousto a K2 kinetic parameter. With RiigHT
denved in Step 2,the values o CE, w, I', and Asat are foundby iterative fitting of Avop to
measured A. Eqn 4can be used for all asgmilatory physiologies, meaning CE, w, I', and Asar,
which describe the A/C; respong, can dagnose enhanced or disrupted phdosynthetic traits (see
‘Intermediate and Engineerad assmil atory pathways', below).

Thefitted Eqn 4can be useful to assess somatal limitation (Ls) imposed by somatal
conductance (gs) in analogy with the graphicd method (Farqubar & Sharkey, 1982,Long &
Bemacchi, 2003. Stomatal limitation Ls is generally assessed by comparing a value of assmilation
rate A" measured under ambient CO, concentration (i.e. when ¢; = ¢, — é) with the hypotheticd A”

that would be oltained if the mesophyll had free accessto the CO; in the ambient air (i.e. when
Ci=Cy). For additional flexibility in Shed 5a Ca and C;i can be spedfied sothat ssomatal limitation

can be caculated urder ambient or any other CO, concentration. Shed 5acalculateslLs as Lg =

Arr—Ar
Arr !

4 for the spedfied C..

whereA' is calculated by sdving Eqn 4for the spedfied Ci and A” is caculated sdving Egn

If avalue for R igHT is avail able, sheds 5aand 5bcdculate the Ci—~GA compensation pant Ci*
(alsoreferred to as the CO, compensation pant in absenceof Ruight). Ci* isauseful proxy in
compardive sudies, having the advantage overI" of nat being susceptible to variability in RuigHT
which respondgealily to environmental condtions(Bellasio & Griffiths, 2014, Bellasio &
Griffiths, 2014bBuckley & Adams, 201). C* is sdved in sleds Saand 5b as the x-value of the
fitted Eqn 4in correspandencewith Avop=-RLicHT (Ethier & Livingston, 2004), amilady to Eqn 3.
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wRLiGuT + AsatRLigHT 5
CE Agat + CE Ryigur

C'=T-

The rate of triose phosphate use (TPU) can be cdculated drectly from GA under condtions d
TPU limitation (when A is sturated, a decreases, uncerincreasing CO). Such a condtionis mog
frequently encourtered under high G and low Oz partial pressues (see Figure 1), bu can be
obsived uncer ambient O, (Sharkeyet al., 2007). Shed 5a5bcdculate TPU as TPU = GA/3
(Harey & Sharkey, 1991), usng aseledion d appropriate datapoints at the high Ci end d the A/Ci
curveto initialy derive GA.

6. Fraction d PPFD harvested by PSI: Vdentini andYin calibrations

Thefraction d PPFD harvested by PSIl is ugd to cdculate J, andit is derived for each
individual plant usng the data obtained under low Oz condtions(see‘Measurements and rationale
for different O. levels' abowve). Two calibration approadies have been proposed: the medanistic
approadh of Yin (Yin et al., 2009,Yin et al., 20049 and the empirical approach of Valentini
(Valentini et al., 1999.

The Yin approad is based onthe linearrelationshp between A and ¥4Y(I1) PPFD (Eqn 1) of
which the y-intercept, RuicHT, was cerived in Sheet 3. In Sheet 6a, the dope sis cerived. sisa
conversion coefficient lumping the fradion d PPFD harvested by PSII with severd other difficult
to measure quantities (Yin et al., 2009, which depend onleafabsaptance, PSIl opticd cross-
sedion, atemative eledron pathways and engagement of cyclic eledronflow (Yin et al., 2009.

Altematively, in Shed 6b the approach of Valentini fits an empiricd linea relationshp between
Y(COz) and Y(II):

Y(II) = kY(CO,) + b 6

whereY(I1) ismeasured diredly and Y(CQy) is cdculated as%, kisthe dopeandbisthe

intercept of the fitted line. b represents the fradion of Y(I1) nat used by RPP+ PQO cycles. Tre
fraction d PPFD harvested by PSII (off) is calculated as ap=4/k.

In many appli cationsfollowing the approach described in (von Caemmerer, 2000, acdibration
factor was cerived as leaf absaptance x PSII optical crosssection, where |leaf absaptance may be
measured, and the PSII opticd crosssectionis generdly assumed (0.45 —0.5). Negligible

engagement of atemative snksand cyclic eledron flow arealsoimplicitly assumed (von
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Caanmerer, 2000, vorCaanmerer, 2013,Yin et al., 2004. These assumptionsand smplificaions
introduce uncertainties and errors, particularly if the same cali bration factor is usd for plants from
contrasting treaments (light quality changes chloroplast orientation, dough influences |eaf
reflectance, high PPFD may resut in the engagement of altemative sinks, etc.).

7. Initial quartumyield for eledron transpot J (Y (J).L)

Theinitial quantum yield for electron transpat (Y(J).L) isthe maximal conversion efficiency of
PPFDinto J measured under limiting light (‘KzLL’ in the natation d Yin). In principle Y(J).. could
be derived asthe initia dope of the curve describing the PPFD dependence of J (seeStep 9),
however, inlinewith Yin et al. (2014 andYin et al. (2009, we foundit more reliable to denve
Y(J)LL separaely. In Sheet 6awith the cdibration d Yin Y(J). is calculated as:

Y(N)o = sY(II) L 7

In Sheet 6b Y(I1)LL iscdculated usng the cdibration d Vaentini:

Y(J)uL = aB (Y(II), — b) 8

Egn 7and 8are entirely based on dita obtained during experimentation, and kecaise they do nd
rely onassumptions @ extemal paraneterisation, areof genera applicability.

Y(J)LL shoud be independent of badkground Q concentration but it varies between dfferent
plants. In many appli caionsfoll owing the approach of Farquhar et al. (1980) Y(J).. is nd explicit,
but cdculated as: |eaf absarptancex’2(1-f), where leafabsaptance may be measured, 2isthe
assuned PSII optical crosssedion (seeStep 6) and f isan empiricd corredion factor (0.85) (Evans,
1987,Farquhar et al., 1980, vonCaemmerer, 2000). As nded in 6,invariant values may bias
compardive studies.

8. Hedron Transpot Rae (J)

The importance of determining J accurately cannot be overstated (Martinset al., 2013 because
further derivations(rates of phdorespration and carboxylation, mesophyll condiwctance to CO
diffuson eEqn 13, 1418, 19)assune that Jis entirely partitioned between RPPand PCO cycles,
withou acourting for any ‘overflow’ diverted to altemative snks. There arevariousformulations
for cdculating J (Bellasio & Griffiths, 2014byValentini et al., 1995, vorCaenmerer, 2000,Yin et
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al., 2009. We implemented threeapproaches that can be seleded depending onthe particular
modelli ng requirements.

Firstly, following the approach o Yin, sleds 8, 9 10and 12cdculate J as:

J = sY(II) PPFD 9

Altematively, following the approach of Valentini, sheds 8, 9, 1Gand 12cdculate J as:

J = aB (Y(II) — b) PPFD 10

whereparaneters wereprevioudy defined.

Although Eqn 9and 10inherently differ they have often been consdered equivalent. Eqn 9
compares to ‘the patential rate of eledrontransport’ in the natation o Farquhar (Buckley & Adams,
2011,Farquhar et al., 1980)], includes ‘additional PET ['PETa’ inthe natation o Yin et al.
(2009], which isthe fradion d J used by RPPand PCO uncer limiti ng PPFD that gets dverted to
atemative snks unetr high PPFD. Conversely Egn 10is correded by the parameter b, and des
therebre nat include the eledron demand by alternative snks. It is comparable with *the actual rate
of eledrontranspat’ inthe naation d Farquhar (Buckley & Adams, 2011 Famquharet al., 1980.
The differenceis regligible uncder limiting PPFD, but, under moderae or high PPFD, the Yin
approach tendsto owerestimate J as we defined it in ‘Measuements and rationale for different O
levels', and Eqn 10s generdly preferred [e.g. (Flexaset al., 2007, Flexaset al., 2006,Long &
Bemacchi, 2003]. Egn 9and 10areundermpinned by three assumptions 1) RiignT does nd vary
much with light level; 2) if triose phosplate utili sationis limiting, it is entirely mirrored by
feedback onY(I); and 3 s, o3 and b are congdant, that is, the degreeof engagement of alternative
sinksand cyclic electron flow do nd vary with PPFD. Of these, in line with (Martinset al., 2013,
we highlight how (3) isthe mog criticd. In fad, deviationsfrom lineaity have been reported for
bath the Yin and Valentini approadiesin Gz and G plants (Bellasio & Griffiths, 2014bGil bert et
al., 2012. These may depend onthe differential engagement of alternative sinks, a biases
introduced by subsaturating flashintengties (Harbinson, 201B Further, we add that any verticd
differencein Y(Il) quenching down the leaf profil e, caused either by changesin light intendty
(Tersshimaet al., 2009 or light quality (Bellasio & Griffiths, 2014) will smilady affect linearity
[C.B. unpulbdished analysis from (Bellasio & Griffiths, 2014) data].

Both the Valentini calibration (Gilbertet al., 2012) andthe Yin calibration (Bellasio & Griffiths,
2014h were modified to acourt for nonlinearity, and herewe implemented the smple approach
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presented by Bellasio (Bellasio & Griffiths, 2014, Bellasio & Griffiths, 2014bin the
experimentally validated Cs version (Bellasio et al., 2014. sheds 8, 9, 10and 12cdculate J for
ead pant of thelight and A/C; curve as.

Y(II) smp 11

whereY(I1) ams and Y(I)Low are the values d Y(I1) measured under ambient and low O,
respedively. Eqn 11relies onassumptions(1) and (2), bu nat on(3) and it can therefore be used
flexibly, howvever, Eqnll is experimentally more demanding than Eqn 9and 10in terms o
predasion d Y(I1) (experimental naiseis nd gatisticdly smocthed), and the number of required
datapoints (the PFFD and CO; levels reed to be symmetrical underlow and ambient Oy).

9. PPFD dependence of J

The process d phaosynthetic eledrontranspat is driven by light and dspays a saturating
respong to increasing PPFD. Although sane of the processes responsble for the saturation
kinetics areknown (e.g. non phaochemicd quenching), the light dependence of Jis generaly
described empiricdly by a nonrectangular hyperbola analogousto Eqn 2(Farquhar & Wong,
1984, implemented in Shed 9:

_ Y(J)rL PPFD + Jsar — \/(Y(])LL PPFD + Jsa1)? — 460]satY(J) L PPFD 12
Jmop = >0

Eqn 12 dscribes the relationshp between Juop and PPFD in terms d Jsat, Y(J)L and 0. Jsat
(Iwax inthe natation d Farquhar) represents the value of J underinfinite PPFD and defines the
horizontal asymptote (Jmop=Jsat). Y(J).L representstheinitia (and maximal) quantum yield for
eledrontranspat, defining the inclined asymptote (Jwoo= Y(J).L PPFD). 0 isan empiricd factor
(0< 6 <1) defining the curvature. To fadlit ate the physiologicd interpretation d 6, Shed 9
cdculates the PPFD which half saturates Jwop (PPFDso) in analogy to a kinetic parameter K.
With Y(J).L foundin Step 7,Jsat and 6 are derived in Shed 9 by fitting Juop (Eqn 13 to empirical
values d J(Egn 9, 10 011) cdculated at each PPFD. This ogerdionis limited to ambient O,
becaise underlow O, by assuming non-phaorespiratory condtions,Jvop = 4 GAvop, Y(J).L = 4
Y(CO)LL, Jsat = 4 GAsat (quantities derived in Shed 4b).

Y(J)Le, Jsat and 6 are commonly used in predictive modelli ng to estimate J uncder a given PPFD.
Buckley and Diaz-Espgjo (2014 recently highlighted the differences between Jsat and the value of
14



J derived in the Sharkey fitting tod (Sharkeyet al., 2007. While Jsat is mathematicdly
extrapalated to infinite PPFD, J (Sharkey) is a CO;-saturated value found uncder a particular PPFD
used for the data colledion (e.g. 1500pmol m? s, for comparisonJ values appearin Sheet 10).
Jsat IS particulany sutable for predictive purposes which relate to a spedfic CO, concentration
(e.g. ambient COy), dthouwgh, in principle, Jsat should be independent of CO» concentration
(Farquharet al., 1980. In addition Jsat does nd mathematicaly bias predictive models urlike when
values d J denved uncerafinite PPFD level areused (Buckley & Diaz-Espgo, 2014.

10. Phdaorespratory CO, release (F), Rubsco rate of Carboxylation (Vc) and Oxygenation (Vo)

Vo and Vc canna be measured dredly, bu can be resdved from J and GA under the assumption
that NADPH is entirely used by the RPPand PCO cycles. Knowing that: 1) the RPPcycle requires
2 NADPH per ead Rubisco caboxylase event; 2) the PQO cycle requires 2 NADPH per ead
oxygenase event [1 NADPH for the reduction d the PGA diredly produced by Rubisco, 0.5
NADPH to recycle glycolate and 0.5NADPH to reducethe PGA regenerated (Bellasio et al., 2014,
Bellasio & Griffiths, 2@4c, von Caammerer, 2000)]; and 3 two eledronsarecarried per NADPH,
Shed 10cdculates Vo as [for derivation seBellasio et al. (2014)]:

WhereJ can be derived altematively with Eqn 9, 10 p11. Shed 10cdculates Vc from the leaf
mass lalanceas:

Ve = GA+ %V, 14

Andtherate of phaorespiratory CO, release, or photoresprationrate (F) asF = Y2V,.

Shed 10cdculates Eqn13and 14for each pant of the light and A/Ci curves undaer ambient O..
Underlow O, by assumning nonphaorespratory condtions,Vo and F arezero and Vc=GA

Sincethe NADPH requirements and the overall CO, mass talance are the same for all pathways
of cabonassmilation (Bellasio et al., 2014, vorCaemmerer, 2013), Eqnl13and 14areuniversaly
valid and can be used to screen disrupted or manipulated phdosynthetic phenotypes (see
‘Intermmediate and Engineered assmil atory pathways', below). Regarding experimental conditions,
it isappropriate to limit the applicaion d Egn 13and 14within avalid range of s or af§, however, if
Vo, Vc, and F aredesired for different condtions(e.g. lowertemperature) s or of3 can be
recdibrated with a pant-measurement underlow Oz (Bellasio et al., 2014.
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11. Rulsco spedficity factor Scio

Rubisco spedficity combines the maximum readion rates and the affinity for the subsrates CO;
and O, andit is dcefined as[EgnA3 in (von Caanmerer, 2013]:

G = VomaxKc 15
1o = LoMaxiC
“O7 VemaxKo

WhereVowmax isthe Oo-saturated axygenation rate, Kc is the Michadi s-Menten congant for
caboxylation, Vcvax isthe COz-saturated carboxylation rate and Ko is the Michadis-Menten
condant for oxygenation. Scio was sugested to vary across pedes|[e.g. (Delgadoet al., 1995,
Parry et al., 1989] and environmental condtions(Gdmeéset al., 2009 but sane variation may be
assaiated with methoddogica approaches. Accuracy of Siois criticd because of the sengtivity of
Om to Scio. Sio is dten measured in vitro [e.g. Coudnset al. (2010], condtionswhich are
samewhat idedi sed and may differ from tho<e at leaflevel (von Caanmerer, 200Q. In vitro Scio
values are avail able only for alimited number of spedes, and snce arapid detemmination would
benefit high throughpu genaotype screening (Carmo-Silvaet al., 2014, estimating Scio from gas
exchange measuementsis hghly desirable.

0
2r*

concentration at the carboxylating stes), however, the derivation o I'* requires gu, which is dill
unknown at this gep (see Table 1). In the work of Laisk (1977), described in Step 2, infinite gu was
assumed and I'* was cdculated as I'™*=Ci*. Although uncer this assumption Sco can be dightly
misestimated (Gu & Sun, 2014, Galméset al. (2006) confirmed the general validity of method the
Scio estimates compared well with in vitro measuementsin control plants and unaer mild gress(c.
5% difference).

Scio can be cdculated from I'* (the Cc—GA compensation pant) as S/ =

(whereOis &

The method d Yin et al. (2009 addresses the shatcomings d the Laisk methodby deriving an
adual Cc-based Scio withou requiring gv, and has the additional benefit of being less suseptibleto
CQO, diffuson (seesuppating information Note 1 and 2. We implemented a nontli nearupgrade of
the Yin methodin Shed 11: assmilationis modelled under ambient Oz, Aams as afunction o
asgmilation measured underlow Oq, ALow, as.
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WhereCEamg and CELow are the initial dopes d the A/C; curves uncer ambient and low Oz
determined nonlineardy in Step 5. Oams and OLow arethe ambient and low Oz concentration at the
site of caboxylation. With RuigHT estimated previoudy, ALow, CiLow (Ci values measured uncer
low O2), and Ciame (Ci value measured under ambient Oz) measured by gas exchange, Shed 11
findsScio by fitting Aams to A.

Bearing in mind that Galméset al. (2006 reported major errors in estimating Scio from severely
stressed plants and in line with the recommendations d Yin et al. (2009, it is appropriate to
estimate Scio on an adequate number of control (or hedthy) plants and then average acrossthem to
retrieve a sngle estimate of Scio which may then be used in subgquent modelli ng steps. Note that
the EFT allows values d Scio to be overwritten (seeingructionsin the EFT), sothat in vitro values
can be added if preferred.

For comparison,the original linearmethod d Yin et al. (2009 (CEams CELow are determined
by linear fitting to theinitial portion d A/C; curves), isimplemented as an additional featurein
Shed 11 (but seethe shortcomings highlighted in Step 5). Further, in the additional feaures d
Shed 5a, Scioiscdculated usng the Laisk approadh, usng the nonlinear Ci* values from step 5.

12.Mesophyll condwctanceto CO; diffuson (gw)

Photosynthetic CO; fixation (A), resutsin the depletion d [COy] in the vicinity of Rubisco
locaed in the chloroplast stroma, thus diving a CO, concentration gradient between the
subgomatal cavity and carboxylating stes Ci-Cc (Evanset al., 2009, Eans & Loreto, 2000, Eens
& vonCaanmerer, 1996 Parkhurst & Mott, 1990. The diffuson path comprises the intercell ular
air speces, the liquid phese, the cdl walls, the plasmaemma, the cytosd, the chloroplast envelope
andfinally the sroma (Tholenet al., 2012b, Thien & Zhu, 2011). The overdl ability to conduct
CO, through this path is mathematicaly expressed as the mesophyll conductance

4 17
G — Cc

Im —

Despte the complexity of CO; diffuson, for smplicity, early reports assumed infinite gw
(Farquharet al., 1980, but it is clearthat gv has afinite value and co-limits A together with
stomatal conductance over awide range of environmental condtions(Flexaset al., 2012, Flexaset
al., 2009,Niinemets et al., 200%, Niinemets et al., 2009h. gv depends onanatomicd traits, sich
as cdl wall thickness,chloroplast distribution, sufacearea of cells (Terashmaet al., 2017, and
biochemicd traits, such asthe adivity of cabonc anhydrases or aquaporins (Hedkwolf et al.,
2011). In addition, environmental factors, sich as CO, concentration, temperaure, PPFD, nurient
availability and gress(Flexaset al., 20129 areknown to affect gu. Remarkably, gu (as defined
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above and expressed by Egn 17 isaflux-weighted quantity and dependson Vo/Vc: an increased
rate of phaorespration lowers gu even if the physica resistancesin the diffuson pathway do nd
change (Tholenet al., 2014, Thdenet al., 20128. We distinguishtwo types d variabili ty which are
relevant for data analysis: a comporent of gu which does nd change during the gas exchange
experiment (e.g. as affected by N level), and a comporent of gm which daes change during the gas
exchange experiment [e.g. as affeded by Vo/Vc; for recent review see(Flexaset al., 2008, Théenet
al., 2012bWarren, 20®)].

Deteding shat-term vanationsrequires that gu be resdved for each datapoint (heresfter defined
as the pant approach). The theoretical framework has been described by (Hareyet al., 19929: if

Eqn 13
Eqn 14

Sciois knawn, Ce can be calculated from Vo/Ve as ¢ = —2vg (Where 12 =
C/OW

), then gm isresdved

by Eqn 17, o, in the equivalent naation o (Harleyet al., 1992:

A 18
" (J+8GA)
Gi J-4GA

IMm —

Shed 12 cdculates Eqn 18 for each light-limited datapoint. Because experimenta nase (Evans,
2009,Gilbertet al., 2012,Gu & Sun, 2014 Ponset al., 2009 and true gu variabili ty may co-occur,
Eqgn 18 dten yields umealistic gu values, which have to befiltered ou usng arbitrary critera
(Hareyet al., 1992, Martinset al., 2013. Furthermore, systematic pattems of gu varationand
biases aregenerated sdely as a consequence of error in the estimation d inpu parameters (Gil bert
et al., 2012,Gu & Sun,2014). Asaresut, the magnitude of true gv varability is gill debated anda
conclugve theoreticd interpretation remainsladking (Buckley & Warren, 2014,Gu & Sun, 2014,
Thoenet al., 2012). For these reasonsiit is probably nat appropriate to sudy the indantaneous
respong of gu through Eqn 18,whileit is more productive to limit the use of gas exchange-
fluorescence datato resdving long tem eff ects (Gu & Sun, 2014.

Long-tem effects ongwm (e.g. the influence of anatomicd and dable biochemicd traits) arenot
affected by the gas exchange routine, and can be resdved by averaging gu over the course of the
experiment. The avail ability of values o Jfor al datapoints all ows the variable J method (Harey et
al., 1992, to be usad in Shed 12,including a recent refinement by (Yin et al., 2009. We adopted
the speda case wheregw is condant for the duration d gas exchange measuements ¢=0inYin's
notation), Eqn 12in Yin et al. (2009, amplifiesto the equation denved by von Caeanmererand
Evans(1991), see EqQnA23in vonCaenmerer(2013):
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(Gi+2r)gu + ﬁ— Ryigut — J[(Ci +2I*)gu + ﬁ— RLIGHT] —4gm [(Ci -TI) ﬁ — Ryigur(Ci + 21"*)]

Ay = >

Eqgn 19models A with Ci measured by gas exchange, I'* denved from Scio (Step 11), J
cdculated with either Eqn 9, 10 o 11 (Step 8) and RyicHT estimated in Step 2. Shed 12findsgwm by
iteraively fitting A;to A. In thisway the experimental naseis datisticaly smoothed withou losng
information and awide portion d the dataset can be included in the curve-fitting. In slecting the
pointsto include in the fitting procedure it has to be nated that Eqn 19is valid whenever J mirrors
the reducing power demand for RPP+ PQO cycles, that is, whenever Vo and Vc fully feedbad on
Y(Il). Thiscondtionis generdly satisfied (even underlow Ci, seethe plot of Y(II) / Y(CQ) in Sheet
6b, and when TPU regeneraionis limiti ng phaosynthesis, se Figure 1 and the example below).
Althouwgh it is nd advisableto fit low C; data (Gilbertet al., 2012,Gu & Sun, 2014, pants
spanning ambient C,, and light-curve data, may befitted (Yin et al., 2009,Yin & Struik, 20091).
These datapoints are lessprone to theisste of CO, diffusonin small IRGA chambers (see
Suppating information Note 1) and will improve the reli abili ty of the gu estimate. The seledion o
the fitted datawill influencegw, becaise, as nded abowve, gu changes continuousy between
datapoints, andit is therefore criticd to maintain congstency in experimental condtions PPFD and
Ca) and determine cut-off paints keforehandin a pilot experiment.

The values d gm foundwith this procedure may highli ght manipulated leaf anatomy or disrupted
phaosynthetic phenotypes and will be useful to parameterise updated predictive models which take
into acourt thisimportant physiological trait (Sunet al., 20141).

13. Rubisco kinetics — In vivo maximum carboxylation rate (Vcmax) amd in vivo effedive
Michaelis-Menten congant for CO, [Kc(1+0/Ko)]

A model to interpret |eaf-level assmilationwas initialy developed by Farquhar et al. (1980,
referred to as the FvCB model, and has sncebeen refined (Ethier & Livingston, 2004 Guet al.,
2010, vonCaanmmerer, 2013). Briefly, the FvCB is amedhanistic model based onthein vitro
kinetics d fully-adivated, RuBP-saturated Rubisco described in Oz-free media by a Michaelis-
Menten type saturating respong. Leaf-level processes are then incorporated (Ethier & Livingston,
2004). These include firstly, the competitive inhibition d O, on Rubisco caalytic activity, which
increases the apparent Rubisco Kv; seoondy, photorespratory and respratory CO, release, which
introduce afinite compensation pant; andfinally, the effed of afinite gu, which further changes
the shepe of the modell ed function. The effect of limiti ng RuBP suppy manifests at athreshdd Cc
value above which the equationsfor Rubisco-limited phdosynthesis are nolonger valid. RuBP-
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limited (and, at higher Ci, also TPU-limited) datapoints aretherefore excluded from thisfitting by
assgning alimitation> 2’ [seeStep 1,and Gu et al. (2010)].

Although all curve-fitting approades from the literaure use the FvCB model, several
simplificationsand assumptionsareunavoidable due to the limited information avail able for
individua plants. Of the complete FvCB model, as formulated by Ethier and Livingston, the ony
unknawvn parameters yet to derive by the EFT are Vemax and Kc(1+0/Ko), which can be fitted
concurrently in Step 13.As compared to traditional curve-fitting, this approach uses 1) thegw value
denved in Step 12,thereby eliminating a souce of Vemax underestimation; 2) fits Kc(1+0/Ko) for
ead individual plant; and 3) does nd rely onliterature values for I'*, indead usng the value for
Ci—A compensation pant (I') empiricdly derived in Step 5, resuting in a better fit betweenA and
Ac (Guet al., 2010. Thisapproad has sverd benefits. Firstly, differencesin phdosynthetic
cgpacity between pants arena uniquely attributed to dfferencesin Vewax: leaves operating at the
same C; can adhieve different A with dfferent gv or Kc(1+O/Ko). Secondy, this methodis less
suseptible to errorsintroduced by treatments affecting gm or Kc(1+0O/Ko) [e.g. Sress(Ethier &
Livingston, 2004], and is therebre better for resolving effects onRubisco enzymatic activity (Sun
et a., 2014). In Shed 13, Aisexpresed asafunction d C; (Ethier & Livingston, 2004 as:

—b + Vb? — dac 20
AC =
2a
wherea = _L; b= M.F Ci + KC (1 + i)’ c= _(VcMAX—RL[GHT)l
Im am Ko Ci—-r

Eqn 20is a nonrrectangular hyperbola parameterised to gu, Vemax, RuchT, Kc(1+0/Ko) andT.
Vewmax represents the harizontal asymptote (GA=Vewmax); Kc(1+0/Ko) defines the curvature and
correspondgo the CO, concentration which half saturates GA; whileI" is the Ci—A compensation
point. With Ci measured by gas exchange, RLign, I', and gu derived in Shed 5a), 3,and 12
respedively, Vemax, and Kc(1+0/Ko) arefoundby fitting Ac to A. Methoddogicd atematives
include the posshili ty of concurrently fitting gu [Similary to the tod of Sharkey et al. (2007)],
andlor T, and/or, if preferred, usng literature values for Kc(1+O/Ko) (seeindructionsin Shed 13
and video tutorial).

In additionto fitting Eqn 20to ambient O> A/C; data (Shed 13a), we propase Eqn 20to be fitted
to low O2 A/C; data (Shed 13b). This procedure provides an independent estimate for Vewmax, and
Kc(1+0/Ko), and can paentially ameliorate accuracy. These two estimates for Vemax can be
reconcil ed in additional feaures d Sheet 13b (Vcmax depends sbely uponRubisco characteristics
and shold na be affeded by Oz level) where a single Vemax value can be derived by concurrent
fitting to ambient and low O» A/C; data. Kc and Ko can be varied or st to litergure values.
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Vewmax, and Ke(1+0/Ko) can parameterise modem predictive models, bu mathematicd
congstency hasto be maintained: if predictive modelsimplement an dd formulation d the FvCB
model (which for ingance does nd accourt for gu), Vemax, and Kc(1+O/Ko) have to be derived
with a congstent set of equations.Further, herewe have assumed that all datapoints assgned the
limitation*1 and ‘2" are adually Rubisco-limited. If amore sophsticaed seledion d the cut-off
pointis desired, the routine of (Gu et al., 2010 can be followed, perhapsinputting gm, RuicnT and
I'* derived from our EFT. Finaly, congstency in the experimental routine between dfferent plants
iscriticd because too many low C; levels and/or a slow acdimation routine can contribute to
Rubisco inadivation, resulting in alineaization d theinitia part of the A/C; curve, and artefactsin
deriving Vemax and Kc(1+0/Ko) (Ethier & Livinggon, 2003.

Adjusting for temperature

Fitted paraneters grongly depend ontemperature and aregenerally adjusted usng empirical
exporentia functions[e.g.Sharkey et al. (2007)]. Here becaise the EFT is slf-contained, thereis
no reed to reciprocally adjug paraneters for temperaure. However, if parameters are to be
compared to fitted values measured at different temperaures, then temperature-adjusgment shoud
be undertaken (Bemacchi et al., 2003,Bemacdi et al., 2002,Bemacchi et al., 2001,Juneet al.,
2004,Scafaroet al., 2011,Yamori & von Caemmerer, 20(0).

Partial datasets and use of the EFT

If datasets areincomplete due to uravoidable constraints onthe original experimental design, o
if re-analysing existing datasets, it is gill possbleto usethe EFT to derive amore limited nunber
of parameters. Individual spreadsteets aregenerally self-contained and all automaticdly popuated
data, placed in cdlswith alight background,can be overwritten. It is suggested that the minimum
requirements listed in Table 2 aremet, and to ensure that al datapoints and parameters ugd in the
cdculationsare avail able. If sane values aretaken from the literaure, congstency with the dataset
shoud be chedked. Individual sheds may be copied and ugd separately for convenience

I ntermediate and Engineer ed assimilatory pathways

Concemsfor globa warming and increasing human popuation have directed congderable effort
towardsimproving plant phaosynthetic efficiency. The possble improvement strategies (Singh et
al., 2014,Zhuet al., 2010) together with the mog relevant indicaors for deteding variabili ty
through the EFT can be summarised as foll ows:

Carbon asamilation

Rubisco CO; fixation cgpaaty and CO,/O, spedficity (Camo-Silvaet al., 2019 aretargets for

improvement in a Cs plant, and the EFT can be used to medanisticdly derive Rubisco
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spedficity Scio (or I'*), and Rubisco affinity Kc(1+O/Ko) in steds 11and 13. These C3
medhanistic models cannot be used when the goal isto modify the CO/O- ratio at the
caiboxylation stes by introducing an active biochemica or biophysica carbonconcentrating
medanism (CCM), and any assaiated anatomical modificaions(Kajala et al., 2011, Maurino
& Weber, 2013,Meyer & Griffiths, 2013. In fact, assessang the efficiency of a CCM involves
screaning popuations d Cz-Cs hybrids, G-cycle vanants, G plants (or algae)dispgaying
intermediate Cy traits, a C4 mutants ladking afully functional CCM. In this case, data anaysis
canna assume ‘Czness and steds 11, 12and 13,canna be used. However, empiricd modelli ng
and J values arevalid (sheds 1 — 10, asthe NADPH demand isthe samefor al pathways o
assmilation. CE will promptly deted different relative affinities for CO; or adivities d Rubisco
and/or PEPC. Ciso is dten used as an apparent in vivoindicator of affinity for CO, analogousto
K2 [for ingance, to follow CCM inductionin aquatic phaosynthesis (Mitchell et al., 2014)].
CO,/O; spedficity correlates with Ci*, which, becauseit isindependent of the dynamics o
RuicHT (Bellasio & Griffiths, 2014, Gandin et al., 2014, is more appropriate to follow thanT".
Vo/Vc shavsthe final effed of the CCM on phdorespratory suppesson (Bellasio et al., 2014)
If Vo/Vc cdculated with the EFT isto be compared to Vo/Vc cdculated with a conventional Cs or
C3-Cs model, nae that limiting NADPH is assumed viathe EFT, whil st limiting ATP is dften
assumed for C4 and G-C4 phaosynthesis (Bellasio & Griffiths, 2014, von Caanmerer, 2000,
Yin et al., 2011H.

CO: recpture

The reciprocd postion of mitochondiaand chloroplasts have been targeted to increae
phaorespration recgpture (Busch et al., 2013. The quantities d interest in this case are Vo/Vc
and Ci* for the reasons Inghlighted above.

Phaochemistry

Optimisation grategiesinclude reducing the fradion d light harvested by PSII in the upper
layers d chloroplasts a leaves d acanopy (Thoenet al., 2012), and can be investigated usng
the EFT through s or af, the overdl fradion d light harvested by PSII. Stressevents affecting
the eledron transpat chain can be foll owed through the quantiti es Jsat and PPFDso, which
describe the PPFD dependence of J. Permanent PSII inhibitionwill influence Y(I1) L. Y(J)L and
Y(CO,)L aggregate the effect of sor off and Y(I1) L.

CO, diffusion

Optimisation grategiesinclude facilit ating CO; penetration in the chloroplast to increase Cc/C.i.

The mog significant quantity to follow is gw, the denvation d which usng the EFT is valid orly

for Cs plants.
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Shack tolerance

Optimisation drategies may ad on dant acdimation gasticity or modify permanent traits
(adaptation) with the final goal of improving efficiency of the congderale fraction d crop
phaosynthesis carried out in the shede (Bellasio & Griffiths, 2014, Bellasio & Griffiths, 2014b,
Craine & Reich, 2005,Sage, 2013. The mog sgnificant quantities to foll ow areLCP and

RLiGHT.

Induction d CAM metaboli sm

Some of the EFT fedures have proved useful for studying CAM metabolism (Jamie Males,
persoral communicdion). Sheds 1-13 are fully functiona during phase 1V (late aftemoonCO»
fixation) when CAM plants arefunctioning as Gs. Under these condtionsop or s could be
cdibrated and then used to resdve Cz and CAM contributionsto CO; fixationin aher CAM
phases, for ingance by inputting Y(I1) and a set of simulated C; values (Owen & Griffiths, 2013
to Eqn 19(Shed 12).

Worked example applying the EFT to primary data from Nicotiana tabacum L.

Tobacm plants weregrown in controll ed environment growth rooms (BDR 16, Conviron Ltd,
Winnipeg, Canada) set at 14h dhy length, PPFD = 350pumol m2 s, temperaure of 27 C/ 18 C
(day / night), 70% relative humidity. Plants weremanually watered daily, with particular careto
avoid owerwaterng. Four phaosynthetic respong curves (an A/C; and a light-curve under ambient
andlow O2) were measured onn=4 plants with an infra-red gas analyser (IRGA, L16400XT, LI-
COR, USA), fitted with a 640040 leafchamber fluorometer, detail s arereported in Suppating
Information Note 2. Primary data were correded for CO; diff uson through the gaskets (Boesgaard
et al., 2013 as:

0.46 (40C — C,) 21

= +
A= Photo 100 Area

WherePhao is the uncorreded assmil ation as cdculated by the LI-COR sdtware 400isthe
extemal CO, concentration, Caisthe CO, concentrationin the cuvette (CO2Sin the LI-COR
notation) and Areaisthe leafarea(2 cn? in this example). Ci was recaculated usng the L1-COR
equationsinputing A cdculated with Eqn 21 Diffuson-corrected data are shovn in Figure 1
(individual values arereported in Suppating Information). Under high PPFD, A was lower under
ambient Oz (closed symbols) than under low O, (open symbals) because of the operaing PCO
cycle. Underlow O, Y(I1) was dightly lower (dotted line) refleding lower reducing power demand
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(Figure 1A). Underlow Ci, A was higher underlow O, (open symbals) than under ambient O
(closed symbals) because of O, competitive inhibition d Rubisco. Under high Ci, Awas ursffected
by CO; concentration and dightly higher under ambient Oz, swggesting that assmil ation was TPU-
limited. Under these conditionsY(Il) was dightly lower uncerlow O (datted line) for the lower
reducing power demand (Figure 1B), showing atight feedback on Y(11) even uncer TPU limitation.
Datawere analysed usng the 13-step approad of the EFT, summarised below. Rather than
providing aredpe for data analysis we aimed at showing sane of the numerousavail able
altematives, the choice of which may vary depending onthe experimenta requirements.

1. Threshdds u®d to assign datapoints to limited regions d the respong curves (entered as 1, 9 or
regions d saturating inputs (3) were, for light-curves; ‘1’ PPFD< 100pmol m2 s?; ‘2" PPFD
=150and PPFD = 200pmol m? st; ‘3 PPFD > 500umol m? s?. For A/Ci curves. ‘1’ Ci < 100
pumol molt; *2” 100 <Ci < 260pumol molt; ‘3 Ci > 260pumol mol?

2. RueHT was cerived under ambient and low Oz using linearregressons(Eqn J), values dd na
subgantially differ from Roark Which may be added to the regressonsto increae condraint. R.igHT
derived with the BF method (under high PPFD) was dightly lower than Rpark, but nate that the BF
methodis sulped the effed of CO; diffuson (seeSuppating Information Note 1).

3.Y(INLL did na vary between pants. For comparison,we present the resuts d linear, exporential
and guwedratic regressons. The quadratic regresson yielded dightly higher Y(I1) .. espedally under
low Oo with a betterfit (c. 1.000 vsc. 0.999, and may be consdered in further studies, haveverin
the following stepsfor condstency with Yin et al. (2014 we used the linea Y(I1)LL.

4. GAwas calculated urder ambient and low Oz using the values d RiicHT derived in Step 2. The
PPFD dependence of GA was modell ed and GAsat, PPFDso and Y(CO,)LL werederived by non-
linearcurve-fitting. The LCP was higher under ambient O refleding the additional light
requirements for operating the PCO cycle. GAsat was higher uncer low Oz becaise of the
additional ATP and NADPH avail abili ty for CO; assmilation. Y(COz).L was higher under low Oz
reflecting the higher conversion efficiency of light into fixed CO, the atemative liner fitti ng of
(Yin et al., 2019 yielded smilar Y(CO,).L; alower PPFDso underlow Oz refleded a stegper light-
curve.

5. The Ci dependence of A was modelled uncer ambient andlow Oz and CE, Asat, Ciso andT” were
derived by nonlinear curve-fitting. Residuals were log-trangormed to corred for proportionality
between residuals and A, thus poviding a better fit in the low Cj region d the modelled curve. CE
was hgher under low O, reflecting the dope of the A/C; curve. Ciso was lower under low O>
reflecting afaster saturation. Ci* was cdculated from the fitted curve usng RuicnT derived in Step 2
under ambient or low O, respedively. Ls was asessd from the fitted curve. TPU was cdcul ated
from the last datapoint of A/C; curves undkr ambient and low Os.

6a. The Yin calibration was performed with gandard ssttings.
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6b. The Valentini cdibrationwas performed usng RiicHT estimated in Step 2 and poding all
datapoints measured urderlow O». The parameter, b, which isrespongble for differences between
the Vaentini and Yin J values at high PPFD (see9), was subgantially different from 0.

7.Y(J)L did na vary between O, levels a the cdibration approach, in good agreament with
theoreticd congderaions (Farquhar et al., 1980, however, it did dffer from the generdly assumned
value of 0.361[0.85<%2x0.85(von Caenmerer, 2000)], confirming the importance cdibrating each
leaf

8. Jwas calculated with Eqn 9, 10and 11(individual values nd shavnin Table 3).

9. The PPFD respong of J was modelled to derive Jsat, 6 and PPFDso. The threeapproaches gave
different resuts: the Yin cdibration resuted in the highest Jsat and PPFDso whil e the Bellasio and
Vaentini cdibration yielded lower values, as theoreticdly expeded (seeStep 8abowe).

10. All quantiti es assaiated with Rubisco rate of calboxylation and axygenation werecdculated
for each datapoint usgng threeapproachesto cdculating J (individual values na shavn in Table 3).

11. Sciowas cerived in Shed 11 with the (suggested) nonlinear variant of the method d Yin
described abowe, usng the fitted value for R.ieHT and the nonlinearestimates d CE derived urder
ambient and low Oz in Shed 5. Residuals were log-transformed to corred for propartionality
between residuals and A. Scio was averaged, the average value was in good agreement with
pubished values (Ethier & Livingston, 2004, vorCaemmerer, 200) and was ud in geps 12and
13. For comparisonScio was derived with the original method d Yin, usng linear estimates for CE
(shavn in additional features d Shed 11). Because, uncer ambient O, the linearfit gave dightly
lower CE, Sciowas dightly overestimated (Table 3). For additional comparison,Scio was derived

asSc/o = Ocﬂ (Laisk), which tendsto owerestimate Scjo for the reasonsprevioudy described.

12.gw was determined by fitting data poded from the light limited region of the light and A/Ci
curves, usng RuicnT derived uncerambient Oz in Shed 2, J cdculated with the threeapproaches
described in Step 8,and the average value of Scio foundin 11.0verdl gu valuesarein line with
literaure reports (Flexaset al., 2019, however, the cdibration o Yin resuted in alowergw and R
likely for the theoretical reasons Inghlighted in Step 8.

13. Vemax and Kc(1+0/Ko) were estimated by fitting Eqn 20to ambient O2 A/C; curves, usng
RiicHT, and T derived in Step 2and Sarespedively, and gw derived in Step 12 usng three diff erent
cdculations d J. The highergu values oldained with the Bell asio cdibration yielded Kc(1+0/Ko)
estimates smilarto those of Ethier and Livingston (2004, whereas the lower gu values oldained
with the Yin cdibration prevented to fit Kc(1+0/Ko). In addition, Vemax and Kc(1+0/Ko) were
estimated from low Oz A/C; curves, with RuicHt and I' derived uncerlow Oz in Step 2and 5b
respedively. Underlow O, Kc(1+0/Ko) values dffered from the expeded (c. 350pmol mol™),
could na be fitted with the Yin estimates for gu and reflected onVcmax values. When the values
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for Kc(1+O/Ko) appear not to be physiologicdly redistic (in this example underlow O2 and uncer
ambient O, when gwv islowerthan 0.3 it is probably appropriate to condrain Kc(1+0O/Ko) with a
literaure value (seeindructionsin Shed 13). As an additional feaure, Vcmax was fitted
concurrently to ambient and low Oz A/C; curves after congraining Kc(1+0O/Ko) with values from
Ethier and Livingston (2004). This smple and reliable procedure (C.V. was as low as 9%) may be
highly valuable for future studies.

Conclusion

Using combined fluorescence-A/C;i and fluorescencedight-resporse curves, measured urder
ambient and low O, the Excd-based fitting todl (EFT) can be used to derive acomprehengve sute
of physiologicd parameters. The EFT uses gep-by-step logic to derive parameters, which arethen
used in the foll owing steps, thusavoiding many of the uncertainties assaiated with the
conventional A/C; fitting and concurrent multimodel applicaions.All ssepsareimplemented in a
fredy downloadable Excel workbookthat is easily modified by the user. The derived parameters
summarise the physiologicd traits d the plant(s) measued and can be used to comparedifferent
plants a to parameterise predictive models. Overall, the EFT integrates the latest developmentsin
the theory of gas exchange, fluorescence and mesophyll limitations,and povides advanced
anayticd outputs. Thsalows bdah spedalist and nonrspedali st researchers to apply EFT outputs
when reening plant populationsfor phenctypic or genotypic impads upn phdosynthetic
operaing efficiencies, a the complete parameterisation d modem predictive models.
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Figures.

Figure 1. Example of primary data obtained ontobacm pants. Panel A: light-respong curves.
Symbals shav the response of A to decreasing PPFD measured under ambient Oz (closed circles)
or 2% O (open circles). Lines shav the respong of Y(I1) underambient O, (sdid line) or 2% O»
(dotted line). Mean = SE. Panel B: A/C; respong curves. Symbals shav mean A + SE plotted
againg mean C; + SE measured uncer ambient O (closed circles) or 2% O (open circles). Lines
shov mean Y(I1) + SE for the same datapoints. n=4.
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Tables.

Table 1. Acronyms, definitions, \anables, and wnits usd.

Symbol

A Aow

Ao, Aams, A
Ac

Asat

b

G
C

aom
CEavie: CRow
C*

G, Game: Grow

Ciso
BT
F
F

R/ R
GA

GAwvioc
GAsar
Im
IRGA
J

NN

k

Ke
K(1+O/Ko)

Ke
LCP

Le
m
O, Oame, Qlow

PQO
PGA
PPFD
PPFDso
PSI

Q
Roare
Rig
RPP
Rubisco
RuBP
s

So

U
Ve
VQ\/l AX
Vo
Vomax

Y(Q0,)

Y(Q)u
Y1), Y(Iave,
Y(Ihow
Y(ihu

Yu

ap

r
r*

6

o

Definition

Measured net assimilation, unspecified or under low O, respectively
Net assimilation under ambient O, modelled through Egn 4, 16, 19, and 20 respectively

Q0, saturated A, under the PPFD of the A/ G curves
y-intercept of the linear fit of Y(II) against Y(Q0,), it represent the fraction of Y(I) not used for RPP + PQO cycles, i.e. the fraction
of Y(II) used by alternative electron sinks
Q0, concentration in the cuvette as measured by the IRGA
A

QO, concentration at the site of Rubisco carboxylation C ¢ = C; — -
M

Carbon Concentrating Mechanism
Initial slope of the A/ G curve under ambient O,, or low O, respectively
G-GA compensation point, i.e. G in which GA=0 ¢ = T'™* — Rzﬂ

M

Q0O, concentration in the substomatal cavity as calculated by the IRGA, unspecified, under ambient or low O, respectively

G which half-saturates A

Excel based Ftting Tool

Photorespiration rate, or rate of photorespiratory GO, evolution F = 0.5 - Vg

Chlorophyll a fluorescence signal (corresponding to fluorescence yield because normalized to measuring light)
Y(I) measured on dark adapted leaves

Grossassimilation GA = A + Ryeyr. GArepresentsthe net biochemical GO, uptake GA=Vc-F

Gross assimilation under ambient or low O, modelled through Egn 3

Light-saturated GA, under the GO, concentration of light-curves

Mesophyll conductance to GO,

Infra-Red Gas Analyser

Hectron transport rate delivered to NADP* and used by the RPPand PQO cycles

Light-saturated Hectron transport rate under the GO, concentration of light-curves, Juax in the notation of Farquhar
Sope of the linear fit of Y(II) against Y(G0,)

Rubisco Michaelis-Menten constant for G0,

Rubisco Michaelis-Menten constant for G0, in the presence of O, competitive inhibition, without respiratory and
photorespiratory CO, release

Rubisco Michaelis-Menten constant for O,

PPFD-A compensation point, i.e. PPFD when A=0. At the LCPthe rate of Rubisco carboxylation equalsthe rate of respiration +
photorespiratory GO, release (Vc=R,ar+F). In non-photorespiratory conditions, when V=R, the LCPis lower.

Somatal limitation to photosynthesis

Qurvature of the non-rectangular hyperbola fitted to describe the PPFD dependence of GA

O, concentration in mesophyll cells (in air at equilibrium): unspecified, under ambient or low O, respectively

Photosynthetic Carbon Oxygenation (cycle)

3-phosphoglyceric acid

Photosynthetic Photon Hux Density

PPFD which half saturates either GAor J

Photosystem II

Primary quinone acceptor of Pl

Dark respiration

Respiration in the light; also known as respiration in the day

Reductive pentose phosphate (cycle); also known as Calvin-Benson-Bassham cycle or photosynthetic carbon reduction cycle
Rbulose bisphosphate carboxylase oxygenase

Rbulose-1,5-bisphosphate

Fraction of PPFD harvested by PSI obtained by curve fitting according to Yin, it depends on leaf absorptance, PS1 optical cross
section, and accounts for engagement of alternative electron sinks and cyclic electron flow

Rubisco speificity factor Sy o = 2Maxke

VemaxKo
Triose Phosphate Utilisation
Rubisco carboxylation rate
QO,-saturated Rubisco carboxylation rate
Rubisco oxygenation rate

O,-saturated Rubisco oxygenation rate
Quantum yield for QO; fixation Y(C0,) = %; also known as O
Initial (or maximum) quantum yield for GO, fixation; ®au in the notation of Yin

Yield of photosystem Il Y (II) = FVM—,_FS; also known as @, or Opg, unspecified, under ambient or low O, respectively
F
M

Initial Y(II) extrapolated to PPFD=0
Initial (or maximum) quantum yield for electron transport, i.e. conversion efficiency of PPFDinto J Ky, in the notation of Yin

Fraction of PPFD harvested by PSI according to Valentini, it lumps leaf absorptance and P31 optical cross section aff = %

G-A compensation point, i.e. G at which A=0 and V=R g+
Cc~GA compensation point, i.e. Ccat which GA=0 and V=F I'* = 05-2

Scio
Qurvature of the non-rectangular hyperbola describing the PPFD dependence of J

Qurvature of the non-rectangular hyperbola describing the G dependence of A

Values/ Units/ References

umol m2s?
umol m2 st

umol m2 st

dimensionless (Valentini et al.,
1995)

umol mol*

umol mol*

mol m2s?
umol molt [Egn 2.41in (von
Caemmerer, 2000)]

umol mol (Egn 1-18 in the Li-
GOR 6400 manual)

umol m2s?
umol m2 st
dimensionless
umol m2 st
umol m2s?
umol m2s?
mol m2s?

umol m2 st

umol m2s?

dimensionless (Valentini et al.,
1995)

umol mol*

umol mol*

ubar
umol m2 st

dimensionless

dimensionless

Oy 210000 pumol mol G 20000
umol mol*

umol m2 st
umol m2s?

Roar >0 umol m2 st
Ry >0 pmol m2 st

dimensionless (Yin et al., 2004)

dimensionless

umol m2 st
umol m2st
umol m2 st
umol m2 st
dimensionless

dimensionless (Genty et al.,
1989)

dimensionless

dimensionless

dimensionless (Valentini et al.,
1995)

umol mol*

umol mol*

dimensionless
dimensionless

1



Table 2. Minimum data required to oltain a desired ouput

Desired output Minimum data necessary Notes
S Low O; fluorescence-light-response curve
aP R:)?E\i\?&?f:ggi:igﬁﬁf;:psgggeseajlj:e Inthe BFT if both curves are available they can be pooled
Y(CDZP%L;’DIS_S(DC’;AG)AW’ Light-response curve, RuicHr If Ruerris not available it can be derived in the same fitting
Jear, PPFDso (9 Huorescence-light-response curve, sor off
Y(I)w Huorescence-light-response curve
Y Y(Il)w, sor ap
Ml&g and A G response curve, RueHt, gm, I gtiise!(t)ta:(ljalj!)avt\jlézitﬁ :uer\?:srixzcj/;;;;eejnnebztfti:ga

I, CE A, Gso, Ls AV G response curve under ambient or low O,

G* A G response curve, RigHr
LCP Light-response curve
Huorescence-A/ G response curve, Syo, RicHr, S
Gu or af
RugHr Huorescence-light-response curve
Aand Y(Il) for each desired datapoint, RicHr, S
Ve Vo, F
orap
So, T* Low O, A/ G response curve, A/ G response
O

curve, RugHr

concurrently

RuaHris preferably required if LOPis derived non-linearly
(together with GAsar)
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Table 3. Output olbtained by analysing the primary respongs d tobacco plantsreported in
Figure 1. R was >0.99,n=4. Tadditional output, *methoddogicd variants, nf. nofit.

Ambient C; Low G2
EFT Location EFT Location
Logical Sep OQutput  Method Mean CV./ % sheet,cell |Mean CV./ % sheet, cell
- Foarec Measured 1.94 7 - 205 11 -
FuaHr Huorescence-Light (Yin) 1.75 17 2-3, N6 2.05 11 2-3,P6

Fuar Fitted (ambient Cz=low C2)
FuaHr Brooks-Farquhar

Y Linear

Y Quadratic

Y()w Exponential

196 10 23,712
120 11 11, V14t
0723 2 2-3,N7(ARLI)
0729 2 23 ARL2
0724 2 23 ARI3

196 10  2-3, 712"
0897 29 11, X141
0721 2 2-3,P7(ATL1)
0738 2 23 ATL2!
0723 2 23 AT13

2

2

2

3

3

3

4 LCF Hyperbola 31.8 14 4a, G5 275 12 4b, G5
4 LCF Linear 308 14 2-3,AD48" | 258 11 2-3, AF48t
4 GAsar Hyperbola 260 13 4a, M3 39.9 7 4b, M3
4 Y(@Cz)w.  Hyperbola 0.0562 7 4a,M2 |0.0760 5 4b, M2
4 Y(Q32)u  Linear 0.0576 9 6a-7,Q22* |0.0791 5 6a-7, 2¢
4 PPFDso Hyperbola 296 12 4a, G6 339 4 4b, G6
4 m Hyperbola 0.726 8 4a, M4 0.706 1 4b, M4
5 CE Hyperbola 0.123 15 5aM2 0.186 12 5b M2
5 CE Linear 0.120 7 11 X26* 0.186 14 11 X33¢
5 Asar Hyperbola 371 7 5aM3 34.3 7 5b M3
5 w Hyperbola 0913 3 5aM4 0971 1 5b M4
5 r Hyperbola 56.3 1 5aM5 896 44 5b M5
5 r Linear 56.4 1 11w40f 9.23 17 11 Y4Qf
5 G* Hyperbola 420 4 5aG7 -210 237 5b G7
5 Ciso Hyperbola 222 7 5aG3 104 5 5b G3
5 Ls Hyperbola 0274 20 5az17t 0104 26 5b Z17*
5 TPU Horizontal maximum 125 7 5a 225t 12.2 8 5b 225"
6 s Yin - - - 0439 3 6a-7, B
6 k Valentini - - - 851 4 6b-7, G5
6 b Valentini - - - 0.0514 20 6b-7, G6
6 aB Valentini - - - 0471 4 6b-7, G7
7 YOu Yin 0317 5 6a-7,1B* |0316 5 6a-7, L8*
7 YOu Valentini 0317 4 6b-7,G8* 10316 4 6b-7, GO*
9 CSAT Valentini 241 18 8-9, M2* - - -

9 ¢] Valentini 0673 11 8-9, M3¥ - - -

9 PPPDso  Valentini 508 21 8-9, H6* - - -

9 NN, Yin 289 19 8-9, M2* - - -

9 ¢] Yin 0.600 14 8-9, M3* - - -

9 PPFDs  Yin 641 23 8-9, H6* - - -

9 NN, Bellasio 223 16 8-9, M2* - - -

9 ¢] Bellasio 0523 22 8-9, M3* - - -

9 PPMDs  Bellasio 524 22 8-9, H6* - - -

11 Soo CE from Hyperbola 2290 10 11, N6 - - -

11 Soo CE from Linear (Yin) 2404 4 11, N6'™ - - -

11 Soo From G*, variant of Laisk 2501 4 5, 29"

12 gm < from Valentini 0239 21 12, G6* - - -

12 gm Jfrom Yin 0.154 18 12, Q6¢ - - -

12 gu < from Bellasio 0.307 20 12, Q6* - - -

13 Vavax gm from ( Valentini 92.8 24 13a, M4* 54 18 13b, M4#
13 KA(1+0/ Ko) gm from { Valentini 278 35 13a, M5* 45 47 13b, M5*
13 Vavax gm from CYin n.f. - 13a, M4* n.f. - 13b, M4*
13 KA(1+0/ Ko) gm from  Yin nf. - 13a, M5* nf. - 13b, M5*
13 Vavax gm from { Bellasio 114 38 13a, M4* 90 49 13b, M4#
13 Ko(1+0/ Ko) gum from { Bellasio 476 50 13a, M5* 152 59 13b, M5*
13 Vavax Vavaxame=Vavaxow, gu from { Bellasio, Kcand Ko from Ehier 144 9 13b, AI15" 144 9 13b, AI15"
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