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Abstract:

Enhancing thecatalytic properties of the Gixing enzyme Rubisco is a target for
improving agriculturalcrop productivity. Here wereveal high diversity in thekinetic
response between 10°C to 37¢€Rubisco from G- and G-specieswvithin the grass tribe
PaniceaeThe CQ-fixation rate(kea ) for Rubisco from the&s-grassesvith NADP-malic
enzyme NADP-ME) and phosphoenolpyruvate carboxykina$eCK) phaosynthetic
pathwayswastwo-fold greaterthanthe kea® of Rubiscofrom NAD-ME speciesover all
temperatures The decline in the response ofCO,/O. specifigty with increasing
temperature was slower f&?CK and NADP-ME Rubisco +a trait which would be
advantageous ithe warmer climatesthey inhabitrelative tothe NAD-ME grasses
Variation in the temperatureskinetics of Paniceae &€Rubisco and PCiRubiscowere
modelledto differentially stimulateCs-photosynthesiabove and below 25°@hder current
and elevated COldentified are large subunitrano acidsubstitutionghatcouldaccount
for the catalytic variation among Paniceae Rubiscdncompatibilitieswith Paniceae
Rubisco biogenesis in tobacco however hindered their mutagenic tbgtitigoroplast
transformationCircumventing thesbioengineerindimitations iscritical to tailoring the

properties becrop Rubisco to suiuture climates
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Concerns about how escalating climate change will influence ecosystems are particularly
focused on the consequencesglobal agricultural productivity where increases are
paramount to meet the rising food dridfuel demands. Strategiesitoprove crop yield

by increasing photosynthesis have largely focused on overcoming the functional
inadequacies of the CAXing enzyme Rubisco. A competing @R&ing reaction by
Rubisco produces a toxic product whose reagchy photorespirationonsumes energy

and releases carbon. The frequency of the oxygenation reaction increases with temperature.
To evade photorespiratiomany plants from hot, arid ecosystems have evolved C4
photosynthesis that concentrates CO2 arournidea that alsdacilitates improved plant
water, light and nitrogen use. Here we show extensive catalytic variation in Rubisco from
Paniceagrasses that align with the biochemistry and environmental origins of the different
C4 plant subtypes. We reveapportunitiesfor enhancing crop photosynthesis under

current and future CO2 levels at varied temperatures.

The realization of the dire need to address global food security has heightened the need for
new solutions to increase crop yieldsield tests anchodelling analyses have highlighted

how photosynthetic carbon assimilation underpins the maximal yield potential of.crops
This has increased efforts to identify solutions to enhance photosynthetic efficiency and
hence plant productivity Particular attetion is being paid to improving the rate at which
ribulosel,5-bisphosphate carboxylase/oxygenase (Rubisco, EC 4.1.1.39) can fix CO2
(refs 48). The complex structure and catalytic chemistry of Rubisco has so far made
improving its performance difficliL. Diversity screens have identified natural Rubisco
variants with catalytic improvements of potential bed&fit, but most overlook the

influence of broad changes in temperature.
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In Cs-plantsRubisco performance is hampered #dgw CQ-fixation rates (Keat
~2-3 s1) and competitive @fixation that produ@s 2-phosphoglycolatewhich requires
recycling by the energgonsuming and C&releasng photorespirairy cycle. This
necessita&Cs-plants invest up to 50% of their leaf protein (~25% ofrthérogen) into
Rubiscoto sustainviable CO; assimilatiorrates™. A reduction in the atmosphei@0;:02
ratio during the Oligocene peridet30 million years agpheightenegblantphotorespiration
rates, particuldy in hot, aridenvirommenté. This led tothe convergenevolution of G
photosynthesislong >& multiple independenplant lineages. Cs-plant containa CO;
concentrating mechanism (CClhat allows Rubiscen the chloroplasts of bundle sheath
cells (BSC)to operateundernearsaturating C@levels This supresss Ox-fixation and

photorespirationThe BSCCCM begins in the adjoiningnesophylicells (MC) where

inorganic carbon, as HGQis fixed to phosphoenolpyruvate (PEP) by PEP carboxylase

(PEPC) to form the f£acid oxaloacetate @AA). Conversion of OAA to malatéor
aspartateprecedes its diffusion into the BSC where it is decarboxylatezletvate CQ
around Rubisco. The three biochemical subtypes.gfl@hts correlate to the dominant
decarboxylation enzyme: nicotinamide adenine dinucleofid&D) phosphate malic
enzyme (NADPME), NAD malic enzyme (NABME) or phosphoenolpyruvate

carboxyknase (PEFCK)®".

An escalatingappreciation of thsignificantkinetic variationamongplant, algae
and prokaryotic Form Rubisco has, until recently, paidittle consideration tothe
functional diversity and potential of @GRubisco toimprove G-photosynthesis®.
Adaptationof Cs-Rubiscoto elevated BSC Cohasbeneficiallyincreasd carboxylation

rate k) but unfavourablyowered COx-affinity (i.e.increased k for CQy). Theincrease



82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

in keat® endowsCa-plantswith accompanyingmprovements ittheir nitrogen(less Rubisco
required, water (educedstomata apertureeeded and energyréducedohotorespiration)
useefficiencie$ *featuresconsideredf potentialbenefitto engineeringn Cs-plants®,
What remainsunclearis the extent to whichvariation in the ancestral timingcCM
biochemisty andbiogeographical origitas influencedhe kinetic evolutionCs-Rubisco,

its response ttemperature and. Vpdt&htialto benefit G-photosynthesis without a CCM

Here we examine thaliversity in thetemperature response (10°C to 37W%)
Rubiscocatalysisn Paniceagrassesomprisingspecies with g Cs-Cs intermediateCy)
and all three €biochemical subtypesdiNe identify significant variation in thekinetic
propertiesof Paniceae Rubiscahich correlaes with the photosynthetic physiology and
environmental distribution of eadpeciesWe show by modelling how thgotential of
Paniceae Rubisdo differentiallyimprove G-photosynthesiat low and high temperatwge
under current and futureCO,. Differences in the chaperemequirements of monocot
Rubisce are revealed thaireventuse ofchloroplast transformatioto validatePaniceae

Rubisco® F D W D O \ W L ising Zhe \8UF égiiteiddel dicot plant tobacco.
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Materials and Methods

Plant Seeds and Growth Conditions

Seeddor Panicum antidotale, P. monticola, P. virgatum, P. milliaceum, P. coloratum. P.
deustum, P. milioides, P. bisulcatum, Mégasus maximus, Urochloa panicoides, U.
mosambicensis, Cenchrus ciliaris, Setaria viridred Steinchisma laxavere obtained

from Australian Plant Genetic Resources Information System (QLD, Australia) and
Queensland Agricultural Seeds Pty. Ltd., (ToowbarAustraliaTable S1) andown in
germination trays containing a common germination mix. Three to four weeks after
germination, three seedlings were transplaiméa 5L pots containingpotting mix and
grown in the glass house under natural illumima&b28°C/22°C D/N. Plantswerewatered
regularly with the additiomf a commerciabf liquid fertilizer (General Purpose, Thrive

Professional, Yates, Australia)

Leaf dry matter carbon isotope composition

Leaf dry matter carbon isotope composition was determined to comfiroh species use

the G photosynthetic pathway.eaf discs were ovedried then combusted in a Carlo Erba

elemental analyser (Model 1108, Milan, Italy). The emittec @@s analyzed by nsa
VSHFWURPHWU\ 9* ' VRWHFK OfcQuaK eawated) asBampeP QG WKH /
Rstandar)/ Rstandard*1000, whereRsampleand Rstandardare the*C/A2C ratio of the sample and

the standard Pee Dee Belemnite (PDB), respectively

Rubisco catalytic meaarements

Rates of“CQ; fixation by fully activated Rubiscavere measure at 10 to 3718ing

soluble leaf protein extraad from 0.5 to 2.0 crhof leaf material extracted in 1 mL
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extraction buffeasdescribed by Sharwood et al (2088Preliminary assays as described
in Sharwood et al., (20165 were used to confirm the suitability of the extraction process
for sustained maximal activity over 30 min at 25T@e 1“CO; fixation assays (0.5 mL)
were performedn 7-mL septumcappedscintillation vials in reaction buffe(50 mM
EPPESNaOH (pH8.19 at 25°Q, 10 mM MgCl;, 04 mM RuBP) containing varying
concentrations of NaiCO; (040 0 D Q&0 B0%) (vol/vol), accurately mixed with
nitrogen using Wostoff gasixing pumps.The vials were incubated at the appropriate
assaytemperature for at least 1 hr before addingiR2@f the soluble leaf protein to initiate
the reactionThe assaywere terminated with 0.1 mL of 20% (v/v) formic acid after 1 min
(for the assays at 25 to 37°C) or 2 min (for the assays at 10 to. ZBf&Rubisco kinetic
measurements were performeding two to six biological samples (see Table S2 for
detail). Eachprotein sample waassagdin duplicatefollowing incubaton at 25°C for 8
and12 min. The carboxgiion activity varied by <2% betweeeachtechnicalreplic&e.
This confirmed each Rubisco was fully activated afteubating8 min at 25°Cwith no
detectableloss of activity after incubating a further4 min. The Rubisco content
(determined by**C-CABP binding? and integrity of the extracteds® holoenzyme
Rubisco was confirmed by natenaturing PAGE?. For each experimerat solubleleaf
proteinpreparatiorwas added to four assays contairting highest'*CO;] and5 nmol of
purified RuBP After reacing to completion (1 to 3 h at different temperatutégy were
treated witiformic acid, died and processing for scintillation countirithe measuretfC
cpm ineach assay varied by <0.5%d the average value divided by 5 to derive'{6©;
specific activity.The valuedor pH, pKi, pKz andq (the CQ solubility at 1 atmused to

calculate CQlevels in the assays at the different temperatures are provide in Table S



142  The MichaelisMentonconstant$Km) for Oz (Ko), for CO under nitrogeriKc) or air levels
143 of Oz (Kc?1©?) were aeterminedrom the fitted dataThe nmaximal rate of carboxylation
144 (V™) was extrapolated frorthe fitteddataandthe caboxylation ratékca) derivedby
145  dividing V. by the Rubiscoecatalytic site contenguantified by $*C]-2-CABP binding

146 1L,

147 Rubisco CQ/O; specificity (S/0) wasmeasuredising Rubisco rapidly purified by ion
148 exchange then Superdex 200 (GE Life Sciences)esizkision column chromatography
149 13 The assaywere equilibrated with 50ppm CQ mixed with O using Wostoff gas
150 mixing pumpsand Scio calculated usin@€O,:O solubility ratios of 0.03, 0.0%, 0.03,
151 0.03, 0.039and0.041atassay temperatures dd, 15, 20, 25, 30 and 35°C, respectively

152 (see HBble S for gas solubility detajl

153 rbcL amplification, sequencingand phylogenetic alignment

154 Replica gnomic DNApreparations (2 to 4yom each grass speciegre purified from

155 ~0.5cn? leaf diss usinga DNeasyPlant Mini Kit (Qiager) according to manufactutds

156 instructionsThe full lengthrbc/ FRGLQJ VHTXHQFH LQFOXGLQJ DGMRLQL
157 sequence) was PCR amplififtdm each DNA preparatioX VLQJ SULPHUV- «3DQUEF/
158 CTAATCCATATCGAGTAGAC - DQG PN UEF/ =

159 AGAATTACTGCATTTCGTAAC - e The amplified products varied in size between

160 species 1504 to 1589bp) but each showemdlentical sequence for thedependenDNA

161 preparatios from each speseDNA sequences were translated into protein sequences and

162 aligned using MUSCLE (Edgar, 2004) andetrbcL phylogery reconstructed using

163 maximumilikelihood inference conducted with RAxXML version 7.2.6.
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Chloroplast transformation of PanicumrbcL into tobacco

Plasmids pLevPdL and pLevPbkere biolistically transformed into the plastome of the
tobacco genotyp®trL1 as describedf to derive the transplastomic genotypes tbland
tob™t that, respectivelycoded therbclL genesfrom P. deustumand P. bisulcatum(in
addition tothe aadA gene coding spectinomycin resistance) in place of the tolvacto
gene.RNA blot, [1*C]-2-CABP bindingand PAGE analyses of Rubisco expression were
performed on independent homoplashimes for each genotype as descriladébvewith

additional experimental detail provided in Figure S7.
Statistical analysis

Statistical analysis was carried out using-arag/ (species or phosynthetic type/ suigpe)
or two-way analysis of variance, ANOV{Statistica, StatSoft Inc. OK, USA). Means were
grouped using a Pebbc Tukey testDetailed description of the temperature response

analysis and modelling are provided in the Figure and Table legends for convenience.

Results

Our comprehensivevaluationof Rubiscokineticswithin the Paniceae tribecludedtwo

Cs, one G-C4 intermediatgsignified G), four NADP-ME, four PCK and three NAEME

species (Table S1Rubisco from tobacco, our model plant for Rubisco engineeuiraly

that commonly used in biochemical modelimgsincludedasa contol. The G and G

physiologies of each species were confirmed usiggmhtter FDUERQ LVRWRSH UDWLF
measurementéTable S1).As expected,he /3¢ kinetic isotope effect was significantly

lowerin the G andCs V S H F L-B8V/: RBrelative tothe C4 specie §13.3 to-14.6: )

(Fig 1a)
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The carboxylation properties of Paniceae Rubisc@ynchronizewith Cs-subtype

Substantial variation was found the Rubiscokinetics measured &5°C among enzymes
from C,/Cs-speciesand eachCs-subtype Table S1) Relative to thecarboxylation rate
(keat)) of the Co/C3 speciesthe Rubiscdat wasmarginally highein NAD-ME and 2fold
greaterin the NADP-ME and PCKspecieqFig. 1b) Consistent witithe co-dependency
of Kc and keaf 4, greater reductions in Gffinity (i.e. higher Kc f)Mvere found for
Rubisco from NADPME and PCK species relative to the NALE and G/Cs speciegFig
1c). Less variation wasbservedor the averaged oxygenation rsig.; Fig. 1d)and Q-
affinities (Ko; Fig. 1d)amongCs and G Rubisco Neverthelessthe NADRME Rubiscos
tended to show less sensitivity t@ {Dhibition (i.e. a higherKo). This improvementlid
not, howeverimprovethespecificityfor CO; over G (Scio) of NADP-ME Rubiscqwhich
wassignificantly lower tharthe moresimilar Scio of Rubisco from th&z, NAD-ME and

PCK speciegFig 1f).

Analysisof these core catalytic parametersderscoredhow the strong positive
correlation betweekeaf andKc shared bylant Rubiscd*?! extends tdPaniceae & and
Cs-Rubisco (Fig 1g) Uniquely, each G-subtypeRubisco aggregatedt a distinctive
position along the regressiomdicative of adaptationto the differences inCCM
efficienciesand biogeomaphyamongCa-subtype??, or reflecive of differences in resource
partitioning to Rubiscothat, in NADRME plants for example, correlate with improved N
use efficiency. The 3V X E Wrb8gihg” of the carboxylase kinetiagas notevidentin the
increasinglyweakerinear correlatios betweerke and Ko (Fig 1h) kea® andkea (Fig 1i)
and K¢ with Ko (Fig 1j). Evidently, the coordinatedchangesin keaf and Kc for each

Panicea€s-subtype are ndightly coupledto changes imxygenasinetics This feature
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is common to Rubisco due to differences in thechanism anénergy profiles othe
carboxylation and oxygenatiaeactions a property that hagacilitatedthe evolution of

diverseRubisco kinetis 1422

The potential for Paniceae Rubisco to improve &photosynthesis at 25C.

A recent study of Rubisco kinetic diversity revealenlv the enzyme fromsome G-
speciessuch agheincreased o and carboxylation efficiency under ambient ®:af /
K% of Zea mays(maize) NADRME Rubisco has the potential to improve Cs-
photosynthesfs The bifunctionality of Rubisco necesates consideration of bothy@nd
CO-fixing activities whenevaluatingimprovement within Gphotosynthesis*2% and
does notnecessarilyccordwith a higherkea8. A correlative analysis ofhese parameters
for Paniceae Rubisddentified a weakelationshipbetweerk.af andScio (r? = 0.43; Fig
2a) supporting mounting evidenteatthe tradeoff proposedetween these parametérs
shows significantnaturaldivergenc&? Differences in @inhibition amongthe Paniceae
Rubisco (i.e. variable Ko values, Fig leyesulted inKc?”? values (quantified as
Kc(1+[O2)/Ko)) thatshowed avealker co-dependencwith keaf (r> = 0.76 Fig 2b) relative
to Kc (r? = 0.88 Fig 1g) This underscores the inaccurafyusingKc measuress a proxy

to interpret the relative C&affinity of Rubisco under abientO; (i.e. Kc21%03.

The biochemicalmodels ofFarquhar et. al., (198%)provide a useful tl to
evaluatehow the kinetic properties of Rubisco influencabonassimilationin Cz-plans.
These G-models often useobaccoRubisco as theeference!®2?’28 This stems from
tobaccohaving well claracterizd Rubisco kinetics, itbeing the model species for
bioengineering Rubisco by chloroplast and nucleus transformatiwhits potential to

support higher rates of photosyntheais?5C underlow chloroplastCO, pressuregCe)
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than wheat Rubiséa@®. Figure 2c showsomparabléCs-modelingusingtheaveragedco,
keaf | K?2¥02andkaf valuesfrom eachPaniceadiochemical subtypéTable S1). Under
low C: where CQ-assimilation rates arearboxylase limitedRubisco from theNADP-
ME and PCKspeciesvould supporthigher rates ophotosynthesishan the PaniceaeCs
and NAD-ME and tobaccoRubisco (Fig 2c). Under higher C. where photosynthesis
becoms limited bylight dependentates ofelectron transporthe lower Scio of the
PaniceaeCs-Rubiscoswould support lower rates @O»-assimilation relative to tobacco
In contrasthe higherScio of Pani@eae Cs-Rubiscowould enhance their C&assimilating

capacity aC:. 1V D E R Yubaia(Fig 2c).

The temperature diversity of Paniceae Rubisco

Most diversity screens d&tubisco kineticareundertaken a25°C and possibly one or two
other temperaturéd??3%31 More rigorous studies providing kinetics that can be
extrapolatedver a broad temperaturange haverimarily focused orRubisco fromCs-
plants!®19283233|n generalthe level ofkinetic variation hadeen sufficient tdighlight
weakness ithe customary use dii¢ temperature respaf®r tobacco Rubisckinetics?’
to reliably model the photosynthetic responses of other speciBis weakness is
particularly apparenfrom our high precisiontemperature response measuremeims
reveal substantial kinetic diversity among Panideabisco from NADME, NADP-ME,
PCK andC/Cs grouping (Fig 3). The parameteranalyzel were Scjo, kea® and Kc21%02
(averting the needo measue Ko for Csz-modeling purposgsat six incremental
temperatures between 10 and 37TF@ S1 to S3)The activation energigsl +) for each
Rubisco parametaeverecomparable among thanieaespecies testedithin each Gand

Cs-subtype groupin@Table ). This facilitated the derivation of averagéds and scaling
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constant values (c) for each parameter (Fig &mnsistent with thehighly variable

properties of Rubisco from each Pasaie grouping (Fid) the G + values showed greater
variation(Fig 3a) than that reported for Rubisco from differingspecie&€ and G-dicot

Flaveria specie¥’. This divergence is readily apparent from plots usilgt DYHUDJIHG G+
values to extrapolate the temperature response.®{Fig 3b), Kc?1%°? (Fig 3c), keaf /

K102 (Fig 3d) and S0 (Fig 3e) for eachPaniceaeRubiscogroupingand tobacco

Rubisco (control)

Thekear for each Rubisco showedbiphasicArrhenius temperature response above
and below 25°C (Fig S1) This necessitad the derivation of two 0+ Dand c
measurements for each Rubiskaf (Fig. 38 whose modeled temperature responses
intersect at 28C (Fig 3b) Importantly, the dual activation energy respon$ea’ is
universal to all temperature response studies of plant Rulistomostly not

acknowledget182028:3832 The pasis for the asymmetriespons@emainsuncertain.

At each assay temperature thg® and Kc?*”9? for each MDP-ME and PCK
Rubisco were consistently <f@ld higher than Rubisco fron®. bisulcatum(Cs), P.
milioides(Cz) and each NAEME species Table Sland S2). The shared changekin®
with temperature by NABME and G-Cs Rubisco (Fig 3b) was not evident in timeasured
Kc?102yalues thashowed a heighered rate ofincrease with temperatutey NAD ME
Rubisco(Fig. 3c).The biphasic responsd keat was evident in corresponding measwes
carboxylation efficiencykat / Kc21%°3 thatshowed two linear responses that deviated at
temperatures above and bele5°C for each Rubisc@Fig 3d) A comparablékcat / Kc
temperature dependency is apparent foRthleiscofrom Flaveria Cs and G specie®’ and

Setria viridis Cs-Rubiscd®. The differential slopes of thiinear regressiomnderscores
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thesignificant variationn kea® andKc?1*°2betweereach Paniceae Rubisco groupfbgth

below and abov@5°C) andemphasizes the extrapolative limitations of kinetic surveys
examiningonly a fewtemperature Thisis particularly relevant for measures&fowhere

the extent of exponential change appears more prevalent with reducing temperature (Fig.

3e).

The potential for improving Cs-photosynthesis under current and future CQ and

elevated temperatures

The temperature response of each Paniceae Rubisco shaargithg extentsof
improvement irBcio and/orkeat/Kc?1*9?relative to tobacco Rubisd&ig S3 and S4)The
improvements observed were greater for Rubisco fRanbisulcatm (Cz), Urochloa
panicoides(Cs-PCK) and P. deustun{Cs-PCK). When modeledn a G-photosynthesis
contextunder varyingtemperature andhloroplastCO; pressures(c) under saturating
illumination (Fig S5 all three Rubiscos differenti& improved carbon assimilation
relative to tobacco Rubisc@Fig 4). At temperatures below 2Q the simulated
photosynthesisateswerelimited by electron transport raseatmospheric CeXC,) levels
above those gire-industrialtimes(Ca >280 ppm 8C¢ >170 ppm)(Fig S5) Improvements
in Scio were thereforerequiredto enhance photosynthetic rates at low temperature, a
kinetic trait afforded byPaniceae &C> Rubisco (Fig 3c), in particulaP. bisulcatum
Rubisco(Fig 4 andS3).However, heheightenedc/o sensitivityof P. bisulcatunRubisco
to increasing temperature (Fig S2@usedheseimproveal photosynthetic rateto wane
with increasindCa and temperature (Fsgt andS5). In contrast, themproved Soresponse
to temperature byP. deustumRubisco (Fig S3) and rising kea/Kc?2%°? (Fig S4)

substantiallyimproved photosynthesigates at temperatures20°C under current and



301 future C4 levels (Fig4b). This improvement exceeded trsatulated forU. panicoides
302 Rubisco whose lowercm hindered its enhancement potahtTheantagonisti@dvantage
303 of these Paniceae Rubismdower (P. bisulcatumand higher{. panicoidesP. deustum

304 temperaturesierenot apparent from the 26 kinetic measurements.

305 The challenge of dentifying catalytic switchesin PaniceaeRubisco

306 TherbcL gene in the plastomef eachPaniceaespecieswverefully sequenced and their
307 amino acid sequences compared (Fig Bg)hylogenetic analysis revealed theslibunit
308 sequences branched according to abd G-subtype physiology(Fig. S6) exceptP.
309 monticola(NADP-ME) and M. maximus(PCK) Rubisco that share identicatsubunits
310 but show largeatalytic variation (Table S1 and S2hissuggest thatPaniceae Rubisco
311 small subunitsnfluencecatalysis a functionlikely shared bythe small(S-) subunits of

312 sorghuni*and wheaf Rubisco.

313 While examimation of the Ssubunit diversity among Paniceae remains to be
314 undertaken, our {subunit analysis identified\la 94 and Ala 228(spinach Rubisco
315 numberinglasexclusive to @ Rubiscowith Ser 328 and Glu 47€ubstitutiondavoredby

316 PCK and NADPME Rubisco(Fig 539). Potential roles for mino acid 94 and 228in

317 catalysis arainclear. Residue 94 distal to the catalytic sitas the equatorial region of
318 Rubisco exposed to solventvhere it facilitates interactons with Rubisco activase
319 (RCA)*®* Residue 228 is withithe . K H#sb [disthto the catalytic site bytroximal

320 toresiduesat the interface of each-dubunit and two SV X E X Q L%/ O Rdbiné 5b)

321 Ala-228Ser substitutions influencructural movemenis theseloopsand carinfluence
322 kineticsvia long rangeeffects®®3° Catalytic roles foiSer328 and Glu-470 appeamore

323 obvious Amino acid 328 is locateat the hinge ofoop 6that closes over the catalytic site
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340

to facilitate intramolecular interactions that influersdgoththefixation rate angbartiality
for carboxylation or oxygenatiéh Loop 6 closureinvolves the L-subunit Gterminus
where amino acid 470 resid@sg 5b) As a hydrophobic Algt70 n the Paniacea NB-
ME and G Rubiscq burial of the side chainsito the enzyme surfaeeay slow Gterminus
movement. In contrasGlu/GIn470 mightenhancesolvent exposurand increag C-

terminal tail mobilityto alterthe dynamics of loop 6 closuamdstimulatekcat.

We sought to test the possible role oklbunit amino acideplacemergs) in
influencing the variability in kinetics and temperature response among Paniceae Rubisco
by tobacco chloroplast transformatiorMultiple chloroplast genome (plastome)
transformedobaccdineswere madétob™-and tol5®Y) wherethetobacco plastomebcl
genewasreplacedwith therbcL gene fromP. bisulcatumor P. deustumwere generated
(Fig S7a).Each transformed lin&asunable to survive outside of tissue culture (Fig 5c).
Despite producing ample levels d?anicum rb& mRNA (Fig S), no hybrid LgSs
holoenzyme (comprising Panicum L-subunits and tobacco-subunits Fig S&) or
unassembledPanicum L-subunits (Fig Sd) were detected. This suggeshere are
incompatibilities in tle biogenesis requiremer(tsanslation, folding and/or assemblyf)

Rubiscobetveen monocot and dicot species.



341 Discussion:

342 As calls for expanding the range of Rubiscos included in catalytic diversity studies
343 increase, so should the range of temperatwasimed.Unlike prior G-focused Rubisco

344  diversity studiespur high resolution catalytic screen revealed variation in the kinetic
345 trajectories of Paniceae Rubiscapableof enhancingCs-photosynthesisit temperature

346 otherwise missear misjudged, from assaying26°Candone or two other temperatures

347 Our analyses validatae co-evolution ofhigherkcat andKc acrosCs-Rubiscsin
348 response to a CCM1216.1820and unveil the widest variability in temperature kinetics
349 reported for vascular plant Rubistm date We uniquely revealalignmentof Rubisco
350 kineticswith CCM biochemistryandPaniceadiogeographyFor example,tte higherkcat
351 andKc of the NADP-ME and PCKPaniceadrubisco correlated with the forecast higher
352 BSC CQlevelsin these G-subtypeselative totheNAD-ME and the CCM detiient C3/C»
353 speciedl. The slower declinén Scio by PCK and NADRME Rubiscounder increasing
354 temperaturgFig 3e)mayreflect their warmer origins relative to the diaerdcooler origins
355 of NAD-ME and G grasses respectivel{’. Endeavors to determine whether these
356 correlations extend to other-Gpecieshould take heed ahaccuratelyextrapolaing the
357 response dfcaf to temperature usirgysingle Arrhenius fitather tharcorrectlyaccouning
358 for its biphasic responsthat deviates at ~2& (Fig 3b) xa relationshiprecognized 40

359 yeasago®?, butwhosemechanistic origimemairs anunsolved

360 The clustering of carboxylase propertiesf Paniceae Rubisco according to
361 photosynthetic physiologgontrastedvith the more variablexygenaeactivities (Fig 1i
362 & j) supporting assertionthese competing reactiormsin evolve independelyt due to

363 differences in themechanism and energy profitef theér multi-step reactiorfs. This
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384

385

variability engendersnatural kinetic diversity whighon the Rubisco superfamily scale,
relativelyrestrictedfor Cs-Rubisc@1417:21:25.22931 |n contrast e broad kinetic diversity
among Paniceae Rubispoesentsopportunities forenhancingCs-photosyntheis under
varyingatmospheric C®and temperatur@=ig S5).In particularP. bisulcatun{Cs) andP.
deustun{PCK) Rubiscocoulddistinctlyimprove G-photosynthetipotentialunder cooler
and warmer temperatures, respectiyeBlative tothe standardizedobaccoRubisco
control (Fig 4) #wheat/rice The simulatedimprovements stemmed from temperature
dependent enhancements incRind/orkeat / Kc?1%9?(Fig. 3d,8, and not necessarifyom
high keaf (asemphasizethy?). Our findings suggesthatimproving Cs-crop photosynthesis
under warmefuture climatesnay bebestservedoy exploring theRubiscokinetic diversity

of Cs-land plants, in particular amoffCK and NADRME species

Four L-subunit residuescould contributekinetic diversity amalg Paniceae
Rubisco Theseincludedtwo amino acidswithin structural regions whose movements
influence Rubisco kineticghe catalytic loop 6 (residue 328) andt€@minal tail (residue
470). Positive selection of AK828Ser substitutiols have beenreported for some
Limoniumhaplotype&® anda few C; and CAM plant specié§ This suggestghe higher
keat andKc of Paniceae NADRME and PCK Rubisco mighdrise from theGlu/GIn-470
substitution(Fig 5a) Our attempts to test this biyeterologousexpression inobacco
chloroplasts proved unsuccessf(fFig 5c) The transformation limitation appears
associatedwvith difference in the ancillary proteinrequirementsof Paniceae Rubisco
biogenesis(Fig 5C) a constraint also preventing the production of Rubisco fredn

algaé*and seeminly othermonocot speciédin tobacco chloroplasts
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Our dataindicate tle S-subunis also likelyinfluencethe kinetic diversityamong
Paniceae RubiscoA comparablekinetic determining propertyvas postulated forS-
subunits inrice and wheat Rubisgd® In P. virgatumfour RbcSmRNAs are made
(Phytozomewhosetranslated121-123 amino acid Ssubunitsvary by 1 to 6residues.
Mutagenic study ofhe multiple RbcS transcripts produced in Paniceaeuld be a
significantundertaking butone possibly made easiasingmodernsite specificnucleus
gene editing toolghat are nowavailablein a variety of crop specie€®. Clarifying the
influence of Ssubunits orthe temperature kinetics Blubisco from differingplantorigins
is critical © developingappropriate E and/or Ssubunit mutageic technologiesfor

modifying crop Rubiscdkineticsto suit future climats.
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539 Figure 1. The diversity in the catalytic properties of Rubisco at 25°C across £and

540 Ca4 grasses within Paniceae.

541 Box plots of omparativga) leaf dry mattet?C/A3C isotopicfractionation %) and p to

542 f) in vitro measuredRubiscokineticsfrom tobacco and Paniceapecies with ¢ Cz and

543 varying G subtypes(NADP ME, NAD ME and PCK). See Table S1 for sps list.

544 Median values shown in boxes as vertical line, 95% confidence limits represented by
545 horizontal lines. Letter variation indicates significant differenges< 0.05) between

546 parameters (Table S1XKinetic propertiesanalyzedinclude (b) substrate saturated



547 carboxylatiomand @) oxygenatiorturnoverrates (keaf, keat®), theMichaelis constantfm)
548 for (c) CO, and(e) Oz (Kc, Ko) and ) relative specificityfor CO; over @ (Scio). (gtoj)
549 Pairwise relationships among the kingt@rametergo assess the quality of theingéar

550 correlations (dashed line).
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551

552 Figure 2. Variation among the Paniceae Rubisco kinetics differentially affect

553 simulated rates ofCs-photosynthesis at 25C.

554  Comparisorof the relationships betwedwn.© and either§) Scio or (b) Kc?1%2 the value
555 for Kc under ambient €O) calculated a&c(1+0/Ko) (Table S1)The ¥ values show the
556 quality of their linear correlations (dashed line&) The influence ofthe averaged
557 Panicead&C; andCs subtypeRubiscokinetics(Table S1on CQ assimilationrates(A) at
558 25°Cin a G-leaf as a function dZc. Lines aranodelled(Farquhar et al., (198pysingthe

559 carboxylase activity limited assimilati@guation:
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assuming an electron transport raeof 160 umol.ni2.s?. Yellow shading indicatewhere
the modeled C@assimilation rates of £NADP-ME and PCKPaniceadrubisco exceed

that of Rubisco from the modebk®lant,tobacco(dottedline).
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Figure 3. Divergencein the catalytic properties of Paniceae and tobacco Rubisco in

response to temperature.

(a) The heat of activation 4Ha) and scaling constarft) for the kinetic parametersf

tobacco Rubisco and the meaS(E) values measured for thariousPaniceae species

with C4 (NAD ME, NADP ME, PCK or G (including the aligning G) biochemical

physiologes (see Table §). Lettersshow thestatisticalrankingusing apost hoc Tukey

testamongthebiochemicalphysiology groupings (different letters indicated differences at
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the 5% levelp < 0.05) (b to e) Differencesin the temperature responsetolbacco (grey
dashed line) anthe averaged kinetic properties for Rubisco fi@amiceaespecies with
varyingbiochemical physiologies. The lines are deriasddescribed in FiguseS1 to S4

using the values listed in pana).
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584 Figure 4. The potential for improving the thermal response of G-photosynthesis

585 Thebenefits of &) P. bisulcatun(Cz) and p) P. deustun{Cs-PCK) Rubiscoto the rate of
586 photosynthesisn a G-leaf under varying chloroplast GQconcentrations Ga) and
587 temperature (see scal®ate increasesrepresented as a percentage ahihne provided
588 by tobacco Rubiscdlhe data wasnodelled acording t&* usingthe parameterdistedin

589 Table Sl andplotted inFig S4.

590



591

592 Figure 5. Approaches to deciphepossiblecatalytic switches in thelL -subunit of

593 Paniceae Rubisco.

594  (a) Amino acid variation in th&-subunit of eaclPaniacea Rubisco analysed in this study.
595 A phylogenetic analysis of the-tubunit sequences and their Genbank accession
596 information is provided in Figure S@)(Structure of spinachgSs Rubisco (l-subunits in

597 green, Ssubunits grey) viewed from the tdleft) and side (middle) showing the relative
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locations of*“Glu on the solveréxposed Rubisco surface (yellow triangfé§Ala in the

K H@rharge triangle)*?®Ser at the hinge of loop 6 (purple triangle) &ff®ro in the
C-terminal tail extensiofblue triangle) of one dsubunit. A closer view of a-subunit pair
(right) with one showing ribbon structural detail and the other showing the positioning of
%Glu, ??8Ala, *?8Ser and*’®Pro relative to each othean Nterminal domain loopthe .
helix, loop 6, Gterminal tail extension arst V X E X Q L%/ OFrIB®W, orange, purple,
blue and grey, respectively). An active site bound reacttmmmediate analogue QABP
is shown as a ball and stidk) Chloroplast transformation of the Rabo L-subunit genes
from P. bisulcatum(PbisrbcL) andP. deustun{PbisrbcL) into tobacco was undertaken
to identify the amino acids (catalytic switches) responsible for their differing catalytic
properties. No Rubisco biogenesis was detected in tRe i toh9-tobacco genotypes
produced. Accordingly these plants could only grow in tissue culture on sucrose containing
media and were highly chlorotic (as shown). Detailed analysis of the transformation,

Rubisco mRNA and protein biochemistry is providedrigure S7.
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Figure S1. Variation in the temperature response okca among the Paniceae and tobacco

Rubisca

(a) Substrate saturated rates of carboxylatiea®) determined using soluble le§URWHLQ H[WUDF!
biological samples per species) were measured at 10, 15, 20, 25, 30 and 37°C with the expected
exponential decrease kaf less evident at the lower assay temperatures for all Rubisco samples, as
evident in prior published dat&2°-28:3%32} ‘including that ofBoyd et al., (2015)° (orange triangles) for

Seteria viridisRubisco measured by Membrane Inlet Mass Spectrometry (MIMS). Plotted data are listed

in Table S2.1§) Evaluation of the data via Arrhenigtyle plots i.e. In kea® vs 1/T) indicated thécaf

response diverged at around 25°C. Shown are the averaged linear fits to each Arrhenius plot in a biphasic
manner with the < 25°C measurements 4t 10, 15, 20, 25°C) separated from the > 25°C measurements

(25, 30 and 37°C). The averaged data values vitéed fo the following equation

PANe)

2=N=1ARANT ?F 76

h

DQG WKH KHD W HR fokkVetLbeth W25 FCQ@nd &> 25°C was derived from the slop&i)(
= - (Ha/R; where R is the molar gas constant, 8.314'1I'%) and thescaling constantc] from the
ordinal intercept. The calculated values are listed in Table S3 and were fitted to the above equation to
derive the exponential curves in paaeFor comparison, the fitted lines for tobacco Rubised data

are shown as dieed lines in each £Rubisco plot. See Table S3 for statistical analysis.
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Figure S2. Variation in the temperature response of C@affinity among the Paniceae and tobacco

Rubisco.

(a) The Michealis constant for GOneasured in the presence of ambi@#®3(uM) O, concentration

(K793 determined from the same assays used to deteknaind Q )LJ 6 Q ¢ ELRORJLFELC
analyzed per specie) varied exponentially over 10 to 37°C. Orange triangles, daedefoa viridis

Rubisco measured by MIM3. Plotted data are listed in Table S®) Arrheniusstyle plots of the data

with the averaged linear regression fitted as described in Fig S1 to determiéitbew R1 DAY LY D WL
and the scaling constard) {values listed in Table S3 and used to dethe exponential curves shown in

panel @). As a scaling comparison, the fitted lines for tobacco Rulisét®°?data are shown as dotted

lines in each €Rubisco plotSee Table S3 for statistical analysis.
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Figure S3. Variation in the temperature response of CQover Oz specificity among the Paniceae

and tobacco Rubisco

(a) The influence of temperature on the specificity of2@®er & (Scio) determined using Rubisco
purified from at least two biological samples per specie. Orange triangles,dag¢éeioa viridisRubisco
measured by MIMS. Plotted data are listed in Table SZ) Arrhenius plots of the data with the
averaged linear regression fitted as described in Fig S1 to determiKeHizW R 1 D FH4 andEhe/ L R Q
scaling constant] valuesfor Sciolisted in Table S3 and used to derive the exponential curves shown in
panel &). The fitted lines for tobacco Rubis&a/o data are shown as dotted lines in eaghRGbisco

plot as a scaling comparison. See Table S3 for statistical analysis.
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Figure S4. Variation in carboxylation efficiency under ambient @ among the Paniceae and

tobacco Rubisco under varying temperature.

The temperature response of carboxylation efficiekgy (Kc?**°3 for each Rubisco was calculated by
dividing the averaged values k¢ (FigS1) by its correspondirgc?1*©2values (Fig S2) for each assay
temperature. As shown previously fBlaveria 1° and Seteria viridis® Rubisco, thecarboxylation
efficiency of each Paoeae and tobacco Rubisco declined at temperatures bet@ag8 showed less
variation at temperatures > %% Shown are the linear regressions fitted to the averdgeiteaalata

for each biochemical physiology. See Table S3 for statistical analysis.
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Figure S5. Effect of Rubisco kinetics on the thermal photosynthetic response.

The effects Rubisco catalytic properties on the thermal response of leaf photosyA)htedisaf chloroplastic C&concentrationCc).
The curves were modelled according to Fargehat.(1980)%* using equations and parameters shown in Supplementary Table S5. The

solid and dashed lines refer to the Rubisco limifedl énd RuBPregeneration limitedAj) assimiation rates, respectively. The circles



688 refer to assimilation rates under curr@at(400 Par, white) and that predicted for 2050 (5Bfar, black) Data for tobacco Rubisco

689 shown in grey in each panel for comparison.
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Figure S6. Rulisco L-subunit phylogeny in the Paniceae.

Maximum likelihood phylogeny of Rubisco-dubunit sequences from the fourteen Paniceae species
examined in this study relative to the outgrouped Rubisco ffordeum vulgardbarley) andTriticum
aestivum(wheat).ML trees assembled under the Dayhoff model implemented in RAXME"\u8ing
translated ksubunit sequences from the full lengtbcL genes available from the followin@enbank
accessionP. bisulcatum (*); S. laxa (*); P. milioides (*); P. antidotale (*); P. monticola (*); C.
ciliaris, (*); S. viridis (KT289405.); P. virgatum (HQ731441.1);P. milliaceum, (KU343177.); P.
coloratum (*); M. maximus (*); U. panicoides (*); U. panicoides, (*); P. deustum, (*); U.
mosambicensjg*); H. vulgare (KT962228.) andT. aestivum(KJ592713.1)*sequences submitted to

Genbank, awaiihg accession numbers



701



702

703

704

705

706

707

708

709

710

711

712

713

714

715

716

717

718

719

720

721

722

723

724

Figure S7. Chloroplast transformation of theP. bisulcatum(C3) and P. deustum(C4-PCK) rbcL

genesto assess Paniceae Rubisco biogenesis in tobacco

(@) Comparison of the plastome sequence in yifte, “™rL and the plastom#ansformedob™" and

tob™d tobacco genotypes generated in this study. Duplita®t and tol5 lines were made by
plastome transformation as describgty homologous recombination replacement of‘thibcM gene

in the plastome of th&trL tobacco genotype wittbcL genes forP. bisulcatunor P. deustuniRubisco
(synthesized to match the tobaateL nucleotide sequence where feasible) andath@d selectable
marker gene (coding resistance to spectinomycin). Numbering represents the flanking plastome
sequence in thpLEVPdL and pLEVPDL transforming plasmids. P,-p@bc/ SURPRWHU 91875
288bprbc/ 71873, 112bp ofpsbh$ 875 Wbprps 1875 3RVLWLRE SRTRWKH
probe®® and the correspondimipcL andrbcl-aadA mRNAs (dashed lines) to which it hybridizes are
indicated (b) Total leaf RNA (fg) extracted from tissue culture grown plant samples was separated on
denaturing formaldehyde gels and the EtBr stained RNA visualised (upper panel) before blotting onto
HybondN nitrocellulose membrane (GE healthcare) as describadd probed with thé?P-labelled

5UTR probe (lower panel). The probe correctly hybridised to thetyild tobaccabcL mRNA and the

rbcL andrbcL-aadA mRNA transcripts in eactob™" and tol59 line. (c) Solubleleaf protein from the

same leaves analyzed in) (vas processedf measuring Rubisco levels by NdPAGE analysis4@e

CABP quantification as describéd While wildtype tobacco 4Ss Rubisco was readily detected ¥¢-

CABP binding, Coomassie staining and by immunoblot analysis with an antibody to tobacco Rubisco
following ndPAGE, these nieods detected no hybrics®s Rubisco biogenesis in theb™"and tol5-
genotypesi(e. complexes comprising the introduBanicumL-subunits and the endogenous, cytosol
made tobacco-Subunits) (d) Further inspection of the soluble and total (compgisioluble + insoluble)

leaf protein separated by SDS PAGE did not detect any Rubisabunit (~50 kDa) or-Subunit (~14.5
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kDa) in either cellular protein fraction of theb™" or to’" lines by Comassiestaining or Rubisco
antibody blot analysis. This indicated that even when grown in tissue culture the resource limitations
confronting the photosynthetically depleted™" and toh?" lines precluded the synthesis and /or
accumulation oPanicumsp. Rubiso L-subunits. Whether eexpressing their cognate SSu or/and Rafl

48 can circumvent this biogenesis challenge remains to be tested.
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Table S1. Summary of the catalytic parameters of Paniceae and tobacco Rubisco at@5

) /13¢ Kcaf Kc K21% 02 Kca® Ko kca®Ko Scio kcaﬁc/ Keaf
Species Physiology K21%02 Kc
A (sh (uM) (uM) (sY (uM) (mMish  (mol.mof) (mM.Lsl) (mM.Ls?)
Panicum antidotale -12..92  3.9+0.2 n.m 25.2 n.m n.m n.m 74.5+0.4 156 n.m
Panicum monticola Ca -1353 53+0.7 182+05 26.6 2.0 543 + 67 3.7 79.4+1.7 198 290
Cenchrus ciliaris NADP-ME 1246 6.0+0.8 19.0+0.7 29.2 21  470+52 45  69.9+30 205 314
Setaria viridis -13.81 59+05 18.1+0.6 255 2.8 619 + 86 4.4 72.7+0.2 230 323
E Panicum virgatum -13.98 3.3+09 127+0.1 24.5 0.9 271 +12 3.1 82.6+£2.8 133 258
é Panicum milliaceum NAlngE -1550 2.1+03 7.2+0.3 13.1 1.1 313+ 46 3.6 79.9+43 159 287
g Panicum coloratum -1420 3.4+0.6 11.1+0.5 17.3 1.6 445 + 58 3.6 848+28 197 308
§ Megathyrsus maximus -14.32 53+05 13.9+0.8 27.1 1.3 265+ 34 4.7 80.3+£2.8 195 380
S |Urochloa panicoides Ca -1451 56+06 15407 24.1 2.1 444 + 80 4.6 78.3+0.3 232 364
O Panicum deustum PCK -12.62 50+05 154+02 28.1 1.2 306+16 38  848+02 177 322
Urochloa mosambicensis -13.08 57+0.7 148x04 228 2.2 464 £ 79 4.7 825+13 252 388
Panicum milioides C2 -31.50 22+03 7.4+03 121 1.3 387 + 46 3.3 92.3+1.0 182 301
Panicum bisulcatum -28.68 26+04 78x0.3 12.6 1.6 416 + 67 3.8 87.7+15 207 333
Steinchisma laxa Cs -28.70 23+03 7.7£05 124 1.4 419 + 89 3.2 91.4+48 184 294
Nicotiana tabacum n.m. 31+03 9.7+01 18.3 1.1 283+ 15 3.9 82.6+0.8 168 318
Cs -28.#0.1a 2.4+0.2a 7.8t0.1a 125+0.1a 1.5+0.1a 418tla 3.5t0.3a 90+2a 195+12a 313+19ak
Averages of NAD-ME -14.6t0.5b 2.9+0.4a 10.3x1.6 28 18.3x3.3a 1.2+t0.2a 343t52a 3.4+0.2a 82+tla 163t18a 284tl15a
Pgﬁir?gg;rzg?srco NADP-ME -13.3t0.4b 5.7+0.2b 18.4+0.3c 27.1+1.1b 2.3+0.2a 544+43a 4.2+0.3a 74+3b 211+10a 309+10 ak
PCK -13.660.5b 5.4+0.2b 14.9+04b 255+1.2b 1.740.3a 370x49a 4.5+0.2a 8ltla 214+17a 363t15b
Type (p) rkk rkk Fohk * ns(0.08) ns(0.072) * o ns *

For each species data are the m8&of at least N=3 biological samples assayed in duplicate-vi2typANOVA was undertaken

using the photosynthetic type/subtype as the main factor. Symbols show the statistical significance lepetsQ(06;= =p < 0.05;

** = p<0.01; **: p<0.001),while letters show the ranking of the means using a post hoc Tukey test (different letters indicate
statistical differences at the 5% levek 0.05).k.a°, maximal oxygenation ratalculated fronScio = (Keat /Kc)/(Keaf /Ko). K702

Kc under ambient atmospherie @vels O = 252 uM G in air saturated kD) calculated akc(1+O/Ko). n.m, not measured.



736 Table S2: The catalytic parameters of Paniceae and tobacco Rubisco betweefCl@nd 37C.

Temp tobacco P. bis. P.milioi. P. miliac P. color P. virg NAD P. mont. S. virid C. cilaris NADP P. deust M. max U. panic
©C) N=4 N=3 N=3 C2/C3 N=4 N=3 N=3 ME N=4 N=3 *Boydet. N=3 ME N=4 N=3 N=3 PCK
(x2) - (1x2) (x2) (x2) (x2) (x2) (x2) (x2) al2015 (x2) (x2) (x2) (x2)
at” (S7)

10 0.88+0.1€ 0.53+0.04 0.49+0.04 0.51+0.02 0.44+0.01 0.97+0.06 0.96+0.08 0.79+0.17 1.52+0.06 1.70+0.03 0.88+0.08 1.81+0.14 1.68+0.08 1.40+0.02 1.75+0.04 1.58+0.11 1.58+0.10

15 1.3740.2Z 1.09 +0.07 0.92+0.15 1.00 +0.0¢ 0.79+£0.06 1.70+0.09 1.48+0.24 1.32+0.27 2.64+0.27 2.80+0.15 1.55+0.23 2.99+0.17 2.81+0.10 2.21+0.05 2.80+0.10 2.75+0.14 2.59+0.19

20 1.98+0.1% 1.47+0.02 1.34+0.07 1.40+0.07 1.26 +0.01 2.43+0.24 2.27+0.29 1.99+0.37 3.54+0.37 3.88+0.24 3.47+0.17 4.15+0.31 3.86+0.18 3.42+0.31 3.65+0.02 3.64+0.50 3.57+0.08

25 3.10+0.0€ 2.60+0.19 2.21+0.09 2.41+0.2C 2.08+0.05 3.41+0.09 3.30+0.06 2.93+0.43 5.28+0.16 5.85+0.33 5.21+0.22 5.98+0.09 5.70+0.21 4.96+0.32 5.38+0.12 5.60+0.26 5.28+0.18

30 3.78+0.37 2.83+0.07 2.87+0.41 2.85+0.02 2.37+0.12 3.70+0.11 3.87+0.26 3.31+0.48 6.29+0.51 6.65+0.29 8.33+2.82 7.04+0.87 6.66+0.22 5.80+0.28 6.34+£0.13 6.59+0.51 6.25+0.23

37 5.45+0.67 4.26+0.30 4.15+0.47 4.20+0.0€ 3.24+0.24 4.86+0.77 5.34+0.90 4.48+0.64 8.49+1.03 8.78+0.28 13.88+1.35 9.01+1.21 8.76+0.15 7.64+0.43 7.76+0.16 8.51+0.71 7.97+0.27
(35°C)

KCZl%OZ(IJM)
10 7.6%£1.9 5.9+0.1 7.7+2.2 6.8+0.9 4.9+1.0 10.4+1.5 11.8+3.9 9.0+2.1 11.0+2.1 19.8+2.3 35.4+55 18.6+0.4 16.5+2.8 14.1+2.8 17.8+0.5 11.7+1.1 14.6+1.8
15 11.0+1.4 9.3+2.6 8.4+0.4 8.8+0.5 9.8+0.6 15.2+1.3 19.7+1.4 14.9+2.8 15.8+4.5 24.6+3.2 37.9+6.7 26.1+0.8 22.2+43.2 19.5+2.1 21.6+0.3 18.2+0.4 19.8+1.0
20 12.9+2.0 8.3+0.6 9.2+1.2 8.8+0.5 7.5£0.2 13.2+1.6 15.9+1.0 12.2+2.5 18.4+4.3 20.0+2.4 50.6+7.0 23.6t1.5 20.7+1.5 20.1+2.8 18.8+0.3 16.6+0.1 18.5+1.0
25 18.3+0.9 12.6+1.0 12.1+0.8 12.4+0.3 13.1+1.1 17.3+1.7 24.5+2.1 18.3+3.3 26.6+4.0 25.5+2.0 57.5#6.3 29.2+2.3 27.1+1.1 28.1+2.0 27.1+x1.1 24.1+1.0 26.4+1.2
30 22.0+3.4 13.6+1.2 14.4+1.4 14.0+0.4 15.7+25 19.1+2.3 30.1+3.7 21.9+4.6 31.7+4.8 30.6x2.0 103.849.4 354454 32.6+1.5 325+2.3 33.9+2.3 28.2+2.2 31.5+1.7
37 30.8+3.8 20.6+5.3 19.2+01.5 19.9+0.8 19.6+5.3 25.1+6.0 45.9+3.3 30.2+8.0 45.8+5.4 39.3+3.6 138.1+15.3 45.6+7.2 43.5+2.1 42.0+3.0 39.2+2.0 38.0+6.6 39.7+1.2

(35°C)
kcatc/ K021%02(mM—1_S—1)
10 111 90 64 77+13 90 93 81 88+4 138 86 26 97 107+16 99 98 135 111+12
15 125 117 110 11443 81 111 75 89+11 167 114 42 115 132+17 113 129 152 131411
20 154 178 144 161+17 167 185 142 165+12 192 194 73 176 189+6 170 194 219 194+14
25 169 206 183 194+12 159 197 135 164+18 198 229 93 205 211+9 177 195 232 201+16
30 172 208 200 203+4 151 194 125 156+20 198 217 81 199 205+6 179 187 234 200£17
37 177 206 217 211+5 165 194 116 158+23 186 223 104 198 202+11 182 198 224 201+12
(35°C)
Scio(mol.mol?)
N=4 N=2 N=2 N=2 N=3 N=2 N=2 N=2 N=3 N=2 N=2
(x3) (x3) (x3) (x3) (x3) (x3) (x3) (x3) (x3) (x3) (x3)
10  130.0+1.C 152.7#2.0 152.4+4.9 152.5+0.1 127.1+2.6 138.2#5.1 142.7+2.6 136.0+4.7 n.m. 1159+3.3 74.9+3.6 106.4+0.€ 111.2+3.9 128.0+6.4 119.0+2.9 128.6+2.0 125.2+3.1
15  114.742.1 126.1+2.4 120.8+0.8 123.4+2.7 114.7+2.6 109.3+0.8 117.5+1.4 113.8+2.4 108.0£2.2 74.5+9.1 93.2+0.8 100.6+6.0 117.7+2.0 103.4+3.3 106.5x1.6 109.2+4.3
20 94.9+0.4 102.0£0.6 105.1+1.2 103.5+1.6 105.7#8.4 90.1¥1.9 95.4+05 97.0+4.6 79.120.5 64.1+7.9 79.9+0.1 79.5+0.3 100.3+1.3 90.7+0.5 86.7+2.4 92.6+4.0
25 82.0+0.6 87.7+1.5 92.3+1.0 90.0+2.3 80.0+4.3 78.8+0.8 82.6+3.3 80.4+1.1 72.7#0.2 61.5+2.5 69.9+2.0 71.3+1.2 84.8+0.2 80.3+2.8 78.2+0.3 81.1+19
30 69.0+2.1 68.6x1.4 67.7t1.4 68.2+0.4 67.0:0.6 70.2#0.9 74.3x0.2 70.5+2.1 64.2+1.1 35.6+2.0 60.6+0.1 62.4+1.3 75.7£0.3 60.9+2.4 69.0:0.6 68.5+4.3
35 61.1+0.7 53.7#3.2 58.1x1.7 55.9+2.2 46.1+3.4 59.4+0.3 61.2+1.1 55.6+4.8 471422 27.8#3.4 52.8+0.5 49.9+2.3 62.9+0.7 56.9+0.8 58.0+1.4 59.3+1.8

737 Rubisco catalysis parameters (avera§eE.) measured in duplicape?) or triplicate(x3) for each biological sampléj. *Data forS.
738 viridis Rubisco shown in blue italic (N=4S.E.) measured by MIM&. The data for each species are plotted in Figures S1 to S4 with

739 the parameter averagasSE) for tobacco Rubisco and forchaPaniceae photosynthetic type/subtype shown in bold and shaded grey



740 are plotted in Figures 3. n.m, not measured. The data from this study are statistically analyzed following derivat@aiobdthe

741 activation (Ha) and scaling constant)(values foreach parameter (see Table S3).
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Table S3. Heat of activation @a) and scaling constantg) values among Paniceae and tobacco Rubisco kinetic parameters.

Kea (>25°C) Keaf (<25°C) Kc21%02 Scio

H,(+SD) c(*SD) H,(#SD) c(*SD) H,(+SD) c(*SD) H,(+SD) c(*xS.D)
Species Physiology j mort kJ.mol* kJ.mol* kJ.mol*

Nicotiana tabacum . 36.4+2.9 15.8+1.2 60.3+1.9 255+0.8 37.3x1.4 17.9+0.7 225%12 -4.740.3
Panicum bisulcatum 32.4+85 13.9+3.7 712+7.2 29.7+3.0 31.0+3.7 150%1.8 29.742.0 -7.6%0.5
Panicum milioides C 403+0.5 17.0+0.2 68.4+4.2 28.4+18 254+19 127410 27.6+3.0 -6.7+0.7

Panicum monticola 30.6+1.8 14.0+0.8 56.5%4.2 245+1.8 33.8£1.9 16.9:0.9 n.m
Cenchrus ciliaris (NADC,é_ME 26.3+0.7 12.4+0.3 54.9+3.1 23.9+13 22.1%24 124+1.3 20.3+05 -4.0£0.1
Setaria viridis — 26328 124#1.3 56.6+2.8 24.6+1.2 21.4:0.1 11.9:0.1 25.3%4.4 -6.0£1.0
20615 75.0+1.1 31.9+05 94.2+10.4 39.3+9.4 44.7+3.8 22.3%19 252457 -6.2¢1.4
Panicum virgatum 31.1+2.9 137+1.3 58.1+0.8 24.7+0.3 34.0:x45 16.9+2.2 23.8+19 -5.2+0.4
Panicum milliaceum (NASi‘ME) 28.6+4.0 12.3+17 71.6+18 29.6+0.7 34.9+58 16.6+2.7 28.6+6.1 -7.2+t15
Panicum coloratum 232+45 10.6+2.1 583+4.6 24.8+1.9 21.3+2.8 11.4x15 23.5%23 -51%0.5
Megathyrsus maximu 245+12 11.6:05 50.2+3.3 21.9+14 22.2+3.0 12.3+17 22.2+33 -4.620.7
Urochloa panicoides (p%‘K) 26.9+0.9 12.6+0.4 57.3x45 248+1.9 29.9+3.0 15.2%15 22.3+20 -4.6+0.4
Panicum deustum 27.8+1.7 12.8+0.8 595+1.3 25.6+05 28.7+1.7 14.9+0.9 20.8+2.3 -3.9:0.4
Averages Cd/C2 363b  155b  69.8b  290b  282a  139a  28.6b 71a
NAD-ME ~ 276ab 122a 627ab 266ab 300a 150a 253ab -58ab
NADP-ME 27.7a  129a 56.0a 244a 258a 137a 228a  -5.0b
PCK 264a 123a 556a 24la 269a 14la 21.7a  -44b
Type (p) ns(0.081) ns(0.10) * ns(0.062) ns ns ns(0.072) ns(0.089)

9 D O X HN, aRdc were determined from measureskeaf® (Fig S1),Kc?%°2?(Fig S2) and §o (Fig S4) made at 10, 15, 20, 25, 30 and 35 (or
37)°C (see Table S2 for data) and fitted to the Arrhetyipe equation

2=N=1ARANT t?F 46h

where R the molar gas constant (8.314'9riol™) and T the assay temperature (K). nnot measured. For each species data are ther8&n
of at least N=3 biological samples assayed in duplicate:v@yeANOVA was undertaken using the photosynthetic type/subtype as the main

factor. Symbols show the statistical significance levels (ps#9.05; * =p < 0.05), while letters show the ranking of the means using a post hoc



750 Tukey test (different letters indicate statistical differences at the 5% fevel,05).# Comparative data f@. viridisRubisco from Boyd et
751 al., (2015)'° measured by MMS.



752 Table S4. Summary of parameters used in the modelling plots shown in Figure 4 and Figure S5.

Temperature (°C)

Species Parameters 10 15 20 25 30 37 Reference
keaf,(SY) 1.4 1.8 2.4 31 4.7 8.0  Tables SI2
Nicotiana  Kc (uM) 7.9 10.4 136 17.6 225 314  Tables S
tabacum g0 (M MY 131 111 95 81 70 57 Tables S22
JImax Vemax 2.6 2.1 1.8 1.6 1.4 1.2 Sharkeyet al. (2007)27
keaf',(SY) 1.2 1.6 2.0 2.6 4.2 8.0  Tables S22
Panicum i (1m) 6.2 7.8 9.7 12.1 148 196  Tables S
bisulcatum
Scio (M M-1) 156 125 101 83 68 52 Tables S12
keaf,(SY) 2.7 33 4.1 5.1 7.6 12.9  Tables S22
Panicum o () 14.6 18.1 222 27.1 3238 424 Tables S22
deustum
Scio (M M) 132 114 98 85 74 61 Tables S12
keaf,(s1) 3.2 3.8 4.7 5.6 8.3 13.9 Tables S12
Urochioa o () 125 155 19.2 23.6 28.8 376  Tables S22
panicoides
Scio (M M) 125 106 91 78 67 55  Tables S22
gm (Mol m? st bar?) 0.24 0.33 0.44 0.57 0.72 0.97 von Caemmerer and Evans (201%)
TPU (umol m2 s 3.81 5.62 8.14 11.40 14.65 14.10  Sharkeyet al.(2007)%
Rda (umol m? s) 0.37 0.52 0.73 1.04 1.36 2.06  Sharkeyet al.(2007)%"
Common o\ bary) 00512  0.0442 0.0383 0.0334 0.0292 0.0245 [hpsJ/enwikipediaorg/wik/Henry's 1gw
parameters
S (M bar?) 0.00170 0.00154 0.00139 0.00126 0.00115 0.00101 |[https://en.wikipedia.org/wiki/Henry's lgw
Jmax (Umol nT? 1) 63 87 118 160 214 317 Sharkeyet al.(2007)?”
Rubisco sitesy(mol s?) 30 30 30 30 30 30

753 Photosynthesis rat&,was calculated a&= min (Ac, Aj, A), whereA, Aj andA; are the C@limited (Ac), light-limited (A) and the triose

754  phosphate utilisation (TPUimited (A:) assimilation rates, respectively. Their expressions are defined as:

a®_ [k ap? 488 ol fog0
kpae>A 0

755  #sl

FA4,:
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kvj @p? 48K 2l 1o(0A [ 5
8k¥4 dp> Ei aj ToyO0

#y L F 4,;and

#.Lu Fa,.

The model parameters used are: m = amount of leaf Rubisco seRabBActive sites M keaf (S1) = Rubisco carboxylation rat&g?"

( M) = MichaelisMenten constant of Rubisco for @@ndScio = CO/O2 specificity of Rubisco. The maximal RuBP carboxylation

limited assimilation rateYcmax= Mkeaf. The maximal RuBP regeneratiimited assimilation rateJmax ( fnol m2 s1) is set to equal
1.7Vemaxfor tobacco at 2%C; its values at other temperatures were calculated using the thermal dependence from Bernacchi et al (2003)

50.

1]
2066; L a0e, G R3EA" where ¢ = 17.7 andHa = 43.9 (in kJ mob).

The values at 2& for TPU (11.4Rnol m? s?) and mitochondrial respirationg®RlL RBnol m? s?) and heir thermal dependence were

adapted from Sharkey et al (2067)
Q- @;A _ _ .
4,:6; L 4, GA™ Aa3/sA where ¢ = 18.72 andHa = 46.4 (in kJ mot)

d”ﬁ” _ _
6276; L 62%ge—mserar h Where ¢ =21.46 andHa = 53.1, 'Hy¢ = 201.8 and 0.65 (in kJ mdL
5>@ A& 36K P
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Cc and QO are the C@Qand Q concentrations in the chloroplast, respectively. Gas concentrations in the liquid phase were calculated
using the solubility constants for GQ& = 0.0334 M bal) and Q (s = 0.00126 M bat) at 28C. Their thermal dependence was

GHWHUPLQHG DFFRUGLQJ WR +HQU\YY ODZ XVLQJ WKH IROORZLQJ H[SUHVVLRQV
Q:6; L Q, @vrra®a’ s and

5 5
Q6 LQ, ByreA%sr’s=¢

Intercellular CQ concentrationCi was calculated using a const&C, ratio of 0.70° C. was calculated a8 = Ci - A/gm, Wheregm
is the mesophyll conductance to £@ansfer. Tobaccgm at 2%C (0.57 mol nf st bar?) and its thermal dependence were taken from

von Caemmerer and Evans (201%)
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Table S5. Parameters used to calculate G@oncentrations in14COz-fixation

assays at the varying temperatures.

Parameterynits) Value

(10°C) (15°C) (20°C) (25°C) (30°C) (37°C)

T, assay temperature 283K 288K 293K 298K 303K 310K

; COz solubility at 1 atm Kol.LL.atnt!) 0.0524 0.0455 0.0382 0.0329 0.0289 0.0240
R: universal gas constarit.tm.K.mot?) 0.082057

pK1 6.362 6.327 6.280 6.251 6.226 6.202
pK2 10.499 10.431 10.377 10.329 10.290 10.238
*pH 8.27 8.24 8.21 8.16 8.11 8.03

The values were fitted to thdendersorHasselbalch derived equation

:0/9;

SE REI;\/I JEs paA?a k5 £ g 6aA?a 4524 46;

X6 §2L

V/v. ratio of reaction vial headspadé) to assay volumev.

*example pH variation for 50 mMPPESNaOH buffer adjusted to pH 8.16 at°Z5 the

0.26 pH variation has <1% effect on tobacco Rubisco carboxylase activity.
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