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Improving photosynthetic efficiency

Sustainable agricultural crop production

http://foodfarmnews.blogspot.com/2015/

10/cowpea-production-in-nigeria.html



Andralojc et al. (2018) Essays Biochem 62:109

➢Target crop

➢Target 
environment

Improving 
photosynthesis



Rothamsted, UK, 20/06/2014



Trait Potential

Pre-anthesis A Increase photosynthetic efficiency when flag leaves are most active

Post-anthesis A Increase photosynthetic efficiency at a critical stage for grain filling

Light response of A Improve photosynthetic radiation use efficiency

Rubisco amount Optimise allocation of resources and N use efficiency (NUE)

Cultivar Traits/Potential

Mercato, Zebedee High-yielding cultivar; high pre-anthesis A400 + high HI

Gladiator High-yielding cultivar; high post-anthesis A400 + high HI

Gatsby High photosynthetic rates + low Rubisco amount (improve NUE?)

Carmo-Silva et al. (2017) J Exp Bot 68:3473 

✓ Genetic variation & heritability of photosynthetic traits

✓ Correlation to harvest index & grain yield

Flag leaf photosynthesis in field-grown 
UK wheat cultivars



Carmo-Silva et al. (2015) Plant Cell Environ 38:1817

Rubisco – the holy grail

• Point of CO2 entry into biosphere

• Unique & essential, yet imperfect

• Biogenesis and abundance (N investment)

• Complex reaction mechanism

• Catalytic properties

Catalytic rate, CO2 vs. O2

• Regulation

Carbamylation (CO2-Mg2+), inhibitors, Rca, phosphatases, …20-70% of leaf TSP

10-35% of leaf N



Inhibited

Rubisco

ATPCO2 & Mg2+

Inhibitor
Active

Rca

Spreitzer & Salvucci (2002) Annu Rev Plant Biol 53:449; Henderson et al. (2012) Biochim Biophys Acta-PP 1834:87

Regulation of Rubisco activity

Light 
Temperature

ATP



10/06/2014

The light level that reaches the top of 
a canopy on a sunny day fluctuates



Potential photosynthesis is rarely 
observed under fluctuating conditions

Steady-state photosynthesis

Instantaneous, non-steady-state 
photosynthesis

Plants in natural, fluctuating 

light environments rarely attain 

steady-state photosynthesis

Lawson et al. (2012) Curr Opin Biotechnol 23:215



Long et al. (2022) Annu Rev Plant Biol 73:617

Photosynthesis in fluctuating light

Induction: RuBP + Rubisco + gs + gm

(shade duration & intensity)



Faster Rubisco activation may improve 
wheat photosynthetic productivity

➢ Wheat physiology: 

photosynthetic induction 

limited by Rubisco regulation

A* corrected for stomatal limitation

➢ Modelling: scope for improving 

wheat carbon assimilation by 20%

Taylor & Long (2017) Phil Trans R Soc Lond B Biol Sci 372:20160543 

Sam 
Taylor

➢ Screening: variation exists in wheat 

germplasm



Inhibited

Rubisco

ATPCO2 & Mg2+

Inhibitor
Active

Rca

Spreitzer & Salvucci (2002) Annu Rev Plant Biol 53:449; Henderson et al. (2012) Biochim Biophys Acta-PP 1834:87

Regulation of Rubisco activity

Light 
Temperature

ATP



Wheat Rubisco activase
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TaRca2

TaRca1 2 (108+1155)

1(36)

N AAA+

N AAA+

N AAA+

TaRca 1β

TaRca 2β

TaRca 2α Rubisco C C-ext

Rubisco C

Rubisco C

Carmo-Silva et al. (2015) Plant Cell Environ 38:1817

Rca-α

8-20%

2 genes, one alternatively spliced

AS

*

3 protein isoforms, two short & one long

Joanna 
Scales



Rubisco reactivation by wheat Rca

Perdomo et al. (2019) Biochem J 476:2595
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Perdomo et al. (2019) Biochem J 476:2595
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Site-directed mutants

Gustaf
Degen

Perdomo et al. (2019) Biochem J 476:2595

AAKKELDEGKQTNADRWKGLAYDISDDQQDITSGKGIVDSLFQAPMGDGTHEAILSSYEYISQGLRKYDFDNTMD

AAEN-LDEKRNT--DKWKGLAYDISDDQQDITRGKGIVDSLFQAPTGDGTHEAVLSSYEYVSQGLKKYDFDNTMG

-EEKDADPKKQTDSDRWKGLVQDFSDDQQDITRGKGMVDSLFQAPTGTGTHHAVLQSYEYVSQGLRQYNLDNKLD

----AVKEDKQTDGDRWRGLAYDTSDDQQDITRGKGMVDSVFQAPMGTGTHHAVLSSYEYVSQGLRQYNLDNMMD

GLYIAPAFMDKLIVHLAKNFMTLPNIKVPLILGIWGGKGQGKSFQCELVFAKMGINPIMMSAGELESGNAGEPAK

GFYIAPAFMDKLVVHLSKNFMTLPNIKIPLILGIWGGKGQGKSFQCELVFAKMGINPIMMSAGELESGNAGEPAK

GFYIAPAFMDKLVVHITKNFLKLPNIKVPLILGIWGGKGQGKSFQCELVFRKMGINPIMMSAGELESGNAGEPAK

GFYIAPAFMDKLVVHITKNFLTLPNIKVPLILGIWGGKGQGKSFQCELVMAKMGINPIMMSAGELESGNAGEPAK

* *

LIRQRYREAADIINKGKMCCLFINDLDAGAGRMGGTTQYTVNNQMVNATLMNIADAPTNVQLPGMYNKEENPRVP

LIRQRYREAADMIKKGKMCCLFINDLDAGAGRMGGTTQYTVNNQMVNATLMNIADAPTNVQLPGMYNKEENPRVP

LIRQRYREAAEIIRKGNMCCLFINDLDAGAGRMGGTTQYTVNNQMVNATLMNIADNPTNVQLPGMYNKQENARVP

LIRQRYREAADLIKKGKMCCLFINDLDAGAGRMGGTTQYTVNNQMVNATLMNIADNPTNVQLPGMYNKEENARVP

IIVTGNDFSTLYAPLIRDGRMEKFYWAPTREDRIGVCKGIFRTDNVPDEAVVRLVDTFPGQSIDFFGALRARVYD

IVVTGNDFSTLYAPLIRDGRMEKFYWAPTRDDRIGVCKGIFQTDNVSDESVVKIVDTFPGQSIDFFGALRARVYD

IIVTGNDFSTLYAPLIRDGRMEKFYWAPTREDRIGVCTGIFRTDNVPAEDVVKIVDNFPGQSIDFFGALRARVYD

IICTGNDFSTLYAPLIRDGRMEKFYWAPTREDRIGVCKGIFRTDKIKDEDIVTLVDQFPGQSIDFFGALRARVYD

* *

DEVRKWVGEIGVENISKRLVNSREGPPTFDQPKMTIEKLMEYGHMLVQEQENVKRVQLADKYLSEAALGQANDDA

DEVRKWVTSTGIENIGKRLVNSRDGPVTFEQPKMTVEKLLEYGHMLVQEQDNVKRVQLADTYMSQAALGDANQDA

DEVRKWVSGTGIEKIGDKLLNSFDGPPTFEQPKMTIEKLLEYGNMLVQEQENVKRVQLADKYLKEAALGDANADA

DEVRKFVESLGVEKIGKRLVNSREGPPVFEQPEMTYEKLMEYGNMLVMEQENVKRVQLAETYLSQAALGDANADA

MKTGAFYGK

MKTGSFYG-

MKTGSFYGKGAQQGTLPVPAGCTDQTAKNFDPTARSDDGSCLYTF

INNGSFFAS

IGRGTFYGK

IGRGTFYGKGAQQVNLPVPEGCTDPVAENFDPTARSDDGTCVYNF
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|→ N domain (A1 – Y65) |→ α/β sub-

domain (D66 – P250)

|→ α–helical subdomain (T251 – T358)

– G380)

|→ C  domain (Y359 –

N domain

A1 – Y65

α/β subdomain

D66 – P250

α-helical subdomain

T251 – T358

C domain

Y359 – G380

AAA+ module

TP

M159I
K161N

T358K
Q362E

4 residues: ADP sensitivity?

Dawn 
Worrall



Rca residues associated with inhibition

Perdomo et al. (2019) Biochem J 476:2595
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Perdomo et al. (2019) Biochem J 476:2595; Degen et al. (2020) Plant J 103:742; Degen et al. (2021) New Phytol 229:1298

Wheat Rubisco activase isoforms

Gustaf
Degen

Dawn 
Worrall

Alejandro 
Perdomo

✓ Rca-2β is faster at activating Rubisco and 

is insensitive to ADP inhibition

✓ Site-directed mutants partly explain ADP 

sensitivity of Rca (T358K/Q362E)



Conclusions

➢ Large N investment to make Rubisco

➢ Rubisco activity: abundance + activation

➢ Diversity in Rubisco activase isoforms

➢ Interactions between processes matter
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Thank you!

@ecarmosilva

e.carmosilva@lancaster.ac.uk

http://wp.lancs.ac.uk/lancsphotosynthesis/


