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Abstract
Warming driven by the accumulation of greenhouse gases in the atmosphere is irreversible over at least the next century, 
unless practical technologies are rapidly developed and deployed at scale to remove and sequester carbon dioxide from the 
atmosphere. Accepting this reality highlights the central importance for crop agriculture to develop adaptation strategies 
for a warmer future. While nearly all processes in plants are impacted by above optimum temperatures, the impact of heat 
stress on photosynthetic processes stand out for their centrality. Here, we review transgenic strategies that show promise in 
improving the high-temperature tolerance of specific subprocesses of photosynthesis and in some cases have already been 
shown in proof of concept in field experiments to protect yield from high temperature-induced losses. We also highlight other 
manipulations to photosynthetic processes for which full proof of concept is still lacking but we contend warrant further 
attention. Warming that has already occurred over the past several decades has had detrimental impacts on crop production 
in many parts of the world. Declining productivity presages a rapidly developing global crisis in food security particularly 
in low income countries. Transgenic manipulation of photosynthesis to engineer greater high-temperature resilience holds 
encouraging promise to help meet this challenge.
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Introduction

Agricultural crop production is threatened by numerous 
global climate change-associated abiotic stresses, the most 
pervasive of which is progressive growing season warm-
ing. Global mean temperatures have risen by approximately 
1 °C since the Industrial Revolution and will increase an 
additional 1.5 °C over the 2001 average global tempera-
ture by mid‐century (IPCC 2018). Warming temperatures 
have already contributed to global yield losses in wheat and 
maize (Asseng et al. 2015; Lobell and Gourdji 2012; Lobell 
et al. 2011), and future temperature increases are predicted 

to further negatively affect global yields of these as well 
as other key crops, including rice and soybean (Zhao et al. 
2017).

These temperature increases have been and will continue 
to be spatially heterogeneous, with some areas of the world 
warming more rapidly than others (Ciais et al. 2013; IPCC 
2018; Teixeira et  al. 2013) and terrestrial temperatures 
increasing at a faster rate than those over water (IPCC 2018). 
Areas of greater warming in the Northern Hemisphere will 
most likely occur between 40 and 60°N, which overlap with 
major agricultural regions (Bita & Gerats 2013; Teixeira 
et al. 2013). However, a notable exception is the Great Plains 
of the central USA—the US corn belt. The midwestern US 
corn belt is one of the few regions globally that has expe-
rienced negligible increase in average annual temperature 
during the last century. The warming that has occurred has 
been during the cool portion of the year whereas the sum-
mer season has not shown a warming trend, in fact there 
may be a slight cooling trend (Arritt 2016). The intensive 
agricultural land use in this region is likely the explanation 
of this “warming hole” (Alter et al. 2018). The amount of 
corn harvested annually from this region has increased 400% 
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over the past sixty years (National Agricultural Statistics 
Service 2016) due to increased acreage under cultivation, 
along with increased planting densities with more vigor-
ous plants. The increase in photosynthesis that this regional 
intensification represents is accompanied by a proportional 
increase in water evaporation from the crop canopy (i.e., 
transpiration) causing surface cooling. The subsequent con-
densation of this water vapor at the top of the troposphere 
pumps heat away from surface of the earth where crops are 
and is consistent with the increase in growing season precip-
itation that region has experienced. Eastern China, another 
area of extensive intensification of agriculture, also has not 
experienced the summer warming characteristic of nearly all 
other terrestrial regions of similar latitude. This mitigation 
of warming in the US corn belt and eastern China may not 
last if intensification of these crops plateaus and greenhouse 
gas emissions do not abate.

Heat stress will likely have its most detrimental outcomes 
in lower income countries (Deryng et al. 2014). The African 
continent warrants special attention as many of its countries 
are already food insecure. Additionally, with > 75% of its 
population below the age of 35, the demographics portend 
that by mid-century 40% of all the children born globally 
will be African (UN Department of Economic and Social 
Affairs Population Facts Dec 2018 No. 2019/6) demand-
ing greater output from the African food and agricultural 
system. The year 2021 was the third warmest year on record 
for Africa, which has been warming faster than the global 
average, at a rate of 0.3 °C per decade for the last three 
decades. In 2021, the temperature across North Africa was 
1.2 °C and across West Africa 0.9 °C above the 1981–2010 
average (State of the Climate of Africa 2021). In addi-
tion to the rising average annual temperatures, Africa is 
also experiencing a rise in the frequency of extremely hot 
days (State of the Climate of Africa 2021) the hallmark of 
increasing frequency, intensity, and duration of heat waves 
(Coumou & Robinson 2013; Meehl & Tebaldi 2004; Wang 
et al. 2015). For the decade beginning in 1980, there were 
24 days in which the mean temperature was in the warmest 
1% of record range, whereas in the last ten years there were 
109 days in the warmest 1% (State of the Climate of Africa 
2021). Increased temperature is a leading cause of the 34% 
decrease in agricultural productivity growth in Africa since 
1961. Whereas, the growth in productivity has stagnated 
globally this decrease in Africa is greater than any other 
region and is expected to decline further in future. It is pro-
jected that additional warming of 1.5 °C would drive nearly 
a 10% decrease in maize productivity in West Africa and a 
20–60% in the wheat harvest in Southern and North Africa. 
Perhaps no region in the world has been affected as much 

as the African Sahel1 region, 1 which is experiencing rapid 
2.8% per year population growth in an environment with 
depleted natural resources and where temperature increases 
are projected to be 1.5 times higher than in the rest of the 
world (State of the Climate in Africa 2019). Agriculture is 
critical to Africa’s economy, accounting for the majority of 
lifework across the continent where IPCC projections sug-
gest that warming scenarios portend debilitating effects on 
crop production and food security. For countries across the 
Sahel, modeled shifts to mid-century temperatures represent 
novel climates not currently observed for any crop on the 
continent, limiting adaptation strategies (Burke et al. 2009). 
Whereas, millet and sorghum have greater resilience to heat 
stress conditions than other African crops, 5–8% yield losses 
are projected even in these crops by mid-century (State of 
the Climate in Africa 2019).

The recent and ongoing rise in global average tempera-
ture near Earth’s surface is caused primarily by the accu-
mulation of greenhouse gases in the atmosphere. In 2021 
anthropogenic activities released an estimated 10.9 Gt C 
into the atmosphere, surpassing terrestrial and marine sinks 
(net uptake of ~ 6.4 Gt C  yr−1) and resulting in an estimated 
increase of 5.2 Gt C in the form of higher  CO2 (i.e., in 
increase in atmospheric  CO2 concentration by ~ 2.5 ppm; 
Friedlingstein et al. 2022). This accumulation of  CO2 in the 
atmosphere drives radiative forcing by absorbing a greater 
fraction of outgoing radiation such that incoming radia-
tion exceeds outgoing radiation, resulting in tropospheric 
warming. Apart from  CO2, methane and nitrous oxide are 
even more potent greenhouse gases than  CO2 (> 30 and 300 
times greater radiative forcing potential, respectively). How-
ever, the increase in atmospheric concentration is relatively 
short, 12 years for methane and 114 years for nitrous oxide 
compared to 300–1,000 years for  CO2 (Forster et al. 2008). 
The scope of the threat to agriculture is revealed by the fact 
that atmospheric temperature increase caused by increasing 
atmospheric  CO2 will not decrease appreciably even if zero 
carbon emissions is achieved (Solomon et al. 2009). Warm-
ing caused by atmospheric  CO2 accumulation is persistent 
and will remain irreversible on a millennium time scale 
unless countered by still to be developed negative carbon 
technologies.

1 The Sahel is a transitional region between the wooded Sudanian 
savanna to the south and the Sahara to the north. It spans ~6000 km 
from the Atlantic Ocean on the west coast of Africa to the Red Sea in 
the east. The Sahel belt from west to east includes parts of northern 
Senegal, southern Mauritania, central Mali, northern Burkina Faso, 
the extreme south of Algeria, Niger, the extreme north of Nigeria, 
Cameroon and Central African Republic, central Chad, central and 
southern Sudan, the extreme north of South Sudan, Eritrea and Ethio-
pia. (https:// en. wikip edia. org/ wiki/ Sahel# cite_ note-2)

https://en.wikipedia.org/wiki/Sahel#cite_note-2
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Unless practical technologies can be rapidly developed 
and deployed at scale to remove and sequester carbon 
dioxide from the atmosphere, anthropogenic atmospheric 
warming is irreversible over at least the next 10 generations. 
Accepting this reality highlights the paramount importance 
for crop agriculture to develop adaptation strategies for a 
warmer future. For many crops, high-temperature stress 
during their reproductive phase results in yield losses more 
detrimental than those incurred during periods of vegetative 
heat stress (Hedhly et al. 2009; Hatfield et al. 2011; Jagadish 
2020). However, the magnitude of these losses will depend 
on the timing of heat stress, which may vary on an annual 
basis. Temperature-sensitive vegetative processes, like pho-
tosynthesis, will be impacted by warming throughout the 
growing season, thus strategies to enhance their resilience 
could provide broad scope for improvement. There have 
been numerous authoritative reviews synthesizing the effect 
of rising temperature on plant carbon metabolism (Dusenge 
et al. 2019; Ferguson et al. 2021) and crop photosynthetic 
performance (Slattery and Ort 2019; Moore et al. 2021; 
Ainsworth and Ort 2010). Concurrently, there is a renewed 
focus surrounding the potential to engineer photosynthesis 
for increased yield (recently reviewed in: Long et al. 2015; 
Bailey-Serres et al. 2019; Burgess et al. 2023; Garcia et al. 
2023). Here, we expand these to focus this review on trans-
genic adaptation strategies for the effects of a warming cli-
mate on photosynthesis and photorespiration.

Net photosynthetic carbon assimilation  (An) in C3 
plants is well explained by the proportion of Rubisco in the 
active state and ribulose bisphosphate (RuBP) regeneration 
capacity (Farquhar et al. 1980). Under current atmospheric 
 [CO2] and saturating light, the temperature dependence of 
photosynthesis is well described by Rubisco biochemis-
try, although a decline in electron transport rates at high 
temperatures can also limit  CO2 fixation (Sage and Kubien 
2007; Schrader et al. 2004; Busch and Sage 2017). Rubisco 
is regulated by a heat-labile chaperone protein Rubisco acti-
vase (Rca), which is essential for removing inhibitory sugar 
phosphate inhibitors from the catalytic sites of Rubisco and 
maintaining photosynthetic carboxylation capacity (Carmo-
Silva et al. 2015; Qu et al. 2022). Rubisco is a dual-function 
enzyme and its substrate specificity declines with increased 
temperature, which increases the oxygenation, rather than 
carboxylation of RuBP and promotes  CO2 release via pho-
torespiration (Badger and Andrews 1974; Ogren 1984). Pho-
torespiration salvages one molecule of 3-phosphoglcerate 
(3-PGA) from two molecules of the oxygenation product 
2-phosphoglycolate (2-PG) with the release of one molecule 
of  CO2 via a series of enzymatic conversions and transport 
steps spanning the chloroplast, peroxisome, and mitochon-
dria (Peterhansel et al. 2010). The photorespiratory pathway 
is energetically costly, requiring 3.5 ATP and 2 NADPH 
equivalents to recover RuBP from 2-PG and 3-PGA and 

releases  NH3 and 25% of the previously fixed  CO2 in themi-
tochondria. This can result in a dramatic yield drag in C3 
crops, with modeled wheat yield losses of 20% across the 
USA annually and yield reductions of 50% or more observed 
in warmer growing regions (Walker et al. 2016). Although 
photorespiratory losses are less pronounced in cool grow-
ing regions, modeling the impact of heat waves similar to 
those experienced in the UK in July 2022 reveals daily car-
bon losses associated with photorespiration of > 40% for a 
typical C3 crop (Fig. 1). Models of photorespiratory losses 
in wheat and soybean under future climate scenarios sug-
gest that yield penalties of 8–20% would persist at atmos-
pheric  CO2 concentrations of 1000 ppm when accompanied 
by a 3.7 °C temperature increase across the USA (Walker 
et al. 2016). As a result of the direct impacts of tempera-
ture on Rubisco biochemistry, transgenic strategies aimed 
at improving Rubisco carboxylation or lowering the cost of 
photorespiration have been targets for improvement of pho-
tosynthetic thermal tolerance.

Improving Rubisco carboxylation 
above the thermal optima

Improving Rubisco substrate specificity, particularly at 
higher temperatures, is a long-standing aspiration of pho-
tosynthesis research. Direct replacement of a crop Rubisco 

Fig. 1  Modeled losses in daily canopy carbon gain attributed to 
photorespiration associated with the UK 2022 July heat wave using 
weather data recorded at NIAB Cambridge on July 19, 2022 (red) 
compared to the historical average July temperatures (1990–2020; 
blue) assuming  CO2 concentrations at 400  ppm. Model parameters 
and assumptions follow Walker et al. 2016
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with a higher specificity version has been proposed to 
achieve this (McGrath and Long 2014), but this is com-
plicated by inter-specific assembly incompatibility due to 
the specialized assembly requirements of Rubisco (Aigner 
et  al. 2017). Despite this, bioengineering efforts have 
replaced tobacco and potato Rubisco with faster but less 
 CO2-specific versions of Rubisco from the proteobacterium 
Rhodospirillum rubrum (Whitney and Andrews 2003; Man-
ning et al. 2023) and Halothiobacillus neapolitanus (Chen 
et al. 2022), the cyanobacterium Synechococcus elongatus 
(Lin et al. 2014; Occhialini et al. 2016), the purple bacteria 
Rhodobacter sphaeroides (Gunn et al. 2020), as well as plant 
Rubiscos from closely related species (Martin-Avila et al. 
2020). However, attempts have yet to overcome the growth 
impairment that results from reduced Rubisco specificity and 
content compared to the untransformed controls.

Improving Rubisco to enhance photosynthetic carbon 
assimilation above the thermal optima can also be achieved 
through means other than direct engineering of its cata-
lytic properties. The nuclear-encoded Rubisco small subu-
nit (rbcS) enhances Rubisco  CO2 specificity (Schulz et al. 
2022) and has been demonstrated to vary in response to 
growth temperature in Arabidopsis (Cavanagh et al. 2023), 
highlighting the potential for future engineering efforts to 
identify a more efficient Rubisco isoform (Mao et al. 2022). 
Rubisco activation is mediated by Rca, which removes inhib-
itory sugar phosphates from inactive and inhibited Rubisco. 
Transgenic rice plants overexpressing a rice isoform of both 
Rca and rbcS maintain higher rates of An at elevated (i.e., 
36 °C) temperatures, likely due to their increased propor-
tion of active Rubisco (Suganami et al. 2020). Similarly, 
rice overexpressing rbcS and a maize Rca maintain higher 
rates of An at ambient and elevated temperatures showing 
increases in maximum carboxylation rate (Vcmax) at 40 °C, 
relating to their increased proportion of activated Rubisco 
(Qu et al. 2021). This increase in photosynthesis at elevated 
temperatures resulted in a 26% increase in dry weight bio-
mass relative to WT under growth in controlled conditions 
at 40 °C (Qu et al. 2021). Although these transgenic targets 
remain to be tested in field settings, rice overexpressing 
Rubisco was reported to have 16–28% increased yields with 
improved nitrogen use efficiency in sufficiently fertilized 
(i.e.,  > 10 g N  m−2) paddy conditions (Yoon et al. 2020). 
Over the four years of field plantings, yields were highest in 
seasons with relatively high vegetative growth phase tem-
peratures (Yoon et al 2020), suggesting that co-expressing 
Rca with Rubisco could drive further improvements under 
climate warming scenarios.

Improving thermal stability of Rca

Rubisco itself remains active at temperatures above 50 °C, 
although most isoforms of Rca inactivate around 40 °C 
(Crafts-Brandner and Salvucci 2000). Thus, the observed 
in vivo deactivation of Rubisco at higher temperatures can 
be attributed to the heat sensitivity of Rubisco activase, 
which in turn leads to photosynthetic inhibition and subse-
quent yield loss (Carmo-Silva et al. 2015; Qu et al. 2022). 
Arabidopsis plants expressing a thermostable Rca isoform 
exhibit higher photosynthesis and recovery after a short-
term high-temperature exposure (Kumar et al. 2009) and 
increased biomass and seed yield compared to WT plants 
(Kumar et al. 2009) or those expressing unaltered isoforms 
(Kurek et al. 2007) when grown at elevated temperature. 
Although overexpression of Rca alone can result in lower 
Rubisco content and impaired growth at ambient tempera-
tures (Fukayama et al. 2012, 2018), overexpressing a ther-
motolerant isoform from a rice wild relative improved both 
photosynthesis and yield above a threshold leaf temperature 
in the range of 38–42 °C (Scafaro et al. 2016, 2018). Given 
the additive benefit of co-overexpressing Rubisco and Rca 
discussed above, combining this strategy with a thermosta-
ble superior Rca may drive a growth benefit under optimal 
as well as heat stress conditions.

Many species have multiple isoforms of Rca with dif-
fering heat sensitivity (Crafts-Brandner and Salvucci 2000; 
Crafts-Brandner et  al. 1997; Law and Crafts-Brandner 
2001; Carmo-Silva et al. 2015; Scafaro et al. 2019; Kim 
et al. 2021). In wheat, increased temperatures induce the 
expression of a more thermostable, but less efficient Rca 
(Scafaro et al. 2019; Degen et al. 2020). This trade-off can 
be overcome via mutagenesis and is the result of a single 
amino acid substitution (Degen et al. 2020). Further, the 
trade-off between high-temperature stability and activity is 
not present in the highly active CAM isoform found to be 
10 °C more thermostable than both rice and Arabidopsis Rca 
(Shivhare and Mueller-Cajar 2017), indicating that engineer-
ing Rca for enhanced performance and thermostability is 
possible.

Because in C4 plants  CO2 is concentrated around Rubisco 
in bundle sheath chloroplasts suppressing the oxygenation 
reaction, the stimulation of photorespiration by elevated 
temperatures is minimal or absent. As a consequence, pho-
tosynthesis of C4 plants generally has a higher temperature 
optimum than in C3 plants (Sage and Kubien 2007). PEP 
carboxylase (PEPC) is the primary carboxylase in C4 plants, 
which fixes bicarbonate rather than  CO2. Thus C4 photosyn-
thesis at low  CO2 levels is co-limited by  CO2 diffusion as 
well as by the activities of carbonic anhydrase and PEPC. In 
high  CO2 environments, Rubisco activity and RuBP regen-
eration become important regulators of C4 photosynthesis 
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(von Caemmerer & Furbank 2016). At high temperature, 
electron transport rate and RuBP regeneration have been 
reported as limitations to C4 photosynthesis (Dwyer et al. 
2007; Kubien et al. 2003; Pittermann & Sage 2001; Sage 
2002). Using RNAi transgenics to reduce Rca content in 
the C4 dicot Flaveria bidentis confirmed the requirement 
for Rca, but demonstrated that losses in Rubisco activation 
state and activity above the thermal optimum are not related 
to Rca content, indicating that other factors regulate Rubisco 
activation at high temperatures in C4 species (Hendrickson 
et al. 2008). Yet another report concluded that heat sensitiv-
ity of Rca function is linked with decreased Rubisco activa-
tion in C4 grasses (Perdomo et al. 2017). C4 grass species, 
such as sorghum, have separate α and β genes as do many 

other species but in these grass species the Rca-α form is 
expressed only under heat stress (> 42 °C). Kim et al. (2021) 
found that the induction profile of Rca-α protein paralleled 
the recovery profile of both An and Rubisco activation from 
a 42-°C heat treatment. This correlation between Rca-α iso-
form protein accumulation and the maintenance of Rubisco 
activation suggests that manipulating the regulation of Rca-α 
isoform expression could be a promising strategy to increase 
the temperature tolerance of this group of C4 grasses.

Fig. 2  Chloroplastic photorespiratory bypass pathways tested in 
plants. a Pathway 1 (dark blue) converts glycolate to glycerate using 
five genes from the E. coli glycolate pathway encoding the enzymes 
glycolate dehydrogenase, glyoxylate carboligase, and tartronic semi-
aldehyde reductase. Pathway 2 (pink) achieves this using Oryza 
sativa glycolate oxidase and E. coli catalase (to remove the hydrogen 
peroxide generated by glycolate oxidase), glyoxylate carboligase, and 
tartronic semialdehyde reductase. Major native photorespiratory flux 
through the chloroplast, peroxisome, and mitochondria  (gray, solid 
lines) are also shown, including steps catalyzed by phosphoglycolate 
phosphatase (PGLP) and the glycine decarboxylase cleavage (GDC) 
system. b Differences in above-ground biomass (solid) and grain 
yield (dashed) for various species expressing pathway 1 (dark blue) or 
pathway 2 (pink) relative to unmodified controls. Values greater than 
1 indicate an increase relative to WT controls. c Glycolate oxidation 

pathways release  CO2 in the chloroplast. Pathway 3 (light blue) intro-
duces genes encoding glycolate oxidase, malate synthase, and cata-
lase. Pathway 4 (purple; AP-3) uses Chlamydomonas reinhardtii gly-
colate dehydrogenase (eliminating the need for catalase) and malate 
synthase and downregulates the native glycolate-glycerate exchange 
transporter PLGG1 via RNAi suppression to increase metabolic flux 
through the alternative metabolic pathway. Pathway 5 (green) uses 
glycolate oxidase, oxalate oxidase, and catalase for the consecutive 
decarboxylation of glycolate with production of  CO2. d Differences 
in above-ground biomass (solid) and grain yield (dashed) for various 
species expressing pathway 3 (light blue), pathway 4 (purple, AP-3), 
or pathway 5 (green) relative to unmodified controls. Values greater 
than 1 indicate an increase relative to WT controls. Values reported 
are aggregate means from original study, and error is the coefficient 
of variation. Created with BioRender.com
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Manipulating photorespiration to improve 
thermotolerance

To lower the cost of photorespiration, synthetic pathways 
have been designed to metabolize glycolate and release 
 CO2 in the chloroplast stroma, where it can be immediately 
re-fixed by Rubisco (Fig. 2; recently reviewed in: Eisenhut 
et al. 2019). These “photorespiratory bypass” approaches 
have primarily relied on transgenic technologies to intro-
duce metabolic pathways in plant chloroplasts to either con-
vert glycolate to glycerate (Fig. 2A-B; Kebeish et al. 2007; 
Dalal et al. 2015; Wang et al. 2020; Nayak et al. 2022) or 
fully decarboxylate glycolate to release  CO2 in the chloro-
plast (Fig. 2C-D; Shen et al. 2019; Maier et al. 2012; South 
et al. 2019). Expression of glycolate oxidase in the chlo-
roplast intended to fully decarboxylate glycolate releasing 
 CO2 within the chloroplast has demonstrated a growth and 
yield advantage in field-grown model and agronomic crops 
(South et al. 2019; Shen et al. 2019; Wang et al. 2020). 
South et al. (2019) modified the original glycolate oxida-
tion pathway proposed by Maier et al. (2012) to overex-
press Chlamydomonas reinhardtii glycolate dehydrogenase 
to remove the need for catalase and repressed glycolate 
transport from the chloroplast through suppression of the 
glycolate/glycerate antiporter PLGG1 in tobacco. This path-
way (named AP-3) led to 5–8% increases in the daily inte-
gral of photosynthetic carbon assimilation (A’) and drove 
19–37% increases in biomass in field-grown tobacco relative 
to a WT control (South et al. 2019). Field-grown rice plants 
overexpressing an alternative full decarboxylation strategy 
combining chloroplast-localized glycolate oxidase, oxalate 
oxidase, and catalase (the GOC pathway) again demonstrate 
a photosynthetic and biomass advantage over WT controls in 
agriculturally relevant settings (Shen et al. 2019). When the 
reported diurnal measurements of photosynthesis are con-
verted to A’ (following: BernacchiI et al. 2006), the trans-
genic rice plants fixed 15–25% more daily carbon, driving a 
14–35% increase in biomass over multiple growing seasons, 
although grain yield increases were unstable over growing 
seasons (Shen et al. 2019). Further modification of this path-
way in rice to return inputs to the Calvin–Benson cycle dis-
plays stable yield enhancement (Wang 2020).

In rice and tobacco, the overexpression of the glycolate 
oxidation pathways in chloroplasts appear to benefit pho-
tosynthesis through increased chloroplast  CO2 concentra-
tion, suggesting that synthetic glycolate metabolism could 
mitigate the impact of warming on photosynthetic carbon 
fixation and growth at elevated temperatures. This hypoth-
esis was confirmed by comparing the cost of growth at ele-
vated temperature between AP-3 and WT tobacco plants 
under canopy warming conditions in the field (Cavanagh 

et al. 2022). Following a short-term shift to elevated tem-
perature, plants with engineered photorespiration maintain 
higher rates of net assimilation compared to WT controls. 
Measured over two field plantings, transgenic plants main-
tained ~ 16% greater A’ relative to WT plants under heated 
conditions (i.e., canopy warmed 5 °C relative to ambient). 
Transgenic plants sustained 19% less biomass loss under 
heated conditions compared to control plants, having pro-
duced 26% more total biomass than WT plants under heated 
conditions, compared to 11% under ambient conditions 
(Cavanagh et al. 2022). Overall, this argues against the sug-
gestion that alternative pathways could be maladaptive under 
adverse conditions (Burgess et al. 2023) and provides strong 
proof of concept for targeting photorespiration to improve 
the high-temperature resilience of photosynthesis.

Increasing RuBP regeneration

As temperatures increase and exceed the optimum for pho-
tosynthesis, it is predicted that the rate of RuBP regenera-
tion will become limiting (Sage and Kubien 2007). Rising 
 [CO2] will also shift control away from Rubisco toward 
RuBP regeneration in C3 crops (Bernacchi et al. 2005; 
Sage and Kubien 2007). Therefore, transgenic strategies 
enhancing RuBP regeneration, such as the overexpression 
of the Calvin Cycle enzyme sedoheptulose-1,7-bisphos-
phatase (SBPase) (Raines 2003), should confer an advan-
tage to C3 photosynthesis at elevated temperatures, par-
ticularly when combined with increased  [CO2] treatments. 
Transgenic rice overexpressing SBPase maintain higher 
rates of An (measured at 25 °C) than WT and untrans-
formed control plants following a 2-h temperature stress 
at all temperatures above 35 °C (Feng et al. 2007). Trans-
genic plants also maintained a higher growth rate over the 
three days following heat exposure (between 35 and 45 °C) 
(Feng et al. 2007). A progressive decline in the activa-
tion state of both Rubisco and phosphoribulokinase (PRK) 
was associated with temperature treatments, but SBPase 
overexpressing lines maintained higher rates of activation 
of both enzymes at all temperatures above 35 °C. High 
temperatures also caused Rca to form a greater associa-
tion with the thylakoid membranes in WT but not trans-
genic plants (Feng et al. 2007), suggesting an unresolved 
link between SBPase activity, RuBP regeneration, and 
Rubisco activation state at elevated temperatures. While 
these results indicate that overexpression of SBPase could 
be a transgenic target to improve photosynthetic thermal 
tolerance, they have not demonstrated a benefit over sus-
tained heat treatment. To explore the full benefit of this 
manipulation, field-grown transgenic soybean overex-
pressing the cyanobacterial bifunctional FBP/SBPase was 
simultaneously exposed to elevated  [CO2] and elevated 
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temperature (+ 2.7 °C) (Köhler et al. 2016). Transgenic 
plants maintained higher photosynthetic carbon assimila-
tion, maximal rates of carboxylation, and RuBP regenera-
tion than controls across all treatments. Under ambient 
 [CO2] (400 ppm) conditions, canopy heating resulted in 
yield declines across all genotypes. However, under ele-
vated  [CO2] (600 ppm), overexpression of the bifunctional 
FBP/SBPase was thermoprotective and heated plants 
maintained the same yield as unheated plants, while WT 
showed yield reductions of 11–22% (Köhler et al. 2016). 
Thus, there is strong and continually accumulating evi-
dence that accelerating the rate of RuBP regeneration is a 
viable strategy for simultaneously adapting C3 photosyn-
thesis to two components of climate change: increasing 
atmospheric  [CO2] and increasing growing season temper-
atures. That it appears this adaptation could be achieved 
by the upregulation of single native genes (e.g., SBPase) 
indicates the proof of concept achieved by transgenic 
manipulation might be possible by screening for genetic 
variation in a natural, wild, or mutagenized populations.

Other Promising targets not yet directly 
tested

Transgenic overexpression of photorespiration 
enzymes

Theory suggests that C3 plants overinvest in photorespi-
ration enzymes for optimal growth in current and future 
atmospheres (Zhu et al. 2007). However, antisense knock-
downs of the enzymes involved in the mitochondrial gly-
cine decarboxylase cleavage (GDC) system, which plays a 
central role in regulating photorespiratory flux (Hagemann 
and Bauwe 2016; Timm and Bauwe 2013; Fu et al. 2023), 
result in poor photosynthesis and growth rates in potato 
(Heineke et al. 2001) and rice (Xu et al. 2009). Conversely, 
overexpression the GDC-H and GDC-L proteins separately 
improve photosynthesis and plant growth in Arabidopsis 
(Timm et al. 2012, 2015; Simkin et al. 2017) and tobacco 
(López-Calcagno et al. 2019). This effect is perhaps real-
ized through minimizing the inhibitory accumulation of 
2-PG in the chloroplast while also boosting RuBP regen-
eration by increasing the rate of return of 3-PGA to the 
C3 cycle (Betti et al. 2016; Peterhansel et al. 2013; Flügel 
et al. 2017).

Boosting the capacity of the photorespiratory pathway 
will likely drive a benefit under heat stress, when the rate 
of Rubisco oxygenation increases. Arabidopsis overex-
pressing the stromal protein phosphoglycolate phosphatase 
(PGLP) maintain higher photosynthetic rates after short- 
and long-term exposure to a 10-°C temperature increase 
than do control plants (Timm et  al. 2019), supporting 

the suggestion that a faster photorespiratory metabolism 
improves thermotolerance. However, no growth impacts 
are reported for the plants overexpressing phosphoglyco-
late phosphatase under heat stress. Further, no other sin-
gle photorespiratory enzyme overexpressing line has been 
directly tested under heat stress conditions, though field-
grown tobacco GDC-H overexpression lines have a greater 
growth benefit than greenhouse-grown plants (26–47% 
compared to 13–38%; López-Calcagno et al. 2019), sug-
gesting that this modification can confer resilience under 
higher photorespiratory conditions in the field (high light 
and temperatures). Given the increases in thermotolerance 
conferred by alternative photorespiration (Cavanagh et al. 
2022), future experiments are required to know if enhanc-
ing photorespiratory capacity can directly boost photosyn-
thetic thermotolerance.

Other photorespiration transgenic targets remain to be 
explored. For example, catalase mutants have an increased 
stoichiometry of  CO2 release from photorespiration, due to 
increased non-enzymatic decarboxylation of pyruvate in 
the peroxisome (Bao et al. 2021). Although the full contri-
bution of non-enzymatic decarboxylation on photorespira-
tory  CO2 release remains to be resolved, Bao et al. (2021) 
do note that the activity of glycolate oxidase increases 
more rapidly with temperature than that of catalase in Beta 
vulgaris, which could potentially drive non-enzymatic 
 CO2 degradation at elevated temperatures (Grodzinski 
and Butt 1976). These findings support preliminary work 
on variation in photorespiration (Zelitch 1989). Therefore, 
the transgenic overexpression of peroxisomal catalase, or 
of a more thermotolerant version of the enzyme, might 
improve the efficiency of photorespiration under elevated 
temperatures.

Increasing canopy albedo by reducing leaf 
chlorophyll level

Enhanced reflectance of incident solar radiation by leaves 
(i.e., increased albedo) can result in reduced canopy tem-
perature and transpiration, which would be expected to 
be adaptative by mitigating the increase in temperature, 
drought, and vapor pressure deficit that global change fore-
casts. Field experiments with a pale green soybean mutant 
showed that short wavelength radiative forcing was lower 
by 4.1 ± 0.6  W   m−2 during the growing season and by 
1 ± 0.1 W  m−2 across the full year (Genesio et al. 2021). 
Moreover, modeling by Singarayer et al. (2009) predicted 
that an increase in canopy albedo of 0.04 could have a 
regionally and seasonally specific cooling as much as ~ 1 °C. 
Thus, designing higher albedo canopies is considered a plau-
sible mitigation strategy for global warming (Genesio et al. 
2021).
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Because reduced absorption of solar radiation that accom-
panies increased reflectance (i.e., increased albedo) also low-
ers leaf temperature, higher albedo canopies should increase 
net  CO2 assimilation  (An) by mitigating negative heat stress 
effects (Ainsworth and Ort 2010) and in turn also improve 
water use efficiency (WUE). Cooler soybean canopies lower 
vapor pressure deficit, resulting in higher WUE, which was 
reported for alfalfa with reduced chlorophyll content com-
pared to the full green control (Estill et al. 1991). Albedo 
is measured on a scale from zero for a perfectly black sur-
face to 1 for a perfect reflecting white surface. Considerable 
natural genetic variation in albedo exists within and between 
important crop species such as wheat, barley, corn, oats, rye, 
soybean, and sunflower with values varying from 0.02 to 
0.1 (Breuer et al. 2003). Differences in albedo can be driven 
by differing thickness and types of leaf waxes (Uddin and 
Marshall, 1988), leaf hairiness as well as the arrangement of 
the leaves in the canopy (Hatfield and Carlson 1979), but dif-
ferences in chlorophyll content may be the most predictable 
and least pleiotropic way to engineer albedo (Slattery and 
Ort 2021). For example, it was shown that under field condi-
tions, a soybean mutant containing half of the chlorophyll 
of the near isogenic wild type had lower leaf temperatures 
throughout the growing season (Slattery et al. 2017). It is 
evident that increasing crop canopy albedo has the potential 
to be thermoprotective to photosynthesis and productivity 
at the crop level as well as decrease radiative forcing on a 
regional scale if higher albedo crops are adopted at large 
scale. While there is the legitimate worry that reducing 
absorption of a crop canopy will reduce canopy carbon gain 
and therefore yield, it has been well documented that this 
does not happen for select low chlorophyll mutants. Because 
so much of the light absorbed at the top of dense crop cano-
pies exceeds the capacity of photosynthesis to utilize, leaf 
chlorophyll can be reduced as much as 70% with no or little 
penalty on carbon gain or yield (Slattery et al. 2017; Walker 
et al. 2018). But the direct experimental validation of the 
hypothesis that lower leaf temperature of low chlorophyll 
content crops has not yet been accomplished.

Concluding thoughts

Almost every biological process in a plant from phenology 
to reproduction to water relations is affected by high-tem-
perature stress. As mentioned above, high-temperature stress 
during the reproductive phase of many crops has the largest 
impact on season long yield (Hatfield et al. 2011). Integrat-
ing the impact of temperature on both carbon metabolism 
and reproduction is crucial to reveal potential cross-talk 
between pathways (Ferguson et al. 2021). For example, Sie-
bers et al. (2015) measured reductions in mid-day photosyn-
thesis ranging between 15 and 58% in field-grown soybean 

exposed to a 6-°C heat wave when temperatures warmed 
to above the thermal optimum, regardless of the develop-
mental stage of the crop. However, a 10% reduction in end 
of season yield was only observed when heat waves were 
applied during early pod developmental stages. Heat waves 
imposed during vegetative growth had no lasting impacts on 
yield, indicating that the yield loss was not only due to direct 
impacts of the heat waves on photosynthesis but that effects 
on reproductive process also played a major role. Thomey 
et al. (2019) extended this work to investigate interactions 
of high temperature with elevated  [CO2] showing that the 
stimulation of yield by  [CO2] fertilization was reduced when 
the temperature optimum of soybean was surpassed, further 
implicating temperature sensitivity of reproduction in heat-
induced yield loss. Thus, it is evident that in order to get the 
full benefit of improving the resilience of photosynthesis to 
warming temperatures a commensurate improvement in the 
resilience of reproduction processes will be needed.

There can be no doubt that adapting crops to higher tem-
peratures is nowhere more important or more urgent than 
in Africa. Our focus in this review has been on transgenic 
strategies to improve thermotolerance in crop photosynthe-
sis and this may seem a particularly difficult route toward 
adaptation in Africa. While that may be true, the develop-
ment and the recently approved release of Bt-containing Pod 
Borer-Resistant (PBR) Cowpea for commercial production 
in Nigeria is a path setting demonstration that transgenic 
adaptation in Africa may be possible. Moreover, transgenic 
technologies can also be valuable in providing proof-of-
concept research that an adaptation concept is worthwhile 
before investing in searching for useful genetic variation in 
a natural or mutagenized populations and then introducing 
the trait into target food crops by introgressive hybridization.
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