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1  |  INTRODUCTION

Based on projections of global population growth, 9.7 
billion people will need to be sustainably fed by 2050. 
Economic growth will enrich this population, which will 
likely lead to increased overall food consumption. Besides 
the increased demand for food and animal feed, there will 
also be an increasing pressure arising from competing 
uses for agricultural products, for example to allow a tran-
sition from a fossil- based towards a bio- based economy 
and to limit global climate change through sustainable 
energy supplies (Clark et al., 2020). Moreover, crop pro-
duction will need to be increased using the same or even 
reduced land area to allow for more biodiversity by return-
ing agricultural land to its natural state. Crop production, 
however, will be challenged by climate change, including 
changes in temperature and precipitation, and by an in-
creased incidence of extreme weather events, which all 
decrease yield stability. Total agricultural productivity has 
been estimated to being reduced by 21% since 1961 due to 
climate change (Ortiz- Bobea et al., 2021).

The future requirements for our crops are undeniably 
diverse and highly demanding. In the coming decades, one 
of humanity's greatest challenges will be to sustainably 

improve crop nutritional quality (Scharff et al., 2021) and 
yield. Here, yield refers to the total amount of crop bio-
mass produced per unit area per year (Zhu et al., 2010). 
Increasing yield will depend on selecting the best traits, 
technologies and crops for breeding and crop manage-
ment of plants, targeting sustainable increases in total 
productive potential.

In this review, we present an overview of the key bio-
logical processes underlying crop yield potential that could 
contribute to the futureproofing of our current crops and 
that could be further exploited to improve crop produc-
tivity and safeguard future food security (Figure 1). More 
specifically, we describe a subset of plant traits and their 
genetic basis that contribute to yield potential, including 
photosynthesis, nutrient partitioning and remobilisation, 
leaf longevity, seed filling and plant organ growth and de-
velopment. To go further, crop yield potential is defined 
here as yield in the absence of limitations by input, dis-
ease or suboptimal growing conditions. The conversion of 
radiation to dry matter (radiation use efficiency or RUE) 
and the partitioning of acquired resources can be closely 
related to yield potential in these conditions. Hence our 
selection of sub- traits is based on this principle. Future 
perspectives are presented for each of these areas.
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Abstract
The growing world population and global increases in the standard of living 
both result in an increasing demand for food, feed and other plant- derived prod-
ucts. In the coming years, plant- based research will be among the major driv-
ers ensuring food security and the expansion of the bio- based economy. Crop 
productivity is determined by several factors, including the available physical 
and agricultural resources, crop management, and the resource use efficiency, 
quality and intrinsic yield potential of the chosen crop. This review focuses on 
intrinsic yield potential, since understanding its determinants and their biologi-
cal basis will allow to maximize the plant's potential in food and energy produc-
tion. Yield potential is determined by a variety of complex traits that integrate 
strictly regulated processes and their underlying gene regulatory networks. Due 
to this inherent complexity, numerous potential targets have been identified 
that could be exploited to increase crop yield. These encompass diverse meta-
bolic and physical processes at the cellular, organ and canopy level. We present 
an overview of some of the distinct biological processes considered to be crucial 
for yield determination that could further be exploited to improve future crop 
productivity.

K E Y W O R D S

crop improvement, crop yield, food supply, nutrient remobilisation, organ growth, 
photosynthesis
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2  |  PHOTOSYNTHESIS:  LIGHT 
CAPTURE AND THE EFFICIENCY 
OF CONVERTING LIGHT INTO 
PLANT BIOMASS

The primary determinant of crop biomass production is 
cumulative net photosynthesis over the growing season 
(Ort et al.,  2015), where photosynthesis is defined as a 
plant process using the energy from light to convert car-
bon dioxide (CO2) and water (H2O) into oxygen (O2) and 
carbohydrates. The carbohydrates produced are used by 
the plant for growth and development. In addition, car-
bohydrates provide precursors for a range of diverse mol-
ecules including hormones, lipids and amino acids, and 
thus actually underpin all aspects of plant metabolism. 
Despite its importance, in agriculture photosynthesis has a 
‘real world’ efficiency well below its theoretical maximum 
(Zhu et al.,  2008), with only ~2% and 3% of the energy 
from sunlight being converted into biomass for current C3 
and C4 crops, respectively, when grown under favourable 
conditions (Yin & Struik, 2015). Free- air CO2 enrichment 
(FACE) experiments indicate that raising photosynthetic 
performance may increase crop yields (Ainsworth & 
Long, 2005; Long et al., 2006). Because photosynthesis is 
an energy- transducing metabolic process in which CO2 
fixation occurs via coordinated activities at various levels 

of biological organisation, including cells, organs, whole 
plants and communities (Long et al., 2015), numerous po-
tential targets encompassing diverse metabolic and physi-
cal processes have been identified that could be exploited 
to increase photosynthesis and crop yield. A selection of 
the most promising are highlighted below.

2.1 | Recovery from photoprotection and 
light induction of the Calvin cycle

Absorbed light energy can be in excess of what is required 
for photosynthesis. When a high proportion of chlorophyll 
molecules remain in an excited state and the electron 
transport system is highly reduced, then there is a greater 
risk of energy being transferred to oxygen, producing the 
more energetic and reactive oxygen species (ROS; Møller 
et al., 2007). These ROS can damage the photosynthetic 
machinery and membranes of the plant if they are not re-
moved, and in particular when they are formed in the pho-
tosystem II (PSII) reaction centre, they can damage the 
reaction centre, resulting in a temporary (hours/days time 
range) loss of photosynthetic efficiency until the damaged 
reaction centre is repaired (Aro et al.,  1993; Harbinson 
et al.,  2022; Long et al.,  1994; Murchie & Ruban,  2020). 
The overreduction of PSII can increase the likelihood of 

F I G U R E  1  Options to improve 
crop productivity by improving crop 
yield potential. Crop yield potential 
can be improved via single process 
(green) optimisation, macro- process 
(blue) optimisation or a whole plant 
improvement (e.g. by integrating the 
optimisation of multiple processes in 
parallel, such as photosynthesis and leaf 
longevity). N = nitrogen, C = carbon. The 
mapping of the options to improve crop 
yield potential was performed within 
the CropBooster- P project (https://
www.cropb ooste r- p.eu/) (Baekelandt 
et al., 2022; Harbinson et al., 2021). 
Within the project, a similar mapping 
was done to identify the determinants of 
nutritional quality (Scharff et al., 2021) 
and sustainability (Gojon et al., 2022).
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photoinactivation, that is the functional closure of reaction 
centres, leading to a decline in PSII activity. In addition, it 
is energetically costly to resynthesise PSII after damage by 
ROS (Li et al., 2018; Miyata et al., 2012). One way of pro-
tecting the plants from the negative consequences of excess 
radiation and the damaging effects of ROS is by means of 
enzymatic and non- enzymatic antioxidants. In conditions 
where chlorophyll a excited state lifetimes increase due to 
the limitations imposed on PSII photochemistry by rela-
tively slow electron transport, a further photoprotective 
mechanism engages to quench this excited energy. This 
protective mechanism limits the increase in chlorophyll a 
lifetime and reduces the pressure on blocked PSII reaction 
centres, as such limiting the formation of ROS in the first 
place. The activation of this process involves the protona-
tion of the protein PsbS and the deepoxidation of the xan-
thophyll pigment violaxanthin to zeaxanthin, which drive 
rearrangements within the antenna systems of PSII that 
result in the dissipation of excitation energy as heat; a pro-
cess known as non- photochemical quenching (NPQ; Ahn 
et al.,  2008; Havaux & Niyogi,  1999; Müller et al.,  2001; 
Ruban,  2016). Xanthophylls are made via the methyler-
ythritol phosphate (MEP) pathway that also produces vol-
atile isoprenoids and hormones. These latter compounds 
may also have an important antioxidant effect specifically 
protecting the photosynthetic apparatus and often inter-
acting with each other (Dani & Loreto, 2022). Emission of 
isoprene, the most abundant plant- made volatile organic 
compound, may help to provide stable and homogeneous 
distribution of the light- absorbing centres and more elas-
tic thylakoid membranes (Pollastri et al., 2019, 2021). The 
NPQ process, while effective, has a drawback: it fully en-
gages and disengages relatively slowly, which can result in 
limitations to assimilation in a fluctuating light environ-
ment, as occurring in the plant canopy.

As a determinant of yield, canopy photosynthesis is 
ultimately the product of leaf photosynthesis affected by 
spatial and temporal variation in light intensity and bio-
chemical capacity. In a crop canopy, the light available for 
photosynthesis fluctuates continuously from a high (and 
even saturating) irradiance to light- limiting irradiance, 
due to, for instance, clouds and self- shading (Long et al., 
2022). These changes can take place within the seconds 
time range (Durand et al., 2021) and can, in part, be re-
lieved through changes in canopy structure that facilitate 
an improved canopy light environment (Araus et al., 2021; 
Burgess et al., 2015, 2017; Richards et al., 2019). Ideally, 
the photosynthetic processes would respond immediately 
to these rapid light fluctuations, but this is not the case. 
Following a transition from high to low light irradiance, 
the photoprotective NPQ engaged under high irradiance 
disengages relatively slowly, resulting in a momentary loss 
of light use efficiency for assimilation and therefore of 

potential carbon (C) gain by the plant (Burgess et al., 2015; 
Harbinson et al.,  2022; Hubbart et al.,  2012; Long 
et al., 1994; Murchie & Ruban, 2020; Werner et al., 2001; 
Zhu et al.,  2004). Despite photoprotection being indis-
pensable for plant survival, in silico simulations of photo-
synthesis in crop canopy- like conditions have highlighted 
that a faster tuning of NPQ in response to changing light 
conditions may be important to improve crop production 
potential (Wang, Burgess, et al.,  2020; Zhu et al.,  2004). 
Bioengineering of an accelerated response to natural 
shading events in Nicotiana tabacum, achieved by over-
expressing genes involved in the reversible conversion of 
zeaxanthin to violaxanthin (violaxanthin deepoxidase and 
zeaxanthin epoxidase), and the enzyme PsbS, resulted in 
increased leaf CO2 uptake and plant dry matter productiv-
ity and yield of 14- 25% in the field (Kromdijk et al., 2016; 
De Souza et al., 2022). Upregulating PsbS in rice leaves had 
a minimal effect on growth in constant light environment 
conditions (Hubbart et al.,  2012). Under more realistic 
conditions, when considering a full canopy in fluctuating 
light, rice plants with increased PsbS and lower photoin-
hibition demonstrated higher radiation use efficiency and 
yield, indicating that fluctuating field conditions are cru-
cial when determining productivity (Hubbart et al., 2018).

When subjected to an increase in irradiance, there is a 
delay in achieving a maximal photosynthetic rate, because 
this depends on an increase in metabolite pools and an 
activation of enzymes of the Calvin cycle, and on stomatal 
opening, all of which take time (Harbinson et al., 2022). 
The activation of ribulose- 1,5- bisphosphate carboxylase/
oxygenase (Rubisco), the CO2- fixing enzyme, by Rubisco 
activase (Rca) is particularly slow (Hammond et al., 1998; 
Soleh et al.,  2016; Woodrow & Mott,  1989) and there is 
strong evidence to improve photosynthetic efficiency 
under different circumstances, including fluctuating light, 
by targeting Rubisco (Harbinson et al., 2022). Modelling 
studies in wheat have indicated that the slow adjustment 
of photosynthetic biochemistry during shade- to- sun tran-
sitions reduces flag leaf photosynthesis by about 21% 
(Taylor & Long, 2017). Overexpression of Rca from maize 
in rice results in a slightly increased speed of photosyn-
thetic induction at 25°C (Yamori et al.,  2012) and over-
expressing both Rubisco and Rca results in an increase in 
rice photosynthesis and yield at high temperatures (Qu 
et al., 2021). There is also evidence for significant genetic 
variation underlying the speed at which Rubisco carbox-
ylation activity (Vcmax) increases following a change from 
low-  to high- light conditions in wheat (Salter et al., 2019), 
and slow Rubisco deactivation speed may be linked to 
yield losses under fluctuating light conditions (Taylor 
et al., 2022). In line with this, there was considerable ge-
notypic variation within the 37 parental lines of a nested 
association mapping in soybean, displaying variation in 
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the speed of photosynthetic induction upon shade- to- sun 
transitions (Soleh et al., 2017). An in silico study showed 
that the CO2 assimilation loss attributable to photosyn-
thetic induction ranged between 2 and 17% for these gen-
otypes (Wang, Burgess, et al.,  2020). Finally, substantial 
variation in rates of photosynthetic induction has been 
demonstrated in rice that may be limited by biochemistry 
(Acevedo- Siaca et al., 2021).

While research on photosynthesis has largely focused 
on rates of CO2 uptake under steady- state light conditions, 
it is increasingly apparent that improvements to photosyn-
thesis require an understanding of how dynamic changes 
in the environment determine productivity. Future re-
search efforts require a full characterisation of the light 
environment and the response by plants in field settings. 
It is still unclear how variation in light conditions, in-
cluding the speed and magnitude of changes in intensity 
and spectral quality, quantitatively influence dynamic 
photosynthesis processes in the field, and how this might 
apply to diverse crop architectures (Burgess et al.,  2021; 
Durand et al.,  2021). Modelling approaches could pro-
vide one route towards resolving this, through advances 
in methods that represent 3- dimensional plant structure 
and apply light simulations in silico (Burgess et al., 2017; 
Townsend et al., 2018). Furthermore, while the effects of 
environmental fluctuations tend to focus on short- term 
fluctuations in the intensity of irradiance, changes in in-
tensity will often be accompanied by changes in spectrum 
and not all wavelengths are equally good at driving pho-
tosynthesis (Hogewoning et al., 2012). Changes in irradi-
ance will likely also be accompanied by other changes, 
such as leaf temperature, which will have their own ef-
fects on the photosynthesic processes. Environmental 
changes can also be long- term and not just the short- term 
(minutes to hours) fluctuations that are the focus of much 
current research. Longer term environmental changes 
are likely to be accompanied by longer term changes in 
gene expression and remodelling of photosynthetic and 
other metabolic pathways or processes (Chow et al., 1990; 
van Rooijen et al.,  2018), though currently also largely 
underexplored.

2.2 | Antenna pigment composition and 
electron transport rates

The light- harvesting antennae contain the chlorophyll 
molecules that capture light energy to feed into the pho-
tosystem centres (PSI and PSII), thereby driving electron 
transport. At the top of the canopy, more light energy is 
often absorbed than can be used in the photosynthesis 
process (Walker et al., 2018). This may be beneficial in the 
wild, where a plant capturing more light by its upper leaves 

blocks light transmission to competing understory plants. 
In a mixed crop culture, however, more equal distribution 
of the light- harvesting capacity of leaves across the entire 
canopy may increase productivity (Friedland et al., 2019; 
Walker et al.,  2018; Wu et al.,  2020). Several model-
ling studies have shown that improving photosynthetic 
electron transport components is crucial for increasing 
canopy photosynthesis (e.g. Yin et al., 2022). More specifi-
cally, modelling approaches suggest that when reducing 
the antenna size of PSII or the total leaf chlorophyll in a 
more balanced way (i.e. affect PSI and PSII to the same ex-
tent) and as such reducing light absorption, upper canopy 
leaves could not only save on resources but also allow more 
light to reach lower canopy leaves and therefore improve 
photosynthesis at canopy level (Ort et al., 2011), as shown 
in rice (Gu et al., 2017), wheat (Hamblin et al., 2014) and 
soybean (Walker et al., 2018). The high chlorophyll con-
tent in contemporary crops may be linked to the breeder's 
selection for high leaf nitrogen (N). Chlorophyll- a- oxidase 
has, for instance, been reported to be related to antenna 
size (Friedland et al., 2019; Masuda et al., 2003; Slattery 
et al., 2017) and could thus be a target to improve canopy 
light distribution and therefore canopy light use efficiency 
and assimilation. The photosynthetic apparatus, in par-
ticular Rubisco, constitutes the major pool of N in leaves 
and thus high N content is essential for photosynthesis 
and plant growth (Warren et al., 2000; Zhu et al., 2008). 
Accordingly, dark green leaves, which act as an indica-
tor of N content, were frequently selected for in the past, 
based on expectations this would increase yields due to 
improved C fixation (Friedman et al.,  2016). It appears 
that this selection may have led to crops with a suboptimal 
light distribution (Walker et al., 2018).

The cytochrome b6f (cyt b6f) complex connects elec-
tron transport from PSII to PSI and is under non- light- 
limited conditions the rate- limiting step in the electron 
transport chain. When photosynthesis is not light-  or 
rubisco- limited or limited by the regeneration phase of 
the Calvin cycle, electron transport (and thus the cyt b6f 
complex) will limit photosynthesis and be the cause of 
the loss of photosynthetic light use efficiency. Increasing 
the activity of the cyt b6f complex may therefore also 
increase the photosynthetic rate (von Caemmerer & 
Furbank, 2016). In line with this, it has been shown that 
overexpressing the Rieske FeS protein (PetC) compo-
nent of the cyt b6f complex in Arabidopsis results in a 
concomitant increase in the levels of the cyt f (PetA) and 
cyt b6 (PetB) core proteins of the cyt b6f complex (Simkin 
et al., 2017; Yamori et al., 2016). This leads to an increase 
in the levels of proteins in both PSII and PSI and has 
a significant impact on the quantum efficiency of both 
photosystems, the electron transport, biomass and seed 
yield (Simkin et al.,  2017). Similar results have been 
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seen in the C4 bioenergy grass, Setaria viridis (Ermakova 
et al., 2019). Altogether, these examples demonstrate the 
potential of fine- tuning the electron transport processes 
to increase crop productivity.

There are new opportunities to enhance light harvest-
ing processes and electron transport rates to improve pho-
tosynthesis at both cellular and canopy scales. Although 
canopy light interception is generally not considered a 
major limitation to crop yield, the distribution of pho-
tosynthetic activity can be influenced by enhanced light 
penetration as a result of leaf angle or movement (Burgess 
et al., 2016, 2021). In the future, approaches to optimise 
light use efficiency by electron transport processes should 
be combined with alterations in canopy architecture to 
further enhance the distribution of light transmission. 
We must also underline that increasing the photosynthe-
sis rate of crops without improving nutrient uptake and 
use efficiency at the same time is unlikely to have a posi-
tive impact on yield (Sinclair et al., 2019; Yin et al., 2022). 
Because nutrients like N and phosphorus (P) are essen-
tial components of key cell compounds and, particularly 
for N, among the main drivers of leaf growth and the 
interception of solar energy, dramatic increases in crop 
biomass could only be achievable if such nutrients, and 
solvent water, are sufficient.

2.3 | The photorespiratory 
cost, C4 crops and other CO2- 
concentrating mechanisms

Rubisco is responsible for the fixation of atmospheric 
CO2 and is the first step in producing organic carbon 
compounds. As such, Rubisco plays a central role in de-
termining the rate of CO2 fixation, although some of its 
characteristics may severely compromise photosynthetic 
productivity. Rubisco can react with both CO2 and O2 as 
substrates. Despite catalytic properties favouring CO2 as a 
substrate, 20 to 50% of Rubisco reactions occur with O2 in 
a process called photorespiration, leading to both a waste 
of energy and a loss of fixed C (von Caemmerer,  2020). 
The initial product of the oxygenation reaction, 
2- phosphoglycolic acid (2- PG) inhibits, amongst others, 
some enzymes of the Calvin- Benson cycle and hence 
must be rapidly removed and recycled. Photorespiration is 
considered one of the most energy- demanding metabolic 
processes in plants (Sonnewald, 2018) and regional scale 
models have shown that photorespiration decreases cur-
rent US soybean and wheat yields by 36% and 20%, respec-
tively (Walker et al., 2016). Climate change is expected to 
further influence the balance between photosynthesis and 
photorespiration. On one hand, CO2 concentration is in-
creasing, favouring carboxylation and the Calvin- Benson 

cycle. On the other hand, increasing temperature is de-
creasing the relative CO2/O2 solubility, making O2 more 
available to Rubisco (Walker et al.,  2016). Accordingly, 
photorespiration rates and their negative impact on crop 
yield are projected to increase in the coming decades due 
to global warming (Dusenge et al., 2019).

Since its discovery, reducing photorespiration has 
been seen as an important target for crop improvement 
(Zelitch & Day, 1973). One strategy is to decrease the costs 
associated with photorespiration by introducing novel 
metabolic pathways that efficiently recycle the products 
of Rubisco oxygenation (Peterhansel et al.,  2013). In 
Arabidopsis, introducing photorespiratory bypasses such 
as bacterial glycolate- metabolising enzymes or a glyco-
late decarboxylation pathway that either recycle 2- PG to 
3- phosphoglyceric acid or fully decarboxylate it within the 
chloroplast significantly increases photosynthetic rates 
and biomass production in growth room and greenhouse 
experiments (Kebeish et al., 2007; Maier et al., 2012). In 
silico simulations of these alternative pathways demon-
strated that to maximise the benefits for crops grown 
under field conditions, optimisation should target both 
maximum flux through the alternative pathway as well as 
minimal flux through the current photorespiratory path-
way (Xin et al., 2015). This approach has been pursued in 
tobacco, where three distinct alternative pathways were 
evaluated, recently reviewed in Eisenhut et al.  (2019). 
All three pathways start with glycolate, which is formed 
from 2- PG by the plant native enzyme 2- PG phosphatase. 
They differ in downstream biochemical processes and the 
number of transgenes required: two, three or five. Each 
of the alternative pathways has been combined with 
the repression of the plastidal glycolate/glycerate trans-
porter PLGG1 to reduce the efflux of glycolate from the 
chloroplast and increase the efficiencies of the synthetic 
bypasses. Field trials with engineered tobacco plants iden-
tified the two- transgene alternative pathway in combina-
tion with the repression of PLGG1 as the most effective 
strategy, and the plants displayed significant biomass 
increases compared with controls (South et al.,  2019). 
Promising biomass increases in 14 to 35% and grain yield 
increases in 7%– 27% were also reported following the in-
troduction of an alternative photorespiratory pathway in 
rice, which suppressed photorespiratory rates by 18%– 31% 
compared with the controls (Shen et al., 2019; Wang, Shen, 
et al., 2020). Similar promising results were reported for 
the oilseed crop Camelina sativa (Dalal et al., 2015), sug-
gesting that this approach could be exploited to improve 
yield in a wide range of C3 crops (South et al.,  2018). It 
is however unclear whether plants with alternative path-
ways will maintain performance advantages, or even ex-
perience adverse effects relative to controls, when grown 
under suboptimal conditions.
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As an alternative strategy to reduce photorespiration, 
the Rubisco oxygenation reactions could be decreased by 
increasing the CO2 concentration around the enzyme. In 
C3 crops, CO2 concentration is expected to be much lower 
at the Rubisco active sites than in the atmosphere, be-
cause of stomatal and mesophyll resistances to CO2 dif-
fusion towards the chloroplasts. Where these resistances 
are greater, photosynthesis will be diminished and pho-
torespiration increased (Iñiguez et al., 2020). The chloro-
plast CO2 concentration is generally further reduced when 
plants are exposed to abiotic stresses linked with stomatal 
closure (Flexas et al.,  2004, 2006). To increase CO2 con-
centration at Rubisco sites, some photosynthetic algae, 
bacteria and plants have evolved C- concentrating mech-
anisms (CCMs), such as C4 photosynthesis (Sage, 2004). 
In C4 photosynthesis, a two- step process of CO2 assimila-
tion is spatially distributed within cells or between cells 
within leaf tissues. In current C4 crop plants like maize, 
sorghum, sugarcane and millet, gaseous CO2 is initially 
fixed by phosphoenolpyruvate carboxylase (PEPC) into 
C4 acids, which are then transported to deeper, gas- tight, 
bundle sheath cells where decarboxylation occurs, releas-
ing CO2 for subsequent recapture by Rubisco (Sage, 2004). 
In bundle sheath cells of C4 crops, there is also no or only 
little O2 production (Westhoff et al., 1990), further increas-
ing the relative CO2 concentration near Rubisco (Sage 
et al., 2012). Because there is an approximately tenfold in-
crease in the CO2 concentration within the bundle sheath 
cells, Rubisco oxygenation reactions are almost entirely 
suppressed (Carmo- Silva et al., 2008).

Converting C3 into C4 crops is an ambitious goal re-
quiring both anatomical and biochemical changes and 
with components of bundle sheath and mesophyll tis-
sues expressed and regulated correctly to be functional 
(Ermakova et al.,  2020; Lin et al.,  2020). Many of the 
necessary 'building blocks' are already available within 
C3 crops and recent developments in bioinformatics and 
biotechnology make success more realistic (https://c4rice.
com/). Alternative approaches that do not require ana-
tomical changes are to add cyanobacterial, algal or antho-
cerote CCMs to crop chloroplasts. Unlike the CCM of C4 
plants, which relies on a biochemical pump, these CCMs 
work by means of biophysical CO2 or bicarbonate pumps. 
In the cyanobacterial CCM, Rubisco is packed within a 
protein- bound structure called the carboxysome, while in 
the algal or anthocerote CCM, Rubisco aggregates to form 
a structure called the pyrenoid (Atkinson et al., 2020; Long 
et al., 2015; Price et al., 2013). Creating a high CO2 concen-
tration in the carboxysome or pyrenoid would reduce the 
energetic loss to photosynthesis due to the oxygenation 
of ribulose- 1,5- bisphosphate and allow Rubisco to work 
more efficiently by producing a CO2 concentration closer 
to saturation for that enzyme. Modelling studies suggest 

that this could increase crop yield by approximately 30% 
(McGrath & Long, 2014), or by even higher percentages 
if the energy requirement of cyanobacterial CCMs is con-
firmed to be lower than the ATP- costly C4 crop CCMs (Yin 
& Struik,  2017). Substantial progress has already been 
made by introducing functional cyanobacterial Rubisco 
into crops and by expressing both alpha and beta forms 
of the carboxysomes in plants (Lin, Occhialini, Andralojc, 
Devonshire, et al., 2014; Lin, Occhialini, Andralojc, Parry, 
& Hanson, 2014; Long et al., 2018; Wang, Yan, et al., 2019). 
However, to be effective, the rest of the cyanobacterial 
system must also be present and functional (Atkinson 
et al., 2020). The research field of CCMs is relatively new 
and may offer great opportunities to improve the photo-
synthetic rates and thus plant yield.

While not a CCM, increases in the diffusion of CO2 
from the free air surrounding the leaf towards the site of 
carboxylation would increase the CO2 concentration at 
the site of carboxylation and thus increase the photosyn-
thetic rates. This diffusive pathway includes the boundary 
layer, stomatal and mesophyll conductance. Increases in 
any of these would, all other things being equal, increase 
the CO2 concentration in the chloroplast. Mesophyll con-
ductance is not only a major diffusional limitation for CO2 
(Warren,  2008), but improving mesophyll conductance 
would also allow an increase in the photosynthetic water 
use efficiency for C3 plants (Flexas et al.,  2012, 2013). 
Physical (e.g. cell wall and membrane and chloroplast 
surface area and movement) and biochemical (e.g. aqua-
porins and carbonic anhydrase availability) factors may 
both contribute to limit CO2 concentration in the chlo-
roplasts, hence limiting photosynthesis (Evans,  2021). 
Increasing mesophyll conductance has been proposed as a 
target for improving photosynthesis and crop yields (Ren 
et al., 2019). Little, however, is known about the underly-
ing genetics of mesophyll conductance (Flexas et al., 2012, 
2013; Ren et al., 2019). An increased density of leaf vena-
tion has also been associated with a higher rate of photo-
synthesis (Boyce et al., 2009; Brodribb et al., 2007).

3  |  NUTRIENT PARTITIONING 
AND REMOBILISATION, LEAF 
LONGEVITY AND SEED FILLING

An important component of plant productivity is the 
partitioning of organic C and N among the various 
plant organs (Evans & Poorter, 2001; Yadav et al., 2015). 
Nutrient partitioning requires export from the sites of 
primary uptake and assimilation, transport throughout 
the plant by phloem and xylem, and import into the var-
ious sink organs such as seeds, taproots and rhizomes 
(Tegeder & Masclaux- Daubresse,  2018). In perennial 
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trees and grasses, for instance, stems and roots serve as 
reservoirs storing C and N. The major energy and C stor-
age compounds of plants are starch, fructans and oils, 
whereas the N storage compounds are mainly proteins. 
Proteins represent 10%– 40% of the total seed weight de-
pending on the plant species (Baud et al., 2008). The re-
serves that accumulate after satisfying the demands of 
plant growth and metabolism determine the quality of 
harvested plant products for human and animal food 
(Pask et al., 2012). Increasing the capacity of plants to 
store nutrients in non- photosynthetic organs, like stems 
or tubers, may extend the duration of photosynthe-
sis and be one way to increase nutrient use efficiency 
(Martre et al., 2007).

For most species, seeds are also main storage organs. 
They typically accumulate large reserves of nutrients 
that will significantly support germination and the early 
stages of plant development in all but a few exceptional 
cases. Seed filling therefore is highly important for plant 
fitness and is essential for food security, because it de-
termines both seed size and nutritional quality. In crops, 
efficient seed filling is a key factor controlling yield (El- 
Zeadani et al., 2014; Houshmand et al., 2022; Reynolds 
et al., 2021; Sehgal et al., 2018). Several crucial steps in N 
allocation need to be taken into consideration to improve 
crop productivity and nutritional quality of harvested 
products (Paul et al.,  2017). These include optimising 
source- sink ratios, promoting efficient translocation of 
assimilates to harvestable organs and optimising the 
balance between biosynthetic activities in vegetative or-
gans and nutrient remobilisation from senescing organs 
towards reproductive organs (Havé et al.,  2017). Here, 
we present some of these processes and the underlying 
molecular players that could be exploited to improve in-
trinsic crop yield.

3.1 | Carbohydrate allocation to 
harvestable parts

Crop productivity can be improved by targeting C al-
location towards the harvestable plant organs, such as 
stems, tubers, roots, reproductive organs and seeds, by 
directly modifying genes controlling the processes of 
carbohydrate accumulation in source and sink organs 
(Foulkes et al., 2022; Lu et al.,  2020; Murchie et al., 
2022; Oszvald et al., 2018). Trehalose 6- phosphate (T6P) 
is the phosphorylated precursor of the non- reducing 
glucose disaccharide trehalose. It is known that T6P 
acts as a signal of sucrose availability that regulates 
plant growth and development (Fichtner & Lunn, 2021; 
Paul et al., 2018). T6P has been shown to increase pho-
tosynthetic rates in maize, N. tabacum and rice (Li 

et al., 2022; Oszvald et al., 2018; Pellny et al., 2004). Low 
levels of T6P are thought to act as a starvation signal 
that stimulates sucrose flux towards the sinks (Oszvald 
et al., 2018). Altering the levels of T6P in wheat, using 
genetic variations in trehalose phosphate synthase 
(TPS) and trehalose phosphate phosphatase (TPP) 
genes, was identified as a promising strategy to enhance 
sink strength and source- sink interactions (Lawlor & 
Paul,  2014; Lyra et al.,  2021). Overexpression of TPP, 
encoding a T6P phosphatase, in the phloem vasculature 
of female reproductive tissues of maize, decreases T6P 
levels in developing cobs and results in a relocation in 
sucrose and amino acids from cob pith towards devel-
oping kernels (Oszvald et al.,  2018). Moreover, target-
ing the T6P regulation results in increased maize yield 
(Nuccio et al., 2015). A TPP gene in wheat was found to 
underlie a quantitative trait locus (QTL) associated with 
grain size (Zhang et al., 2017) and applying a chemically 
modified plant- permeable analogue of T6P to wheat ten 
days after anthesis increases both grain size (up to 20%) 
and starch accumulation (Griffiths et al., 2016).

T6P inhibits the feast- famine protein kinase Sucrose 
non- fermenting 1 (Snf1)- RELATED KINASE 1 (SnRK1), 
which is a master gene of sucrose sensing. SnRK1 is ac-
tivated upon C starvation or stress. Its antagonist, the 
TARGET OF RAPAMYCIN (TOR) kinase is activated 
upon nutrient supply (Dobrenel et al.,  2016). In this 
way, SnRK1 and TOR play paramount roles in the regu-
lation of plant growth in response to the nutrient status 
of plant tissues (Burkart & Brandizzi,  2021; Ingargiola 
et al., 2020; Li et al., 2021). Interestingly, the SnRK1/TOR 
complex not only controls starch accumulation but also 
lipid synthesis and nutrient recycling through autophagy 
(Baena- González & Hanson, 2017). SnRK1 interacts with 
the ATAF1 transcription factor, which integrates C star-
vation responses. ATAF1 induces the expression of auto-
phagy genes that control nutrient recycling but is also a 
repressor of the GOLDEN2- LIKE1 (GLK1) transcription 
factor, which is involved in chloroplast maintenance. It 
is thus likely that ATAF1 is involved in the fine- tuning 
of the shift from C and N primary assimilation to nutri-
ent recycling (Garapati, Feil, et al.,  2015; Garapati, Xue, 
et al., 2015; Kleinow et al., 2009). As such, manipulating 
the TOR/SnRK1 balance or activities would be a way to 
control nutrient assimilation and storage on one hand, as 
well as nutrient recycling and mobilisation on the other 
hand (Liu & Bassham, 2010).

The altered allocation of resources upon modula-
tion of the T6P/SnRK1 pathway can be explained by the 
upregulation of SWEET sucrose transporters (Oszvald 
et al.,  2018). SWEET4 genes encode hexose transport-
ers involved in the uptake of hexoses produced by cell 
wall invertases in developing seeds (Sosso et al., 2015). 
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These genes have been targets for selection during do-
mestication, and modulation of their expression and/
or activity is an alternative strategy to increase carbohy-
drate uptake into developing seeds (Sosso et al., 2015). 
Besides SWEET proteins, the sucrose transporters SUT 
and SUC are involved in apoplastic loading (Bürkle 
et al.,  1998). In the Atsuc2- 4 mutant, phloem loading 
can be rescued upon expression of AtSUC1, AtSUC2 or 
ZmSUT1 (Dasgupta et al., 2014). In addition, apoplastic 
unloading needs to be enhanced, for instance in seeds. 
Overexpression of AtSTP13, encoding a sugar trans-
porter, increases glucose uptake by Arabidopsis seeds, 
resulting in an increase in plant biomass (Schofield 
et al., 2009). Conversely, RNAi- mediated knock- down of 
the high- affinity hexose transporter gene LeHT leads to 
a massive decrease in fruit hexose accumulation in to-
mato (McCurdy et al., 2010). The sucrose phloem load-
ing mechanism appears to be conserved across many 
crops (Braun et al., 2014) and understanding the under-
lying mechanisms may thus offer great potential to im-
prove yield of various crops. Since most crops still seem 
to have sink limitation during seed filling, breeders will 
need to keep improving C allocation to harvestable parts. 
Additionally, it is recognised that C assimilate availabil-
ity through remobilisation of C storage should prolong 
starch synthesis and increase C allocation to seeds by 
extending the duration of seed growth. For example in 
wheat, breakdown of fructans feeds growing seeds: fruc-
tan exohydrolase 1- FEH v3 mapping on chromosome 
6B is a useful marker for fructose breakdown (Khoshro 
et al., 2014; Zhang et al., 2008).

Optimising the source- sink transfer is a promising 
and feasible way to optimise photosynthesis and improve 
the productivity of crops (Dingkuhn et al., 2020; Oszvald 
et al., 2018). In many crop species, photosynthesis during 
the seed- filling period appears to be responsive to in-
creases in seed sink strength through genetic effects that 
increase seed number, even in modern cultivars with al-
ready high seed numbers (e.g. Acreche & Slafer,  2009). 
More specifically, the T6P/SnRK1/TOR pathway might 
be amenable for yield improvement (Baena- González & 
Hanson, 2017; Paul, 2021) and several T6P pathway genes 
are amongst those associated with domestication im-
provement in maize (Hufford et al., 2012). Interventions 
that modify T6P through genetic modification in maize 
(Nuccio et al.,  2015), chemical application in wheat 
(Griffiths et al., 2016) and natural variation in wheat and 
rice have shown that the T6P pathway is not yet optimised 
in crops and thus has potential for further yield improve-
ment (Lyra et al.,  2021; Paul et al.,  2020). To establish 
which changes can be made to further improve crop yield 
and resilience, it will remain interesting and important to 
understand how the T6P pathway, and likely also other 

pathways involved in source- sink transfer, can be modi-
fied through breeding.

3.2 | Regulation of senescence and 
nitrogen remobilisation

During seed formation, C dedicated to seed filling is 
mainly provided by photosynthetic C fixation occurring 
in leaves and in the fruit tissues, such as pod walls in leg-
umes, silique envelopes in Brassicaceae, and glumes and 
awns in cereals (Araus & Tapia, 1987; Cliquet et al., 1990; 
Tambussi et al., 2021). The lifespan of the leaf controls the 
duration of photosynthetic C fixation and primary N as-
similation, establishing the total C and N uptake by the 
crop, strongly impacting seed yield. The timing and rate of 
the leaf senescence then determine nutrient recycling and 
mobilisation, both important for seed filling with N and 
other nutrients (Masclaux- Daubresse et al., 2010). Thus, 
the process of seed filling and the accumulation of major 
seed reserves are intimately linked with the senescence of 
the source tissues in many plant species (Havé et al., 2017; 
Woo et al., 2019). Leaf senescence is also controlled by en-
dogenous factors including phytohormones and metabolic 
status, and exogenous factors such as shading, drought or 
nutrient deficiencies (Jordan et al., 2012; Kim et al., 2018). 
Cytokinin hormones are endogenous inhibitors of leaf 
senescence (Gan & Amasino,  1995). Various attempts 
have been made to delay senescence by altering cytokinin 
levels as a way to increase biomass and seed yield (Dani 
et al., 2022). Interestingly, cytokinins regulating leaf and 
plant senescence seem to be intimately connected to iso-
prenoid metabolism (Dani et al.,  2022) and this may be 
one reason why only deciduous leaves emit isoprene 
(Loreto & Fineschi, 2015). In various model and crop spe-
cies, overexpression of the IPT cytokinin synthesis gene 
in senescing tissues has been obtained using promoters 
of senescence- associated genes (Guo & Gan,  2014; Jordi 
et al.,  2000). For instance, SENESCENCE- ASSOCIATED 
GENE 12 (SAG12) from Arabidopsis, SENESCENCE- 
ENHANCED 1 (SEE1) from maize, SENESCENCE- 
ASSOCIATED RECEPTOR- LIKE KINASE (SARK) from 
bean, CYSTEINE PROTEASE (Ghcysp) from cotton and 
SENESCENCE- ASSOCIATED GENE 39 (SAG39) from 
rice have been used to delay leaf senescence and increase 
plant performances (Guo & Gan, 2014). In a different ap-
proach, a delay in senescence has been obtained by lower-
ing the senescence- promoting hormones such as salicylic 
acid (SA) by expressing the bacterial SA hydroxylase 
NAPHTHALENE CATABOLIC GENE (NahG) or by mu-
tating the isochorismate synthase gene SALICYLIC ACID 
INDUCTION DEFICIENT 2 (SID2; Abreu & Munné- 
Bosch, 2009). The linked reduction in SA levels leads to 
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a marked increase in biomass and seed production, indi-
cating that alterations in SA levels could be exploited to 
increase crop yield (Abreu & Munné- Bosch, 2009).

At the transcriptional level, leaf senescence is gov-
erned by several transcription factors mainly belonging to 
the NAC and WRKY protein families (Borrill et al., 2019; 
Cormier et al.,  2015, 2016; Derkx et al.,  2021; Distelfeld 
et al., 2012; Lee & Masclaux- Daubresse, 2021). Amongst 
these proteins is ATAF1 discussed in relation to carbo-
hydrate allocation to harvestable parts and a NAM- B1 
transcription factor that has been identified from a quan-
titative genetic study in durum wheat. The NAM- B1 gene, 
also known as the Gpc- B1 locus on chromosome 6B of 
bread wheat, is a master gene controlling leaf senescence, 
grain yield and protein content (Uauy et al., 2006; Waters 
et al., 2009). Whereas modern wheat varieties rarely carry 
a functional NAM- B1 allele, the ancestral wild wheat al-
lele of NAM- B1 (Triticum turgidum ssp. Dicoccoides DIC 
allele) accelerates senescence and increases nutrient 
(N, Fe and Zn) remobilisation from leaves to developing 
grains (Distelfeld et al.,  2014). An analysis of published 
data revealed that the presence of a functional copy of the 
NAM- B1 gene is associated with increased protein and 
micronutrient content in grains, though with a margin-
ally negative effect on yield (Pearce et al.,  2014; Tabbita 
et al., 2017). Effects of NAM- B1 alleles were also found in 
barley, and better performing alleles are used in several 
cereal breeding programmes (Parrott et al.,  2012). Some 
other genes of the same family, like the homologous 
NAM- A1 (with its functional allele NAM- A1a), could be 
used to improve wheat grain protein content while main-
taining yield (Alhabbar et al., 2018; Cormier et al., 2015; 
Derkx et al., 2012). Several other leaf senescence regula-
tory genes, identified in Arabidopsis and rice, were shown 
to confer functional stay- green phenotypes and yield im-
provements, for example the Ghd7 (Grain number, plant 
height and heading date 7) and ONAC2 genes of rice (Lee 
& Masclaux- Daubresse,  2021; Mao et al.,  2017; Singh 
et al., 2021; Wang et al., 2015).

Seed filling with N can be achieved through post- 
flowering N uptake from the soil during seed formation 
and through remobilisation of organic N from senescing 
vegetative tissues. Because seed storage protein content 
largely relies on N remobilisation (Masclaux et al., 2001), 
the onset of leaf senescence and its rate are major factors 
for grain protein content (Thomas et al., 2002; Thomas & 
Howarth,  2000; Van Oosterom, Borrell, et al.,  2010; Van 
Oosterom, Chapman, et al.,  2010). The photosynthetic 
apparatus is known to be the largest protein reserve 
and N source in leaves for remobilisation (Peoples & 
Dalling, 1988; Warren et al., 2000; Zhu et al., 2008). Thus, 
a trade- off between photosynthesis and senescence leads 
to a trade- off between maximising C assimilation versus 

N remobilisation for seed production and seed filling 
(Yin et al., 2022). As a consequence, frequently selected- 
for- stay- green phenotypes are not always associated with 
higher yields because maintenance of the photosynthetic 
apparatus is counterproductive for N remobilisation to-
wards developing seeds (Thomas & Ougham, 2014).

Studies of the metabolic pathways and cellular mech-
anisms controlling nutrient fluxes from senescing leaves 
towards the seeds have mainly focused on N- metabolism 
enzymes, ATG proteins involved in macro- autophagy ma-
chinery and proteases (Havé et al., 2017; Lee & Masclaux- 
Daubresse,  2021). Amongst them is the prominent role 
of macro- autophagy in N remobilisation from leaves 
to the seeds, which has been demonstrated in several 
plant species as Arabidopsis, maize and rice (Guiboileau 
et al.,  2012; Li et al.,  2015). The macro- autophagy ma-
chinery is a vesicular mechanism essential for the traf-
ficking of cytoplasmic components to the lytic vacuole, 
where proteolytic activities will degrade them to release 
nutrients (Masclaux- Daubresse et al.,  2017). The induc-
tion of macro- autophagy in senescing leaves has a funda-
mental role in (i) maintaining cell longevity by removing 
oxidised components that are potentially toxic and (ii) 
nutrient recycling by driving unwanted proteins and mac-
romolecule to degradation in the vacuole, thus providing 
amino acids and sugars for remobilisation towards the 
seeds (Guiboileau et al.,  2012; James et al.,  2018, 2019; 
Li et al.,  2015; Pružinská et al.,  2017). Fine- tuning of 
autophagy activity in leaves is essential to maintain leaf 
longevity. Increasing autophagy improves nitrogen use 
efficiency (NUE) in Arabidopsis and rice, because it facil-
itates the release of N metabolites in source tissues (Chen 
et al., 2019; Guiboileau et al., 2012; Yu et al., 2019). The 
nature of the transporters involved in the release of the 
products of autophagy from the vacuole and further from 
leaf cells, for phloem loading and export from senescing 
leaves to seed loading, has been poorly investigated so 
far. The LEUCINE- HISTIDINE TYPE TRANSPORTER 
1 (LHT1), which improves amino acid uptake at the root 
level, could also play a role in N remobilisation because it 
is also induced with senescence in leaves (Guo et al., 2020; 
Hirner et al., 2006; Wang, Yang, et al., 2019). The AAP8 
AMINO ACID PERMEASE (AAP), which is involved in 
phloem loading of amino acids in source leaves, has been 
shown to control seed loading (Santiago & Tegeder, 2016; 
Zhang et al.,  2010, 2015). The UmamiT transporters 
(UmamiT11, UmamiT28, UmamiT29 and UmamiT18) 
have been shown to control free amino acids levels in 
fruits and during seed development (Ladwig et al., 2012; 
Müller et al., 2015). Remobilisation of inorganic N during 
senescence might also be interesting for seed filling in 
plants that are able to store nitrate or ammonium in vac-
uoles. The NRT1.7 and NRT2.5 nitrate transporters and 
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the Dur3 urea transporter are induced during senescence 
and remobilise nitrate and urea from Arabidopsis leaves 
to sink tissues during senescence (Bohner et al., 2015; Fan 
et al., 2009; Kojima et al., 2007; Lezhneva et al., 2014; Wu 
et al.,  2014). Several transporters were identified as tar-
gets to improve N flux towards seeds, and manipulation 
of several nitrate and amino acid transporters successfully 
improved yield and NUE in several plant species (Tegeder 
& Masclaux- Daubresse, 2018). Although the precise role 
of many transporters in phloem loading, unloading and 
xylem to phloem translocation is not well known, the con-
current activations of some of these transporters is a strat-
egy to improve N flux towards seeds that deserves further 
research.

It is well known that amino acid catabolism occurs in 
senescing leaf tissues to support mitochondrial respiration 
through conversion to keto- acids (Chrobok et al.,  2016). 
The cytosolic GLUTAMINE SYNTHETASES (GS1) and 
ASPARAGINE SYNTHETASES (ASN) that are induced 
during leaf senescence are essential to reassimilate am-
monium released from amino acid catabolism. These 
enzymes contribute to the synthesis of glutamine and 
asparagine that are the preferred amino acids for phloem 
loading (Havé et al., 2017; Lee, 2021; Moison et al., 2018; 
Xu et al., 2012). Manipulation of these enzymes is com-
plex as they exist as multigenic families. Several studies 
performed in maize and rice report the positive effects 
of activation of these enzymes on plant productivity, 
which encourages their manipulation (Lee, Marmagne, 
et al., 2020; Lee, Park, et al., 2020; Martin et al., 2006).

The important limiting steps in N management for 
biomass and yield improvement are the capacities of 
plants to provide enough N at the right place and at the 
right time of development to support optimal growth of 
the plant organs. For that, the capacity of a plant to use 
structural proteins, enzymes and other macromolecules 
as N reservoirs in vegetative tissues is essential. Plants that 
have the capacity to efficiently degrade, recycle and trans-
locate organic N from macromolecules without affecting 
cell longevity, need less inorganic N input. Such an ability 
requires the simultaneous modulation of the metabolic 
and physiological processes mentioned throughout this 
review, such as photosynthesis, senescence and nutrient 
transport and partitioning. In addition, because the pho-
tosynthetic machinery represents the main N reservoir in 
vegetative green tissues of most plants, leaf senescence 
has opposite effects on C fixation and N remobilisation.

The impact of the regulatory genes of the leaf senes-
cence programme on photosynthesis, nutrient partition-
ing, nutrient translocation and grain production needs 
further investigation to understand the interaction of all 
these gene products controlling leaf longevity, chloro-
plast maintenance, plant growth and nutrient recycling 

throughout the plant's lifespan. Breaking this negative 
relationship to obtain plants that can maintain both C fix-
ation and N recycling and mobilisation as long as possi-
ble is an interesting future research question for breeding 
strategies.

3.3 | Oil/lipid metabolism

Many plant species, including model species such as 
Arabidopsis and crops such as sunflower and rapeseed, 
accumulate fatty acids as the principal energy source in 
seeds. Fatty acid production relies on sucrose produced 
through photosynthesis and transported to the seeds 
(Miray et al., 2021; Troncoso- Ponce et al., 2016). Sucrose 
is hydrolysed to glucose and fructose, which are then con-
verted to acetyl- coenzyme A (CoA) via glycolysis. Acetyl- 
CoA is then utilised for fatty acid biosynthesis in seed 
plastids, from which triacylglycerols (TAGs) are synthe-
sised in the endoplasmic reticulum and accumulate in oil 
bodies (oleosomes). Manipulation of enzymes and tran-
scription factors involved in TAG metabolism has been 
thoroughly explored, and several have increased oil con-
centrations in seeds (Kong et al.,  2020; Troncoso- Ponce 
et al.,  2016; van Erp et al.,  2014; Weselake et al.,  2009). 
Other strategies for increasing oil content in seeds in-
clude manipulating chloroplast fatty acid transporters 
to increase seed oil accumulation (Li et al.,  2020; Tian 
et al., 2018).

The pull, push and protect approach (Vanhercke, 
Petrie, et al.,  2014) consists of the induction (push), the 
synthesis (pull) and the protection (protect) of TAG- 
containing bodies (oil bodies) in plants. This approach 
was used to promote oil production and accumulation in 
vegetative tissues and especially in leaves. The concur-
rent overexpression in N. tabacum of (i) the Arabidopsis 
WRINKLED1 (WRI1) gene that encodes a transcription 
factor that enhances the expression of genes involved in 
lipid synthesis, (ii) the ACYL- COA:DIACYLGLYCEROL 
ACYLTRANSFERASE1 (DGAT1) gene that promotes the 
formation of oil bodies, and (iii) the OLEOSIN gene that 
codes for a coat protein that defines and protects oil bod-
ies results in the production of the ‘high oil’ tobacco lines 
that contained 15% more TAGs (dry weight) in their leaves 
(Marchive et al., 2014; Vanhercke et al., 2013; Vanhercke, El 
Tahchy, et al., 2014). Furthermore, Vanhercke et al. (2017) 
silenced the SUGAR- DEPENDENT1 (SDP1) gene encod-
ing a lipase that degrades oil bodies to interrupt the first 
step of TAG turnover and overexpressed the Arabidopsis 
thaliana transcription factor LEAFY COTYLEDON 2 
(LEC2) in the ‘high oil’ tobacco previously engineered. 
The LEC2 master regulator of seed maturation and oil ac-
cumulation in seeds was expressed under the control of 
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the senescence- associated promoter SAG12, to minimise 
negative pleiotropic effects of constitutive LEC2 expres-
sion (Kim et al.,  2015). These new constructs increased 
TAG accumulation levels in the leaf tissues by 30%– 33% 
relative to the wild type (Vanhercke et al.,  2017, 2019). 
Several studies also demonstrate the positive effect of 
intercepted light and leaf senescence retardation and on 
seed oil content (Aguirrezábal et al., 2003; Andrianasolo 
et al.,  2016). In addition to the efforts made to increase 
oil yield, studies aimed at improving oil quality (Napier & 
Graham, 2010). For instance, numerous biotechnological 
solutions were proposed to change oil composition to fit to 
the diversity of consumer demands (Haslam et al., 2016).

To summarise, successes have been achieved leading 
to increases in oil accumulation not only in seeds but also 
in vegetative tissues, offer new perspectives in producing 
high- energy plant products. Plant metabolism is exceed-
ingly plastic and capable of offering solutions that meet 
human needs in terms of oil quality and quantity, includ-
ing nutrition, food processing, industrial processes and 
biofuel production. So far, however, this potential is un-
derexploited because of limited understanding. To meet 
the future crop productivity demands, it is crucial to un-
ravel the mechanisms and genetic regulation underlying 
oil and lipid metabolism, as well as their interconnections 
with other plant processes.

4  |  PLANT ORGAN GROWTH AND 
DEVELOPMENT

A key determinant of crop yield is organ growth and de-
velopment, of which several aspects and their link with 
the photosynthetic and nutrient remobilisation processes 
were described earlier. Plant growth is controlled by com-
plex, highly interconnected networks of regulators that 
integrate many different internal and external signals, 
including light, sugars, water availability and minerals 
(Hilty et al.,  2021). These inputs are translated into dis-
tinct processes, such as the spatial organisation of plant 
tissues, the cell cycle and/or cell expansion, cell– cell com-
munication and cell death.

4.1 | Leaf growth and development

Leaves are often taken as model organs to elucidate vari-
ous processes underlying organ growth and the underlying 
molecular pathways. In addition, leaves are the direct and 
main source of plant- derived products and the predomi-
nant sites of photosynthesis. In their role as major C-  and 
energy- producing factories, leaves allow plants to sustain 
their growth, to complete their life cycle and to form other 

organs of agricultural importance, such as seeds and fruits 
(Barber,  2009; Demura & Ye,  2010; Tsukaya,  2013; Zhu 
et al., 2010).

Leaf development is a multifactorial and dynamic 
process, and distinct aspects of leaf development and 
the underlying molecular networks have been identi-
fied and reviewed extensively (Gonzalez et al.,  2012; 
Hepworth & Lenhard, 2014; Nelissen et al., 2016; Nelissen 
& Gonzalez,  2020; Powell & Lenhard,  2012; Vercruysse 
et al.,  2020). At a cellular level, the main mechanisms 
that contribute to leaf size and/or shape determination 
are (i) the number of cells recruited to the organ primor-
dium (Efroni et al.,  2010; Kalve et al.,  2014; Reinhardt 
et al., 2000), (ii) the rate and (iii) duration of cell division 
(Andriankaja et al., 2012; Donnelly et al., 1999; Gonzalez 
et al., 2012; Vercruysse et al., 2020), (iv) the rate and (v) 
duration of cell expansion and (vi) the extent of meri-
stemoid division, the re- iterative asymmetric division of 
stomatal precursor cells (Bergmann & Sack, 2007; Geisler 
et al., 2000; Larkin et al., 1997). Impinging on one of these 
processes often results in an alteration in cell number 
and/or cell size, affecting final leaf size and/or shape and 
plant biomass (Gonzalez et al., 2012; Nelissen et al., 2016; 
Vercruysse et al., 2020).

Leaf growth- regulatory genes encode proteins of di-
verse functional classes involved in the regulation of a sin-
gle or multiple cellular processes (Gonzalez et al.,  2010; 
Hepworth & Lenhard,  2014; Krizek,  2009; Schneider 
et al.,  2021). The PEAPOD (PPD)/KINASE- INDUCIBLE 
DOMAIN INTERACTING (KIX)/STERILE APETALA 
(SAP) module is an example of a leaf growth- regulatory 
module that is highly conserved to regulate cell number 
in numerous eudicot species (Schneider et al.,  2021). 
Upon down- regulation of the PPD/KIX complex or up- 
regulation of STERILE APETALA (SAP), mediating post- 
translational degradation of the PPD/KIX complex, cell 
division is significantly increased in leaves, resulting in 
significant shoot biomass increases in up to about 50% 
(Schneider et al., 2021). Besides the PPD pathway, there are 
several other key regulators of organ growth with highly 
conserved functions, such as the CYTOCHROME P450 
78A (CYP78A) family (Anastasiou et al., 2007; Stransfeld 
et al., 2010; Wang et al., 2008), and the CELL NUMBER 
REGULATOR (CNR) (Guo et al.,  2010), TONNEAU1 
Recruiting Motif (TRM) (Guo & Simmons,  2011; 
Wang, Pan, et al., 2019), SUN (Sun et al., 2017), OVATE 
(Snouffer et al., 2020), YABBY (Strable et al., 2017; Zhang 
et al., 2019) and WOX (Cho et al., 2013; Wang et al., 2017) 
proteins. Several of the identified leaf growth regulators 
also regulate fruit or seed size (Chen et al., 2021; Monforte 
et al., 2014; Schneider et al., 2021; Sun et al., 2017), sug-
gesting that the growth processes may, at least in part, be 
similarly regulated in above- ground organs. Although 
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increasing sink size could be a way to increase yield, an 
increase in seed size may also result in a concurrent but 
adverse impact on the harvest index (Masclaux- Daubresse 
& Chardon, 2011). For instance, in soybean lines in which 
the PPD orthologue BIG SEEDS 1 (BS1) is down- regulated, 
seed size is increased but accompanied with the produc-
tion of less seeds (Ge et al., 2016). Some growth regulators 
also connect organ size to other important yield- related 
traits. For instance, KLU, a member of the CYP78A family, 
acts as a positive regulator of organ growth, leaf longevity 
and drought tolerance in maize plants (Jiang et al., 2021), 
while GROWTH REGULATING FACTOR 5 (GRF5) 
stimulates leaf size, photosynthesis and leaf longevity 
(Vercruyssen et al.,  2015). The strong effects on diverse 
plant organs in numerous species indicate that target-
ing these conserved key leaf growth- regulatory pathways 
(Vercruysse et al.,  2020) may offer great potential to in-
crease crop productivity.

Besides cell proliferation, cell expansion also contrib-
utes to final leaf size, and a close coordination between 
both processes is fundamental for proper organ develop-
ment (Andriankaja et al.,  2012; Vercruysse et al.,  2020). 
Leaf cells can loosen or tighten their primary walls, re-
vealing that the molecular processes underlying irrevers-
ible cell wall expansion are dynamically controlled. Cell 
expansion is proposed to be predominantly regulated 
by EXPANSINs (EXPs), known for a long time to play a 
crucial role during cell wall loosening (Cosgrove, 2000a, 
2000b; Vercruysse et al.,  2020) and to integrate various 
developmental, genetic and environmental growth sig-
nals (Muller et al., 2007). Besides EXPs, XYLOGLUCAN 
ENDOTRANSGLUCOSEYLASE/HYDROLASEs (XTHs), 
PECTIN METHYLESTERASEs (PMEs) and pectin mate-
rials have been identified as key components of cell wall 
mechanics and therefore growth control (Cosgrove, 2015; 
Phyo et al.,  2017; Schmidt et al.,  2016; Vercruysse 
et al., 2020). The most recent discoveries also point towards 
a role for cell wall sensor pathways, such as FERONIA 
(Cheung & Wu,  2011; Li et al.,  2016) and THESEUS1 
(Cheung & Wu,  2011; Hématy et al.,  2007) receptor- like 
kinases (RLKs), in response to diverse signals. FERONIA 
activates the production of ROS, known to be important 
mediators for diverse processes, including cell expansion 
and stress resistance (Ji et al., 2020). Although a short list 
of cell expansion modulators has been established, their 
exact role on affecting cell wall extensibility is for most 
unknown, and the underlying molecular mechanisms are 
underexplored. It is of crucial importance to understand 
how these molecular actors coordinate the response to 
environmental stresses, because any growth modification 
in plant leaves is concurrent with, and possibly controlled 
by, changes in cell wall properties (Cosgrove,  2018). 
Particularly relevant will be a better understanding of 

their link to the water fluxes towards the growing cells 
(Touati et al., 2015), and therefore also plant growth, sur-
vival and stress resistance (Chenu et al.,  2009). This in-
dicates that basic mechanisms underlying organ growth 
may also link towards other processes that might be im-
portant for obtaining climate- resilient crops and a sustain-
able agriculture.

In eudicots, such as Arabidopsis, leaves are generally 
round and contain a reticulate venation pattern, whereas 
leaves of monocot grasses, such as maize, are narrow 
and long with a parallel- like venation pattern (Nelson & 
Dengler,  1997). Despite these distinct leaf shapes, sev-
eral studies demonstrated that the cellular and molecular 
mechanisms governing leaf growth in eudicots and mono-
cot grasses are largely conserved (Liu et al., 2009; Nelissen 
et al., 2016; Peterson et al., 2010; Raissig et al., 2017). In 
monocot leaves, however, the proliferation, expansion 
and mature developmental stages are predominantly sep-
arated in a spatial manner with dividing cells located near 
the base of the leaf, followed by expanding and mature 
cells positioned towards the tip of the leaf (Avramova 
et al.,  2015; Fournier et al.,  2005; Nelissen et al.,  2016). 
In addition, whereas stomata are distributed in a random 
manner in eudicots, solely following the ‘one- cell spacing 
rule’, stomata are organised in a linear manner in grass 
species (Liu et al.,  2009; Peterson et al.,  2010; Raissig 
et al., 2017). Accordingly, not all processes translate across 
species (Gong et al.,  2022), for instance, because grass 
leaves lack meristemoids, the stomatal precursors in eudi-
cot species, the process of meristemoid asymmetric cell di-
vision and the proteins regulating this process, are absent 
in monocot grasses (Gonzalez et al., 2015; Liu et al., 2009; 
Schneider et al., 2021; Vatén & Bergmann, 2012).

4.2 | Improving crop phenology

Given the more frequent occurrence of extreme weather 
conditions, altering developmental stages is also a key fac-
tor to adapt the crop life cycle to abiotic stress. Although 
a longer growing season means more photosynthesis, 
earlier flowering might be an option to avoid heat stress 
during the grain- filling period (Gouache et al., 2012). For 
example, wheat phenology (number of days between the 
sowing and heading or flowering time) is regulated by a 
small number of loci (Bogard et al., 2014; Fischer, 2011; 
Trevaskis,  2010) and as such gives the opportunity for 
researchers and breeders to directly use this genetic in-
formation to enhance breeding programmes. In brief, 
wheat phenology is defined by three components (Le 
Gouis et al., 2012; Rousset et al., 2011): (i) vernalisation, 
that is the requirement for exposure to cold temperatures 
to induce the transition between the vegetative and the 
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reproductive phase, is mainly governed by the Vrn gene 
family, including Vrn- A1, Vrn- A2 and Vrn- B3 on homolo-
gous chromosomes 4, 5 and 7; (ii) the photoperiod, that is 
the sensitivity to the inductive effect of long days on the 
transition between the vegetative and the reproductive 
phase, is mainly governed by the Ppd- 1 genes family lo-
cated on homologous chromosomes 2, including Ppd- D1, 
Ppd- B1 and Ppd- A1; and (iii) earliness per se, referred to as 
the remaining variability independent of vernalisation re-
quirement and photoperiod sensitivity, is the less known 
component with only one locus mapped as a Mendelian 
factor located on chromosome 1D (Eps- D1).

Increasing yield by altering the flowering time as a 
means to avoid heat stress during anthesis or grain fill-
ing could, however, also have a countereffect, because the 
duration and therefore total amount of radiation inter-
ception is directly linked to crop biomass accumulation 
(Monteith, 1972). Accordingly, an optimal balance among 
these processes will be required to optimise crop perfor-
mance. In parallel, alterations of developmental stages 
to counteract the effect of abiotic stresses will need to be 
accompanied by other adaptation strategies, such as im-
proving genetic tolerance against these stresses (Gojon 
et al., 2022).

4.3 | Root development

In addition to the biological processes underlying the 
growth and development of the above- ground plant parts, 
the roots deserve discussion in the context of yield poten-
tial. Roots are still an under- appreciated component of 
crop productivity despite providing the means to capture 
soil water and essential mineral elements required to gen-
erate the canopy that provides photosynthates. In addi-
tion, a well- developed root system allows for an increased 
crop resilience in periods of water deficit, nutrient deficit 
and adverse soil conditions such as compaction (Pandey 
et al., 2021). Roots constitute a substantial proportion of 
plant biomass but are rarely measured in experiments 
involving yield components and their link with traits 
processes determining yield potential is usually not con-
sidered. Variation in root growth may represent a source 
of genetic improvement that could support higher canopy 
photosynthesis (Murchie & Reynolds,  2013). However, 
roots have a higher respiratory cost than shoots and form 
intricate growth- promoting interactions with microorgan-
isms in the soil (rhizosphere). Root system properties such 
as architecture (e.g. depth, root front velocity, root angle, 
seminal root number, root hairs and total root length) 
could be improved to enhance resource capture, espe-
cially under conditions where water, essential microbes or 
nutrients are (partially) limiting (Manschadi et al., 2006; 

Ober et al.,  2021; Xie et al.,  2017). Moreover, there may 
be signalling links between root processes and photosyn-
thetic function, such as the observation that lowering sto-
matal density via the gene EPIDERMAL PATTERNING 
FACTOR 1 (EPF1) can induce root aerenchyma formation 
(Mohammed et al., 2019).

To summarise, modulation of organ growth offers 
major potential for increasing plant yield. Various regula-
tors of leaf growth, their targets and interacting proteins 
as well as the interactions between these growth regula-
tory modules have been described (Beemster et al., 2005; 
Gonzalez et al., 2012; Hepworth & Lenhard, 2014; Nelissen 
et al., 2016; Tsukaya, 2013; Vercruysse et al., 2020). Besides 
getting a better view on the growth and development of 
the above- ground plant parts, root growth, development 
and architecture will need to be further unravelled in the 
coming decades. Specifically, a better understanding is 
required of how root phenotypes might influence other 
plant traits, such as photosynthesis or nutrient uptake, 
and vice versa. Root- to- shoot ratio is a plastic trait in 
plants (Ledo et al.,  2018). In the past, breeding has un-
relentessly favoured above- ground biomass production, 
often penalising root systems. For example, this has led to 
the neglect and even loss of perennial crop plants, mainly 
cereals (Crews & Cattani,  2018). In an increasingly dry 
and hot world, investing in a root system that provides suf-
ficient supply of water and nutrients to the above- ground 
biomass will also be a useful and complementary strategy 
to future- proofing plants (Lombardi et al., 2021).

5  |  CONCLUSIONS AND FUTURE 
POTENTIAL

To future- proof agriculture, our current crops will need 
to be re- imagined improving their performance. In this 
review, several major yield components and the under-
lying molecular mechanisms have been presented that 
contribute to intrinsic yield potential: photosynthesis, 
nutrient partitioning and remobilisation, leaf longevity, 
seed filling and some aspects of plant organ growth and 
development (Figure  1). Various molecular pathways 
underlying these biological processes have been identi-
fied that offer great potential to increase crop productiv-
ity. Manipulating C and N partitioning to enhance yield 
of harvestable plant organs, for instance, has been the 
basis of crop domestication and remains a major avenue 
for increasing not only yield but also stress resilience and 
nutritional value of seeds (Yadav et al.,  2015). Despite 
this, uncertainties remain, and significant research is 
needed to address them. Improving the efficiency by 
which light energy is converted into biomass has, for 
instance, not yet been a target of direct selection, and 
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the options to improve the light conversion efficiency to 
increase crop yield are still largely underexplored (Long 
et al., 2015; Zelitch, 1982).

Food security will require a sustainable increase in 
crop yields with guaranteed nutritional value. Whilst im-
proving nutritional quality is outside the scope of this re-
view, methods to increase protein, vitamin and nutrient 
levels can be found in Scharff et al. (2021), and any future 
crop improvement strategies must consider both yield and 
nutritional quality. This is of particular importance given 
that in the context of rising CO2, some loss of nutritional 
value is also expected (Donnelly et al.,  1999; Ebi et al., 
2021; Myers et al., 2014).

To meet both food and nutritional security, we will 
need to improve crop nutrient economy whilst simul-
taneously increasing agricultural production without 
increasing the use of fertilisers, which pose further pres-
sure on the environment. It is clear that improving the 
photosynthetic processes, nutrient remobilisation, and 
growth and development of root and shoot systems can 
contribute to achieve these goals. So far, these traits have 
been studied independently, but metabolic pathways 
are integrated in the organismal physiology of plants. 
Connections between traits determining crop yield have 
become more clear, indicating that, although impinging 
on individual processes offers perspectives to increase 
crop productivity, the processes underlying crop yield 
are strongly interlinked and should be considered holis-
tically to develop high- yielding crops and avoid adverse 
off- target effects. Therefore, it will be important not only 
to extend knowledge of individual pathways, regulators 
and their contributions to plant performance, but to 
also analyse how genes, at the network level, cooperate 
to exert specific functions and to reveal the connections 
between the different networks and biological processes. 
For instance, N uptake and use are not only essential de-
terminants of efficient photosynthesis but are also highly 
interlinked with photorespiration in different tissues and 
organs, both at the intracellular and intercellular level 
(Nunes- Nesi et al., 2010). N uptake and use are also in-
fluenced by plant growth and development, for example 
through plasticity of root structural and transport charac-
teristics that modulate exploration of the soil and intake 
capacity (Gautrat et al., 2021; De Pessemier et al., 2022). 
In turn, the capacities of the roots to acquire N depend on 
C fixation by photosynthesis, with root C availability rep-
resenting a major constraint affecting root architecture 
and development (Freixes et al.,  2002). These multiple 
interconnections between N assimilation and C metab-
olism are of major importance for crop production, and 
eco- physiological studies have demonstrated that C and 
N intake are the major limiting variables in models of 
plant biomass production (Foulkes et al., 2009).

The challenge in breeding for crop optimisation lies 
in combining or stacking promising plant traits, requir-
ing a holistic approach that encompasses the manifold 
processes underlying productivity (Figure 1). This is be-
coming possible because of improved technical, (field) 
phenotyping and network engineering capacities (Araus 
et al., 2018; Juliana et al., 2019; Reynolds et al., 2020), 
for which crop modelling approaches show high po-
tential (Yin et al., 2022). In addition to increasing crop 
performances by using modern breeding tools (marker- 
assisted selection and/or genomic selection), a recent 
advance in climate change adaptation is the combined 
use of crop models and genomic prediction to define 
cultivar ideotypes (Bogard et al.,  2014, 2021; Gouache 
et al., 2017). Compared to the classical crop modelling 
approach, defining ideotypes using marker- based crop 
model parameters that take into account the genetic 
structures of phenology and other traits in the avail-
able germplasm (e.g. Gu et al., 2014; Kadam et al., 2019) 
avoids the risk of defining ‘pure in silico’ ideotypes that 
may be difficult to obtain by breeding or marker- assisted 
selection due to genetic limitations, such as linkage drag 
and pleiotropic effects.

Superior high- yield crop varieties will need to be 
harnessed in the context of imminent effects of climate 
change. Abiotic stresses, such as heat, salinity, water 
management (e.g. drought, flooding) and freezing, will 
need to be met with strategies for resistance, resilience 
and/or acclimation and better resource (e.g. water, phos-
phorus, N and minerals) uptake and use efficiency (Gojon 
et al., 2022). Part of the grand challenge to improve crop 
yields is to combine yield potential with resilience to 
both biotic and abiotic stressors (Harbinson et al., 2021). 
Future crops must have good yield stability with a high 
resilience to adverse climate and volatile weather condi-
tions if we are to minimise the environmental impact of 
agriculture. Notwithstanding the complexity of the sys-
tem, some important control points have been identified 
that could be explored to improve crop productivity. For 
some processes, optimisation in low- stress conditions 
was also shown to increase crop performance under 
abiotic stress conditions (Nuccio et al., 2015; Voss- Fels 
et al., 2019). Alterations of the T6P/SnRK1 pathway, for 
instance, result in positive changes in photosynthesis, 
growth and development (Paul et al., 2001, 2020; Pellny 
et al., 2004) in non- stressed conditions, as well as with 
drought stress during the flowering period (Nuccio 
et al., 2015).

ACKNOWLEDGEMENTS
The review is developed within the CropBooster- P pro-
ject (https://www.cropb ooste r- p.eu/), which has re-
ceived funding from the European Union's Horizon 

 20483694, 2023, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/fes3.435 by T

est, W
iley O

nline L
ibrary on [23/02/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://www.cropbooster-p.eu/


16 of 29 |   BURGESS et al.

2020 Research and Innovation Program under grant 
agreement No. 817690. The authors thank Dr Annick 
Bleys (VIB- UGent) for her comments and input to the 
manuscript.

FUNDING INFORMATION
No funding was received to support this research.

CONFLICT OF INTEREST
The authors declare that they have no conflict of interest.

DATA AVAILABILITY STATEMENT
Data sharing is not applicable to this article as no new data 
were created or analyzed in this study.

ORCID
Alexandra J. Burgess   https://orcid.
org/0000-0002-1621-6821 
Céline Masclaux- Daubresse   https://orcid.
org/0000-0003-0719-9350 
Günter Strittmatter   https://orcid.
org/0000-0002-3172-5042 
Andreas P. M. Weber   https://orcid.
org/0000-0003-0970-4672 
Samuel Harry Taylor   https://orcid.
org/0000-0001-9714-0656 
Jeremy Harbinson   https://orcid.
org/0000-0002-0607-4508 
Xinyou Yin   https://orcid.org/0000-0001-8273-8022 
Stephen Long   https://orcid.org/0000-0002-8501-7164 
Matthew J. Paul   https://orcid.
org/0000-0002-2001-961X 
Peter Westhoff   https://orcid.org/0000-0002-4621-1490 
Francesco Loreto   https://orcid.
org/0000-0002-9171-2681 
Aldo Ceriotti   https://orcid.org/0000-0002-8230-8863 
Vandasue L. R. Saltenis   https://orcid.
org/0000-0002-1455-7171 
Mathias Pribil   https://orcid.org/0000-0002-9174-9548 
Philippe Nacry   https://orcid.org/0000-0001-7766-4989 
Lars B. Scharff   https://orcid.org/0000-0003-0210-3428 
Poul Erik Jensen   https://orcid.
org/0000-0001-6524-7723 
Bertrand Muller   https://orcid.org/0000-0001-6387-9460 
Jean- Pierre Cohan   https://orcid.
org/0000-0003-2117-7027 
John Foulkes   https://orcid.org/0000-0002-7765-8340 
Peter Rogowsky   https://orcid.org/0000-0003-4822-3783 
Philippe Debaeke   https://orcid.
org/0000-0002-4173-8170 
Christian Meyer   https://orcid.org/0000-0002-7994-5693 
Hilde Nelissen   https://orcid.org/0000-0001-7494-1290 
Dirk Inzé   https://orcid.org/0000-0002-3217-8407 

René Klein Lankhorst   https://orcid.
org/0000-0003-1845-8733 
Martin A. J. Parry   https://orcid.
org/0000-0002-4477-672X 
Erik H. Murchie   https://orcid.
org/0000-0002-7465-845X 
Alexandra Baekelandt   https://orcid.
org/0000-0003-0816-7115 

REFERENCES
Abreu, M. E., & Munné- Bosch, S. (2009). Salicylic acid deficiency in 

NahG transgenic lines and sid2 mutants increases seed yield in 
the annual plant Arabidopsis thaliana. Journal of Experimental 
Botany, 60(4), 1261– 1271. https://doi.org/10.1093/jxb/ern363

Acevedo- Siaca, L. G., Coe, R., Quick, W. P., & Long, S. P. (2021). 
Variation between rice accessions in photosynthetic induc-
tion in flag leaves and underlying mechanisms. Journal 
of Experimental Botany, 72(4), 1282– 1294. https://doi.
org/10.1093/jxb/eraa520

Acreche, M. M., & Slafer, G. A. (2009). Variation of grain nitrogen 
content in relation with grain yield in old and modern Spanish 
wheats grown under a wide range of agronomic conditions in 
a Mediterranean region. Journal of Agricultural Science, 147(6), 
657– 667. https://doi.org/10.1017/S0021 85960 9990190

Aguirrezábal, L. A. N., Lavaud, Y., Dosio, G. A. A., Izquierdo, N. G., 
Andrade, F. H., & González, L. M. (2003). Intercepted solar radi-
ation during seed filling determines sunflower weight per seed 
and oil concentration. Crop Science, 43(1), 152– 161. https://doi.
org/10.2135/crops ci2003.1520

Ahn, T. K., Avenson, T. J., Ballottari, M., Cheng, Y.- C., Niyogi, K. K., 
Bassi, R., & Fleming, G. R. (2008). Architecture of a charge- 
transfer state regulating light harvesting in a plant antenna 
protein. Science, 320(5877), 794– 797. https://doi.org/10.1126/
scien ce.1154800

Ainsworth, E. A., & Long, S. P. (2005). What have we learned from 
15 years of free- air CO2 enrichment (FACE)? A meta- analytic 
review of the responses of photosynthesis, canopy properties 
and plant production to rising CO2. New Phytologist, 165(2), 
351– 372. https://doi.org/10.1111/j.1469- 8137.2004.01224.x

Alhabbar, Z., Islam, S., Yang, R., Diepeveen, D., Anwar, M., Balotf, S., 
Sultana, N., Maddern, R., She, M., Zhang, J., Ma, W., & Juhasz, 
A. (2018). Associations of NAM- A1 alleles with the onset of se-
nescence and nitrogen use efficiency under Western Australian 
conditions. Euphytica, 214(10), 180. https://doi.org/10.1007/
s1068 1- 018- 2266- 4

Anastasiou, E., Kenz, S., Gerstung, M., MacLean, D., Timmer, 
J., Fleck, C., & Lenhard, M. (2007). Control of plant organ 
size by KLUH/CYP78A5- dependent intercellular signaling. 
Developmental Cell, 13(6), 843– 856. https://doi.org/10.1016/j.
devcel.2007.10.001

Andrianasolo, F., Debaeke, P., Champolivier, L., & Maury, P. 
(2016). Analysis and modelling of the factors controlling 
seed oil concentration in sunflower: A review. Oilseeds & 
fats, Crops and Lipids, 23(2), D206. https://doi.org/10.1051/
ocl/2016004

Andriankaja, M., Dhondt, S., De Bodt, S., Vanhaeren, H., Coppens, 
F., De Milde, L., Mühlenbock, P., Skirycz, A., Gonzalez, N., 
Beemster, G. T. S., & Inzé, D. (2012). Exit from proliferation 

 20483694, 2023, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/fes3.435 by T

est, W
iley O

nline L
ibrary on [23/02/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://orcid.org/0000-0002-1621-6821
https://orcid.org/0000-0002-1621-6821
https://orcid.org/0000-0002-1621-6821
https://orcid.org/0000-0003-0719-9350
https://orcid.org/0000-0003-0719-9350
https://orcid.org/0000-0003-0719-9350
https://orcid.org/0000-0002-3172-5042
https://orcid.org/0000-0002-3172-5042
https://orcid.org/0000-0002-3172-5042
https://orcid.org/0000-0003-0970-4672
https://orcid.org/0000-0003-0970-4672
https://orcid.org/0000-0003-0970-4672
https://orcid.org/0000-0001-9714-0656
https://orcid.org/0000-0001-9714-0656
https://orcid.org/0000-0001-9714-0656
https://orcid.org/0000-0002-0607-4508
https://orcid.org/0000-0002-0607-4508
https://orcid.org/0000-0002-0607-4508
https://orcid.org/0000-0001-8273-8022
https://orcid.org/0000-0001-8273-8022
https://orcid.org/0000-0002-8501-7164
https://orcid.org/0000-0002-8501-7164
https://orcid.org/0000-0002-2001-961X
https://orcid.org/0000-0002-2001-961X
https://orcid.org/0000-0002-2001-961X
https://orcid.org/0000-0002-4621-1490
https://orcid.org/0000-0002-4621-1490
https://orcid.org/0000-0002-9171-2681
https://orcid.org/0000-0002-9171-2681
https://orcid.org/0000-0002-9171-2681
https://orcid.org/0000-0002-8230-8863
https://orcid.org/0000-0002-8230-8863
https://orcid.org/0000-0002-1455-7171
https://orcid.org/0000-0002-1455-7171
https://orcid.org/0000-0002-1455-7171
https://orcid.org/0000-0002-9174-9548
https://orcid.org/0000-0002-9174-9548
https://orcid.org/0000-0001-7766-4989
https://orcid.org/0000-0001-7766-4989
https://orcid.org/0000-0003-0210-3428
https://orcid.org/0000-0003-0210-3428
https://orcid.org/0000-0001-6524-7723
https://orcid.org/0000-0001-6524-7723
https://orcid.org/0000-0001-6524-7723
https://orcid.org/0000-0001-6387-9460
https://orcid.org/0000-0001-6387-9460
https://orcid.org/0000-0003-2117-7027
https://orcid.org/0000-0003-2117-7027
https://orcid.org/0000-0003-2117-7027
https://orcid.org/0000-0002-7765-8340
https://orcid.org/0000-0002-7765-8340
https://orcid.org/0000-0003-4822-3783
https://orcid.org/0000-0003-4822-3783
https://orcid.org/0000-0002-4173-8170
https://orcid.org/0000-0002-4173-8170
https://orcid.org/0000-0002-4173-8170
https://orcid.org/0000-0002-7994-5693
https://orcid.org/0000-0002-7994-5693
https://orcid.org/0000-0001-7494-1290
https://orcid.org/0000-0001-7494-1290
https://orcid.org/0000-0002-3217-8407
https://orcid.org/0000-0002-3217-8407
https://orcid.org/0000-0003-1845-8733
https://orcid.org/0000-0003-1845-8733
https://orcid.org/0000-0003-1845-8733
https://orcid.org/0000-0002-4477-672X
https://orcid.org/0000-0002-4477-672X
https://orcid.org/0000-0002-4477-672X
https://orcid.org/0000-0002-7465-845X
https://orcid.org/0000-0002-7465-845X
https://orcid.org/0000-0002-7465-845X
https://orcid.org/0000-0003-0816-7115
https://orcid.org/0000-0003-0816-7115
https://orcid.org/0000-0003-0816-7115
https://doi.org/10.1093/jxb/ern363
https://doi.org/10.1093/jxb/eraa520
https://doi.org/10.1093/jxb/eraa520
https://doi.org/10.1017/S0021859609990190
https://doi.org/10.2135/cropsci2003.1520
https://doi.org/10.2135/cropsci2003.1520
https://doi.org/10.1126/science.1154800
https://doi.org/10.1126/science.1154800
https://doi.org/10.1111/j.1469-8137.2004.01224.x
https://doi.org/10.1007/s10681-018-2266-4
https://doi.org/10.1007/s10681-018-2266-4
https://doi.org/10.1016/j.devcel.2007.10.001
https://doi.org/10.1016/j.devcel.2007.10.001
https://doi.org/10.1051/ocl/2016004
https://doi.org/10.1051/ocl/2016004


   | 17 of 29BURGESS et al.

during leaf development in Arabidopsis thaliana: A not- so- 
gradual process. Developmental Cell, 22(1), 64– 78. https://doi.
org/10.1016/j.devcel.2011.11.011

Araus, J. L., Kefauver, S. C., Zaman- Allah, M., Olsen, M. S., & Cairns, 
J. E. (2018). Translating high- throughput phenotyping into ge-
netic gain. Trends in Plant Science, 23(5), 451– 466. https://doi.
org/10.1016/j.tplan ts.2018.02.001

Araus, J. L., Sanchez- Bragado, R., & Vicente, R. (2021). Improving 
crop yield and resilience through optimization of photosynthe-
sis: Panacea or pipe dream? Journal of Experimental Botany, 
72(11), 3936– 3955. https://doi.org/10.1093/jxb/erab097

Araus, J. L., & Tapia, L. (1987). Photosynthetic gas exchange char-
acteristics of wheat flag leaf blades and sheaths during grain 
filling: The case of a spring crop grown under Mediterranean 
climate conditions. Plant Physiology, 85(3), 667– 673. https://
doi.org/10.1104/pp.85.3.667

Aro, E. M., McCaffery, S., & Anderson, J. M. (1993). Photoinhibition 
and D1 protein degradation in peas acclimated to different 
growth irradiances. Plant Physiology, 103(3), 835– 843. https://
doi.org/10.1104/pp.103.3.835

Atkinson, N., Mao, Y. W., Chan, K. X., & McCormick, A. J. (2020). 
Condensation of Rubisco into a proto- pyrenoid in higher plant 
chloroplasts. Nature Communications, 11(1), 6303. https://doi.
org/10.1038/s4146 7- 020- 20132 - 0

Avramova, V., Sprangers, K., & Beemster, G. T. S. (2015). The maize 
leaf: Another perspective on growth regulation. Trends in 
Plant Science, 20(12), 787– 797. https://doi.org/10.1016/j.tplan 
ts.2015.09.002

Bürkle, L., Hibberd, J. M., Quick, W. P., Kühn, C., Hirner, B., & 
Frommer, W. B. (1998). The H+- sucrose cotransporter NtSUT1 is 
essential for sugar export from tobacco leaves. Plant Physiology, 
118(1), 59– 68. https://doi.org/10.1104/pp.118.1.59

Baekelandt, A., Saltenis, V. L. R., Pribil, M., Nacry, P., Harbinson, J., 
Rolland, N., Wilhelm, R., Davies, J., Inzé, D., Parry, M. A. J., & 
Klein Lankhorst, R. (2022). CropBooster- P: Towards a roadmap 
for plant research to future- proof crops in Europe. Food and 
Energy Security, e428. https://doi.org/10.1002/fes3.428

Baena- González, E., & Hanson, J. (2017). Shaping plant develop-
ment through the SnRK1– TOR metabolic regulators. Current 
Opinion in Plant Biology, 35, 152– 157. https://doi.org/10.1016/j.
pbi.2016.12.004

Barber, J. (2009). Photosynthetic energy conversion: Natural and 
artificial. Chemical Society Reviews, 38(1), 185– 196. https://doi.
org/10.1039/b802262n

Baud, S., Dubreucq, B., Miquel, M., Rochat, C., & Lepiniec, L. (2008). 
Storage reserve accumulation in Arabidopsis: Metabolic and 
developmental control of seed filling. Arabidopsis Book, 6, 
e0113. https://doi.org/10.1199/tab.0113

Beemster, G. T. S., De Veylder, L., Vercruysse, S., West, G., Rombaut, 
D., Van Hummelen, P., Galichet, A., Gruissem, W., Inzé, D., & 
Vuylsteke, M. (2005). Genome- wide analysis of gene expression 
profiles associated with cell cycle transitions in growing organs 
of Arabidopsis. Plant Physiology, 138(2), 734– 743. https://doi.
org/10.1104/pp.104.053884

Bergmann, D. C., & Sack, F. D. (2007). Stomatal development. Annual 
Review of Plant Biology, 58, 163– 181. https://doi.org/10.1146/
annur ev.arpla nt.58.032806.104023

Bogard, M., Hourcade, D., Piquemal, B., Gouache, D., Deswartes, 
J.- C., Throude, M., & Cohan, J.- P. (2021). Marker- based crop 
model- assisted ideotype design to improve avoidance of abiotic 

stress in bread wheat. Journal of Experimental Botany, 72(4), 
1085– 1103. https://doi.org/10.1093/jxb/eraa477

Bogard, M., Ravel, C., Paux, E., Bordes, J., Balfourier, F., Chapman, S. 
C., Le Gouis, J., & Allard, V. (2014). Predictions of heading date 
in bread wheat (Triticum aestivum L.) using QTL- based param-
eters of an ecophysiological model. Journal of Experimental 
Botany, 65(20), 5849– 5865. https://doi.org/10.1093/jxb/eru328

Bohner, A., Kojima, S., Hajirezaei, M., Melzer, M., & von Wirén, N. 
(2015). Urea retranslocation from senescing Arabidopsis leaves 
is promoted by DUR3- mediated urea retrieval from leaf ap-
oplast. Plant Journal, 81(3), 377– 387. https://doi.org/10.1111/
tpj.12740

Borrill, P., Harrington, S. A., Simmonds, J., & Uauy, C. (2019). 
Identification of transcription factors regulating senescence 
in wheat through gene regulatory network modelling. Plant 
Physiology, 180(3), 1740– 1755. https://doi.org/10.1104/
pp.19.00380

Boyce, C. K., Brodribb, T. J., Feild, T. S., & Zwieniecki, M. A. (2009). 
Angiosperm leaf vein evolution was physiologically and envi-
ronmentally transformative. Proceedings of the Royal Society 
of London. Series B, Biological Sciences, 276(1663), 1771– 1776. 
https://doi.org/10.1098/rspb.2008.1919

Braun, D. M., Wang, L., & Ruan, Y.- L. (2014). Understanding and 
manipulating sucrose phloem loading, unloading, metabo-
lism, and signalling to enhance crop yield and food security. 
Journal of Experimental Botany, 65(7), 1713– 1735. https://doi.
org/10.1093/jxb/ert416

Brodribb, T. J., Feild, T. S., & Jordan, G. J. (2007). Leaf maximum 
photosynthetic rate and venation are linked by hydraulics. 
Plant Physiology, 144(4), 1890– 1898. https://doi.org/10.1104/
pp.107.101352

Burgess, A. J., Durand, M., Gibbs, J. A., Retkute, R., Robson, T. M., & 
Murchie, E. H. (2021). The effect of canopy architecture on the 
patterning of “windflecks” within a wheat canopy. Plant, Cell 
& Environment, 44(11), 3524– 3537. https://doi.org/10.1111/
pce.14168

Burgess, A. J., Retkute, R., Herman, T., & Murchie, E. H. (2017). 
Exploring relationships between canopy architecture, light 
distribution, and photosynthesis in contrasting rice genotypes 
using 3D canopy reconstruction. Frontiers in Plant Science, 8, 
734. https://doi.org/10.3389/fpls.2017.00734

Burgess, A. J., Retkute, R., Pound, M. P., Foulkes, J., Preston, S. P., 
Jensen, O. E., Pridmore, T. P., & Murchie, E. H. (2015). High- 
resolution three- dimensional structural data quantify the im-
pact of photoinhibition on long- term carbon gain in wheat can-
opies in the field. Plant Physiology, 169(2), 1192– 1204. https://
doi.org/10.1104/pp.15.00722

Burgess, A. J., Retkute, R., Preston, S. P., Jensen, O. E., Pound, M. 
P., Pridmore, T. P., & Murchie, E. H. (2016). The 4- dimensional 
plant: Effects of wind- induced canopy movement on light fluc-
tuations and photosynthesis. Frontiers in Plant Science, 7, 1392. 
https://doi.org/10.3389/fpls.2016.01392

Burkart, G. M., & Brandizzi, F. (2021). A tour of TOR complex sig-
naling in plants. Trends in Biochemical Sciences, 46(5), 417– 428. 
https://doi.org/10.1016/j.tibs.2020.11.004

Carmo- Silva, A. E., Powers, S. J., Keys, A. J., Arrabaça, M. C., & Parry, 
M. A. J. (2008). Photorespiration in C4 grasses remains slow 
under drought conditions. Plant Cell and Environment, 31(7), 
925– 940. https://doi.org/10.1111/j.1365- 3040.2008.01805.x

 20483694, 2023, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/fes3.435 by T

est, W
iley O

nline L
ibrary on [23/02/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1016/j.devcel.2011.11.011
https://doi.org/10.1016/j.devcel.2011.11.011
https://doi.org/10.1016/j.tplants.2018.02.001
https://doi.org/10.1016/j.tplants.2018.02.001
https://doi.org/10.1093/jxb/erab097
https://doi.org/10.1104/pp.85.3.667
https://doi.org/10.1104/pp.85.3.667
https://doi.org/10.1104/pp.103.3.835
https://doi.org/10.1104/pp.103.3.835
https://doi.org/10.1038/s41467-020-20132-0
https://doi.org/10.1038/s41467-020-20132-0
https://doi.org/10.1016/j.tplants.2015.09.002
https://doi.org/10.1016/j.tplants.2015.09.002
https://doi.org/10.1104/pp.118.1.59
https://doi.org/10.1002/fes3.428
https://doi.org/10.1016/j.pbi.2016.12.004
https://doi.org/10.1016/j.pbi.2016.12.004
https://doi.org/10.1039/b802262n
https://doi.org/10.1039/b802262n
https://doi.org/10.1199/tab.0113
https://doi.org/10.1104/pp.104.053884
https://doi.org/10.1104/pp.104.053884
https://doi.org/10.1146/annurev.arplant.58.032806.104023
https://doi.org/10.1146/annurev.arplant.58.032806.104023
https://doi.org/10.1093/jxb/eraa477
https://doi.org/10.1093/jxb/eru328
https://doi.org/10.1111/tpj.12740
https://doi.org/10.1111/tpj.12740
https://doi.org/10.1104/pp.19.00380
https://doi.org/10.1104/pp.19.00380
https://doi.org/10.1098/rspb.2008.1919
https://doi.org/10.1093/jxb/ert416
https://doi.org/10.1093/jxb/ert416
https://doi.org/10.1104/pp.107.101352
https://doi.org/10.1104/pp.107.101352
https://doi.org/10.1111/pce.14168
https://doi.org/10.1111/pce.14168
https://doi.org/10.3389/fpls.2017.00734
https://doi.org/10.1104/pp.15.00722
https://doi.org/10.1104/pp.15.00722
https://doi.org/10.3389/fpls.2016.01392
https://doi.org/10.1016/j.tibs.2020.11.004
https://doi.org/10.1111/j.1365-3040.2008.01805.x


18 of 29 |   BURGESS et al.

Chen, Q. W., Soulay, F., Saudemont, B., Elmayan, T., Marmagne, 
A., & Masclaux- Daubresse, C. (2019). Overexpression of ATG8 
in Arabidopsis stimulates autophagic activity and increases 
nitrogen remobilization efficiency and grain filling. Plant & 
Cell Physiology, 60(2), 343– 352. https://doi.org/10.1093/pcp/
pcy214

Chen, Y., Inzé, D., & Vanhaeren, H. (2021). Post- translational modi-
fications regulate the activity of the growth- restricting protease 
DA1. Journal of Experimental Botany, 72(9), 3352– 3366. https://
doi.org/10.1093/jxb/erab062

Chenu, K., Chapman, S. C., Tardieu, F., McLean, G., Welcker, C., & 
Hammer, G. L. (2009). Simulating the yield impacts of organ- 
level quantitative trait loci associated with drought response in 
maize: A “gene- to- phenotype” modeling approach. Genetics, 
183(4), 1507– 1523. https://doi.org/10.1534/genet ics.109.105429

Cheung, A. Y., & Wu, H.- M. (2011). THESEUS 1, FERONIA and 
relatives: A family of cell wall- sensing receptor kinases? 
Current Opinion in Plant Biology, 14(6), 632– 641. https://doi.
org/10.1016/j.pbi.2011.09.001

Cho, S.- H., Yoo, S.- C., Zhang, H., Pandeya, D., Koh, H.- J., Hwang, 
J.- Y., Kim, G.- T., & Paek, N.- C. (2013). The rice narrow leaf2 
and narrow leaf3 loci encode WUSCHEL- related homeobox 3A 
(OsWOX3A) and function in leaf, spikelet, tiller and lateral root 
development. New Phytologist, 198(4), 1071– 1084. https://doi.
org/10.1111/nph.12231

Chow, W. S., Melis, A., & Anderson, J. M. (1990). Adjustments of 
photosystem stoichiometry in chloroplasts improve the quan-
tum efficiency of photosynthesis. Proceedings of the National 
Academy of Sciences of the United States of America, 87(19), 
7502– 7506. https://doi.org/10.1073/pnas.87.19.7502

Chrobok, D., Law, S. R., Brouwer, B., Lindén, P., Ziolkowska, A., 
Liebsch, D., Narsai, R., Szal, B., Moritz, T., Rouhier, N., Whelan, 
J., Gardeström, P., & Keech, O. (2016). Dissecting the metabolic 
role of mitochondria during developmental leaf senescence. 
Plant Physiology, 172(4), 2132– 2153. https://doi.org/10.1104/
pp.16.01463

Clark, M. A., Domingo, N. G. G., Colgan, K., Thakrar, S. K., Tilman, 
D., Lynch, J., Azevedo, I. L., & Hill, J. D. (2020). Global food 
system emissions could preclude achieving the 1.5° and 2°C cli-
mate change targets. Science, 370(6517), 705– 708. https://doi.
org/10.1126/scien ce.aba7357

Cliquet, J.- B., Deléens, E., & Mariotti, A. (1990). C and N mobili-
zation from stalk and leaves during kernel filling by 13C and 
15N tracing in Zea mays L. Plant Physiology, 94(4), 1547– 1553. 
https://doi.org/10.1104/pp.94.4.1547

Cormier, F., Foulkes, J., Hirel, B., Gouache, D., Moënne- Loccoz, Y., 
& Le Gouis, J. (2016). Breeding for increased nitrogen- use ef-
ficiency: A review for wheat (T. aestivum L.). Plant Breeding, 
135(3), 255– 278. https://doi.org/10.1111/pbr.12371

Cormier, F., Throude, M., Ravel, C., Le Gouis, J., Leveugle, M., 
Lafarge, S., Exbrayat, F., Duranton, N., & Praud, S. (2015). 
Detection of NAM- A1 natural variants in bread wheat reveals 
differences in haplotype distribution between a worldwide core 
collection and European elite germplasm. Agronomy, 5(2), 143– 
151. https://doi.org/10.3390/agron omy50 20143

Cosgrove, D. J. (2000a). Loosening of plant cell walls by expansins. 
Nature, 407(6802), 321– 326. https://doi.org/10.1038/35030000

Cosgrove, D. J. (2000b). New genes and new biological roles for ex-
pansins. Current Opinion in Plant Biology, 3(1), 73– 78.

Cosgrove, D. J. (2015). Plant expansins: Diversity and interactions 
with plant cell walls. Current Opinion in Plant Biology, 25, 162– 
172. https://doi.org/10.1016/j.pbi.2015.05.014

Cosgrove, D. J. (2018). Diffuse growth of plant cell walls. Plant 
Physiology, 176(1), 16– 27. https://doi.org/10.1104/pp.17.01541

Crews, T. E., & Cattani, D. J. (2018). Strategies, advances, and chal-
lenges in breeding perennial grain crops. Sustainablity, 10(7), 
2192. https://doi.org/10.3390/su100 72192

Dalal, J., Lopez, H., Vasani, N. B., Hu, Z., Swift, J. E., Yalamanchili, 
R., Dvora, M., Lin, X., Xie, D., Qu, R., & Sederoff, H. W. (2015). 
A photorespiratory bypass increases plant growth and seed 
yield in biofuel crop Camelina sativa. Biotechnology for Biofuels, 
8, 175. https://doi.org/10.1186/s1306 8- 015- 0357- 1

Dani, K. G. S., & Loreto, F. (2022). Plant volatiles as regulators of hor-
mone homeostasis. New Phytologist, 234(3), 804– 812. https://
doi.org/10.1111/nph.18035

Dani, K. G. S., Pollastri, S., Pinosio, S., Reichelt, M., Sharkey, T. D., 
Schnitzler, J.- P., & Loreto, F. (2022). Isoprene enhances leaf 
cytokinin metabolism and induces early senescence. New 
Phytologist, 234(3), 961– 974. https://doi.org/10.1111/nph.17833

Dasgupta, K., Khadilkar, A. S., Sulpice, R., Pant, B., Scheible, W.- R., 
Fisahn, J., Stitt, M., & Ayre, B. G. (2014). Expression of sucrose 
transporter cDNAs specifically in companion cells enhances 
phloem loading and long- distance transport of sucrose but 
leads to an inhibition of growth and the perception of a phos-
phate limitation. Plant Physiology, 165(2), 715– 731. https://doi.
org/10.1104/pp.114.238410

De Pessemier, J., Moturu, T. R., Nacry, P., Ebert, R., De Gernier, H., 
Tillard, P., Swarup, K., Wells, D. M., Haseloff, J., Murray, S. C., 
Bennett, M. J., Inzé, D., Vincent, C. I., & Hermans, C. (2022). 
Root system size and root hair length are key phenes for nitrate 
acquisition and biomass production across natural variation in 
Arabidopsis. Journal of experimental botany, 73(11), 3569– 3583. 
https://doi.org/10.1093/jxb/erac118.

De Souza, A. P., Burgess, S. J., Doran, L., Hansen, J., Manukyan, L., 
Maryn, N., Gotarkar, D., Leonelli, L., Niyogi, K. K., & Long, S. 
P. (2022). Soybean photosynthesis and crop yield are improved 
by accelerating recovery from photoprotection. Science (New 
York, N.Y.), 377(6608), 851– 854. https://doi.org/10.1126/scien 
ce.adc9831

Demura, T., & Ye, Z.- H. (2010). Regulation of plant biomass produc-
tion. Current Opinion in Plant Biology, 13(3), 299– 304. https://
doi.org/10.1016/j.pbi.2010.03.002

Derkx, A., Baumann, U., Cheong, J., Mrva, K., Sharma, N., Pallotta, 
M., & Mares, D. (2021). A major locus on wheat chromosome 
7B associated with late- maturity α- amylase encodes a putative 
ent- copalyl diphosphate synthase. Frontiers in Plant Science, 12, 
637685. https://doi.org/10.3389/fpls.2021.637685

Derkx, A. P., Orford, S., Griffiths, S., Foulkes, M. J., & Hawkesford, 
M. J. (2012). Identification of differentially senescing mutants 
of wheat and impacts on yield, biomass and nitrogen partition-
ing. Journal of Integrative Plant Biology, 54(8), 555– 566. https://
doi.org/10.1111/j.1744- 7909.2012.01144.x

Dingkuhn, M., Luquet, D., Fabre, D., Muller, B., Yin, X., & Paul, M. 
J. (2020). The case for improving crop carbon sink strength 
or plasticity for a CO2- rich future. Current Opinion in Plant 
Biology, 56, 259– 272. https://doi.org/10.1016/j.pbi.2020.05.012

Distelfeld, A., Avni, R., & Fischer, A. M. (2014). Senescence, nu-
trient remobilization, and yield in wheat and barley. Journal 

 20483694, 2023, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/fes3.435 by T

est, W
iley O

nline L
ibrary on [23/02/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1093/pcp/pcy214
https://doi.org/10.1093/pcp/pcy214
https://doi.org/10.1093/jxb/erab062
https://doi.org/10.1093/jxb/erab062
https://doi.org/10.1534/genetics.109.105429
https://doi.org/10.1016/j.pbi.2011.09.001
https://doi.org/10.1016/j.pbi.2011.09.001
https://doi.org/10.1111/nph.12231
https://doi.org/10.1111/nph.12231
https://doi.org/10.1073/pnas.87.19.7502
https://doi.org/10.1104/pp.16.01463
https://doi.org/10.1104/pp.16.01463
https://doi.org/10.1126/science.aba7357
https://doi.org/10.1126/science.aba7357
https://doi.org/10.1104/pp.94.4.1547
https://doi.org/10.1111/pbr.12371
https://doi.org/10.3390/agronomy5020143
https://doi.org/10.1038/35030000
https://doi.org/10.1016/j.pbi.2015.05.014
https://doi.org/10.1104/pp.17.01541
https://doi.org/10.3390/su10072192
https://doi.org/10.1186/s13068-015-0357-1
https://doi.org/10.1111/nph.18035
https://doi.org/10.1111/nph.18035
https://doi.org/10.1111/nph.17833
https://doi.org/10.1104/pp.114.238410
https://doi.org/10.1104/pp.114.238410
https://doi.org/10.1093/jxb/erac118
https://doi.org/10.1126/science.adc9831
https://doi.org/10.1126/science.adc9831
https://doi.org/10.1016/j.pbi.2010.03.002
https://doi.org/10.1016/j.pbi.2010.03.002
https://doi.org/10.3389/fpls.2021.637685
https://doi.org/10.1111/j.1744-7909.2012.01144.x
https://doi.org/10.1111/j.1744-7909.2012.01144.x
https://doi.org/10.1016/j.pbi.2020.05.012


   | 19 of 29BURGESS et al.

of Experimental Botany, 65(14), 3783– 3798. https://doi.
org/10.1093/jxb/ert477

Distelfeld, A., Pearce, S. P., Avni, R., Scherer, B., Uauy, C., Piston, 
F., Slade, A., Zhao, R., & Dubcovsky, J. (2012). Divergent func-
tions of orthologous NAC transcription factors in wheat and 
rice. Plant Molecular Biology, 78(4- 5), 515– 524. https://doi.
org/10.1007/s1110 3- 012- 9881- 6

Dobrenel, T., Caldana, C., Hanson, J., Robaglia, C., Vincentz, M., 
Veit, B., & Meyer, C. (2016). TOR signaling and nutrient sens-
ing. Annual Review of Plant Biology, 67, 261– 285. https://doi.
org/10.1146/annur ev- arpla nt- 04301 4- 114648

Donnelly, P. M., Bonetta, D., Tsukaya, H., Dengler, R. E., & Dengler, 
N. G. (1999). Cell cycling and cell enlargement in developing 
leaves of Arabidopsis. Developmental Biology, 215(2), 407– 419. 
https://doi.org/10.1006/dbio.1999.9443

Durand, M., Matule, B., Burgess, A. J., & Robson, T. M. (2021). 
Sunfleck properties from time series of fluctuating light. 
Agricultural and Forest Meteorology, 308, 108554. https://doi.
org/10.1016/j.agrfo rmet.2021.108554

Dusenge, M. E., Duarte, A. G., & Way, D. A. (2019). Plant carbon 
metabolism and climate change: Elevated CO2 and tempera-
ture impacts on photosynthesis, photorespiration and respira-
tion. New Phytologist, 221(1), 32– 49. https://doi.org/10.1111/
nph.15283

Ebi, K. L., Anderson, C. L., Hess, J. J., Kim, S.- H., Loladze, I., 
Neumann, R. B., Singh, D., Ziska, L., & Wood, R. (2021). 
Nutritional quality of crops in a high CO2 world: An agenda for 
research and technology development. Environmental Research 
Letters, 16(6), 064045. https://doi.org/10.1088/1748- 9326

Efroni, I., Eshed, Y., & Lifschitz, E. (2010). Morphogenesis of simple 
and compound leaves: A critical review. Plant Cell, 22(4), 1019– 
1032. https://doi.org/10.1105/tpc.109.073601

Eisenhut, M., Roell, M.- S., & Weber, A. P. M. (2019). Mechanistic un-
derstanding of photorespiration paves the way to a new green 
revolution. New Phytologist, 223(4), 1762– 1769. https://doi.
org/10.1111/nph.15872

El- Zeadani, H., Puteh, A. B., Mondal, M. M. A., Selamat, A., Ahmad, 
Z. A., & Shalgam, M. M. (2014). Seed growth rate, seed filling 
period and yield responses of soybean (Glycine max) to plant 
densities at specific reproductive growth stages. International 
Journal of Agriculture and Biology, 16(5), 923– 928.

Ermakova, M., Danila, F. R., Furbank, R. T., & von Caemmerer, S. 
(2020). On the road to C4 rice: Advances and perspectives. Plant 
Journal, 101(4), 940– 950. https://doi.org/10.1111/tpj.14562

Ermakova, M., Lopez- Calcagno, P. E., Raines, C. A., Furbank, R. 
T., & von Caemmerer, S. (2019). Overexpression of the Rieske 
FeS protein of the cytochrome b6f complex increases C4 pho-
tosynthesis in Setaria viridis. Communications Biology, 2, 314. 
https://doi.org/10.1038/s4200 3- 019- 0561- 9

Evans, J. R. (2021). Mesophyll conductance: Walls, membranes and 
spatial complexity. New Phytologist, 229(4), 1864– 1876. https://
doi.org/10.1111/nph.16968

Evans, J. R., & Poorter, H. (2001). Photosynthetic acclimation of 
plants to growth irradiance: The relative importance of spe-
cific leaf area and nitrogen partitioning in maximizing carbon 
gain. Plant Cell and Environment, 24(8), 755– 767. https://doi.
org/10.1046/j.1365- 3040.2001.00724.x

Fan, S.- C., Lin, C.- S., Hsu, P.- K., Lin, S.- H., & Tsay, Y.- F. (2009). The 
Arabidopsis nitrate transporter NRT1.7, expressed in phloem, is 

responsible for source- to- sink remobilization of nitrate. Plant 
Cell, 21(9), 2750– 2761. https://doi.org/10.1105/tpc.109.067603

Fichtner, F., & Lunn, J. E. (2021). The role of trehalose 6- phosphate 
(Tre6P) in plant metabolism and development. Annual Review 
of Plant Biology, 72, 737– 760. https://doi.org/10.1146/annur ev- 
arpla nt- 05071 8- 095929

Fischer, R. A. (2011). Wheat physiology: A review of recent devel-
opments. Crop & Pasture Science, 62(2), 95– 114. https://doi.
org/10.1071/Cp10344

Flexas, J., Barbour, M. M., Brendel, O., Cabrera, H. M., Carriquí, M., 
Díaz- Espejo, A., Douthe, C., Dreyer, E., Ferrio, J. P., Gago, J., 
Gallé, A., Galmés, J., Kodama, N., Medrano, H., Niinemets, 
U., Peguero- Pina, J. J., Pou, A., Ribas- Carbó, M., Tomás, M., 
… Warren, C. R. (2012). Mesophyll diffusion conductance 
to CO2: An unappreciated central player in photosynthesis. 
Plant Science, 193- 194, 70– 84. https://doi.org/10.1016/j.plant 
sci.2012.05.009

Flexas, J., Bota, J., Loreto, F., Cornic, G., & Sharkey, T. D. (2004). 
Diffusive and metabolic limitations to photosynthesis under 
drought and salinity in C3 plants. Plant Biology, 6(3), 269– 279. 
https://doi.org/10.1055/s- 2004- 820867

Flexas, J., Niinemets, Ü., Gallé, A., Barbour, M. M., Centritto, M., Diaz- 
Espejo, A., Douthe, C., Galmés, J., Ribas- Carbo, M., Rodriguez, 
P. L., Rosselló, F., Soolanayakanahally, R., Tomas, M., Wright, 
I. J., Farquhar, G. D., & Medrano, H. (2013). Diffusional con-
ductances to CO2 as a target for increasing photosynthesis and 
photosynthetic water- use efficiency. Photosynthesis Research, 
117(1), 45– 59. https://doi.org/10.1007/s1112 0- 013- 9844- z

Flexas, J., Ribas- Carbó, M., Bota, J., Galmés, J., Henkle, M., Martínez- 
Cañellas, S., & Medrano, H. (2006). Decreased Rubisco activity 
during water stress is not induced by decreased relative water 
content but related to conditions of low stomatal conductance 
and chloroplast CO2 concentration. New Phytologist, 172(1), 73– 
82. https://doi.org/10.1111/j.1469- 8137.2006.01794.x

Foulkes, M. J., Slafer, G. A., Reynolds, M. P., Murchie, E., Carmo-Silva, 
E., Flavell, R., Gwyn, J., Sawkins, M., & Griffiths, S. (2022). A 
'Wiring Diagram' for sink-strength traits impacting wheat yield 
potential. Journal of Experimental Botany, erac410. Advance on-
line publication. https://doi.org/10.1093/jxb/erac410

Foulkes, M. J., Hawkesford, M. J., Barraclough, P. B., Holdsworth, M. 
J., Kerr, S., Kightley, S., & Shewry, P. R. (2009). Identifying traits 
to improve the nitrogen economy of wheat: Recent advances 
and future prospects. Field Crops Research, 114(3), 329– 342. 
https://doi.org/10.1016/j.fcr.2009.09.005

Fournier, C., Durand, J. L., Ljutovac, S., Schäufele, R., Gastal, 
F., & Andrieu, B. (2005). A functional- structural model of 
elongation of the grass leaf and its relationships with the 
phyllochron. New Phytologist, 166(3), 881– 894. https://doi.
org/10.1111/j.1469- 8137.2005.01371.x

Freixes, S., Thibaud, M.- C., Tardieu, F., & Muller, B. (2002). 
Root elongation and branching is related to local hexose 
concentration in Arabidopsis thaliana seedlings. Plant 
Cell and Environment, 25(10), 1357– 1366. https://doi.
org/10.1046/j.1365- 3040.2002.00912.x

Friedland, N., Negi, S., Vinogradova- Shah, T., Wu, G., Ma, L., Flynn, 
S., Kumssa, T., Lee, C.- H., & Sayre, R. T. (2019). Fine- tuning the 
photosynthetic light harvesting apparatus for improved photo-
synthetic efficiency and biomass yield. Scientific Reports, 9(1), 
13028. https://doi.org/10.1038/s4159 8- 019- 49545 - 8

 20483694, 2023, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/fes3.435 by T

est, W
iley O

nline L
ibrary on [23/02/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1093/jxb/ert477
https://doi.org/10.1093/jxb/ert477
https://doi.org/10.1007/s11103-012-9881-6
https://doi.org/10.1007/s11103-012-9881-6
https://doi.org/10.1146/annurev-arplant-043014-114648
https://doi.org/10.1146/annurev-arplant-043014-114648
https://doi.org/10.1006/dbio.1999.9443
https://doi.org/10.1016/j.agrformet.2021.108554
https://doi.org/10.1016/j.agrformet.2021.108554
https://doi.org/10.1111/nph.15283
https://doi.org/10.1111/nph.15283
https://doi.org/10.1088/1748-9326
https://doi.org/10.1105/tpc.109.073601
https://doi.org/10.1111/nph.15872
https://doi.org/10.1111/nph.15872
https://doi.org/10.1111/tpj.14562
https://doi.org/10.1038/s42003-019-0561-9
https://doi.org/10.1111/nph.16968
https://doi.org/10.1111/nph.16968
https://doi.org/10.1046/j.1365-3040.2001.00724.x
https://doi.org/10.1046/j.1365-3040.2001.00724.x
https://doi.org/10.1105/tpc.109.067603
https://doi.org/10.1146/annurev-arplant-050718-095929
https://doi.org/10.1146/annurev-arplant-050718-095929
https://doi.org/10.1071/Cp10344
https://doi.org/10.1071/Cp10344
https://doi.org/10.1016/j.plantsci.2012.05.009
https://doi.org/10.1016/j.plantsci.2012.05.009
https://doi.org/10.1055/s-2004-820867
https://doi.org/10.1007/s11120-013-9844-z
https://doi.org/10.1111/j.1469-8137.2006.01794.x
https://doi.org/10.1093/jxb/erac410
https://doi.org/10.1016/j.fcr.2009.09.005
https://doi.org/10.1111/j.1469-8137.2005.01371.x
https://doi.org/10.1111/j.1469-8137.2005.01371.x
https://doi.org/10.1046/j.1365-3040.2002.00912.x
https://doi.org/10.1046/j.1365-3040.2002.00912.x
https://doi.org/10.1038/s41598-019-49545-8


20 of 29 |   BURGESS et al.

Friedman, J. M., Hunt, E. R., Jr., & Mutters, R. G. (2016). Assessment 
of leaf color chart observations for estimating maize chlorophyll 
content by analysis of digital photographs. Agronomy Journal, 
108(2), 822– 829. https://doi.org/10.2134/agron j2015.0258

Gan, S. S., & Amasino, R. M. (1995). Inhibition of leaf senescence 
by autoregulated production of cytokinin. Science, 270(5244), 
1986– 1988. https://doi.org/10.1126/scien ce.270.5244.1986

Garapati, P., Feil, R., Lunn, J. E., Van Dijck, P., Balazadeh, S., & 
Mueller- Roeber, B. (2015). Transcription factor Arabidopsis 
Activating Factor1 integrates carbon starvation responses 
with trehalose metabolism. Plant Physiology, 169(1), 379– 390. 
https://doi.org/10.1104/pp.15.00917

Garapati, P., Xue, G.- P., Munné- Bosch, S., & Balazadeh, S. (2015). 
Transcription factor ATAF1 in Arabidopsis promotes senes-
cence by direct regulation of key chloroplast maintenance and 
senescence transcriptional cascades. Plant Physiology, 168(3), 
1122– 1139. https://doi.org/10.1104/pp.15.00567

Gautrat, P., Laffont, C., Frugier, F., & Ruffel, S. (2021). Nitrogen 
systemic signaling: From symbiotic nodulation to root acqui-
sition. Trends in Plant Science, 26(4), 392– 406. https://doi.
org/10.1016/j.tplan ts.2020.11.009

Ge, L., Yu, J., Wang, H., Luth, D., Bai, G., Wang, K., & Chen, R. (2016). 
Increasing seed size and quality by manipulating BIG SEEDS1 
in legume species. Proceedings of the National Academy of 
Sciences of the United States of America, 113(44), 12414– 12419. 
https://doi.org/10.1073/pnas.16117 63113

Geisler, M., Nadeau, J., & Sack, F. D. (2000). Oriented asymmet-
ric divisions that generate the stomatal spacing pattern in 
Arabidopsis are disrupted by the too many mouths muta-
tion. Plant Cell, 12(11), 2075– 2086. https://doi.org/10.1105/
tpc.12.11.2075

Gojon, A., Nussaume, L., Luu, D. T., Murchie, E. H., Baekelandt, 
A., Rodrigues Saltenis, V. L., Cohan, J.- P., Desnos, T., Inzé, D., 
Ferguson, J. N., Guiderdonni, E., Krapp, A., Klein Lankhorst, 
R., Maurel, C., Rouached, H., Parry, M. A. J., Pribil, M., Scharff, 
L. B., & Nacry, P. (2022). Approaches and determinants to sus-
tainably improve crop production. Food and Energy Security, 
https://doi.org/10.1002/fes3.369

Gong, P., Demuynck, K., De Block, J., Aesaert, S., Coussens, G., 
Pauwels, L., Inzé, D., & Nelissen, H. (2022). Modulation of the 
DA1 pathway in maize shows that translatability of informa-
tion from Arabidopsis to crops is complex. Plant Science, 321, 
111295. https://doi.org/10.1016/j.plant sci.2022.111295

Gonzalez, N., De Bodt, S., Sulpice, R., Jikumaru, Y., Chae, E., 
Dhondt, S., Van Daele, T., De Milde, L., Weigel, D., Kamiya, Y., 
Stitt, M., Beemster, G. T. S., & Inzé, D. (2010). Increased leaf 
size: Different means to an end. Plant Physiology, 153(3), 1261– 
1279. https://doi.org/10.1104/pp.110.156018

Gonzalez, N., Pauwels, L., Baekelandt, A., De Milde, L., Van Leene, 
J., Besbrugge, N., Heyndrickx, K. S., Cuéllar Pérez, A., Nagels 
Durand, A., De Clercq, R., Van De Slijke, E., Vanden Bossche, 
R., Eeckhout, D., Gevaert, K., Vandepoele, K., De Jaeger, G., 
Goossens, A., & Inzé, D. (2015). A repressor protein complex 
regulates leaf growth in Arabidopsis. Plant Cell, 27(8), 2273– 
2287. https://doi.org/10.1105/tpc.15.00006

Gonzalez, N., Vanhaeren, H., & Inzé, D. (2012). Leaf size control: 
Complex coordination of cell division and expansion. Trends 
in Plant Science, 17(6), 332– 340. https://doi.org/10.1016/j.tplan 
ts.2012.02.003

Gouache, D., Bogard, M., Pegard, M., Thepot, S., Garcia, C., 
Hourcade, D., Paux, E., Oury, F.- X., Rousset, M., Deswarte, J.- 
C., & Le Bris, X. (2017). Bridging the gap between ideotype and 
genotype: Challenges and prospects for modelling as exempli-
fied by the case of adapting wheat (Triticum aestivum L.) phe-
nology to climate change in France. Field Crops Research, 202, 
108– 121. https://doi.org/10.1016/j.fcr.2015.12.012

Gouache, D., Le Bris, X., Bogard, M., Deudon, O., Pagé, C., & Gate, P. 
(2012). Evaluating agronomic adaptation options to increasing 
heat stress under climate change during wheat grain filling in 
France. European Journal of Agronomy, 39, 62– 70. https://doi.
org/10.1016/j.eja.2012.01.009

Griffiths, C. A., Sagar, R., Geng, Y., Primavesi, L. F., Patel, M. K., 
Passarelli, M. K., Gilmore, I. S., Steven, R. T., Bunch, J., Paul, M. 
J., & Davis, B. G. (2016). Chemical intervention in plant sugar 
signalling increases yield and resilience. Nature, 540(7634), 
574– 578. https://doi.org/10.1038/natur e20591

Gu, J., Yin, X., Zhang, C., Wang, H., & Struik, P. C. (2014). Linking 
ecophysiological modelling with quantitative genetics to sup-
port marker- assisted crop design for improved yields of rice 
(Oryza sativa) under drought stress. Annals of Botany, 114(3), 
499– 511. https://doi.org/10.1093/aob/mcu127

Gu, J., Zhou, Z., Li, Z., Chen, Y., Wang, Z., & Zhang, H. (2017). 
Rice (Oryza sativa L.) with reduced chlorophyll content ex-
hibit higher photosynthetic rate and efficiency, improved can-
opy light distribution, and greater yields than normally pig-
mented plants. Field Crops Research, 200, 58– 70. https://doi.
org/10.1016/j.fcr.2016.10.008

Guiboileau, A., Yoshimoto, K., Soulay, F., Bataillé, M. P., Avice, 
J.- C., & Masclaux- Daubresse, C. (2012). Autophagy ma-
chinery controls nitrogen remobilization at the whole- plant 
level under both limiting and ample nitrate conditions in 
Arabidopsis. New Phytologist, 194(3), 732– 740. https://doi.
org/10.1111/j.1469- 8137.2012.04084.x

Guo, M., Rupe, M. A., Dieter, J. A., Zou, J., Spielbauer, D., 
Duncan, K. E., Howard, R. J., Hou, Z., & Simmons, C. R. 
(2010). Cell Number Regulator1 affects plant and organ size 
in maize: Implications for crop yield enhancement and het-
erosis. Plant Cell, 22(4), 1057– 1073. https://doi.org/10.1105/
tpc.109.073676

Guo, M., & Simmons, C. R. (2011). Cell number counts –  the fw2.2 
and CNR genes and implications for controlling plant fruit and 
organ size. Plant Science, 181(1), 1– 7. https://doi.org/10.1016/j.
plant sci.2011.03.010

Guo, N., Hu, J., Yan, M., Qu, H., Luo, L., Tegeder, M., & Xu, G. (2020). 
Oryza sativa Lysine- Histidine- type Transporter 1 functions in 
root uptake and root- to- shoot allocation of amino acids in rice. 
Plant Journal, 103(1), 395– 411. https://doi.org/10.1111/tpj.14742

Guo, Y. F., & Gan, S.- S. (2014). Translational researches on leaf 
senescence for enhancing plant productivity and quality. 
Journal of Experimental Botany, 65(14), 3901– 3913. https://doi.
org/10.1093/jxb/eru248

Hématy, K., Sado, P.- E., Van Tuinen, A., Rochange, S., Desnos, T., 
Balzergue, S., Pelletier, S., Renou, J.- P., & Höfte, H. (2007). A 
receptor- like kinase mediates the response of Arabidopsis cells 
to the inhibition of cellulose synthesis. Current Biology, 17(11), 
922– 931. https://doi.org/10.1016/j.cub.2007.05.018

Hamblin, J., Stefanova, K., & Angessa, T. T. (2014). Variation in 
chlorophyll content per unit leaf area in spring wheat and 

 20483694, 2023, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/fes3.435 by T

est, W
iley O

nline L
ibrary on [23/02/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.2134/agronj2015.0258
https://doi.org/10.1126/science.270.5244.1986
https://doi.org/10.1104/pp.15.00917
https://doi.org/10.1104/pp.15.00567
https://doi.org/10.1016/j.tplants.2020.11.009
https://doi.org/10.1016/j.tplants.2020.11.009
https://doi.org/10.1073/pnas.1611763113
https://doi.org/10.1105/tpc.12.11.2075
https://doi.org/10.1105/tpc.12.11.2075
https://doi.org/10.1002/fes3.369
https://doi.org/10.1016/j.plantsci.2022.111295
https://doi.org/10.1104/pp.110.156018
https://doi.org/10.1105/tpc.15.00006
https://doi.org/10.1016/j.tplants.2012.02.003
https://doi.org/10.1016/j.tplants.2012.02.003
https://doi.org/10.1016/j.fcr.2015.12.012
https://doi.org/10.1016/j.eja.2012.01.009
https://doi.org/10.1016/j.eja.2012.01.009
https://doi.org/10.1038/nature20591
https://doi.org/10.1093/aob/mcu127
https://doi.org/10.1016/j.fcr.2016.10.008
https://doi.org/10.1016/j.fcr.2016.10.008
https://doi.org/10.1111/j.1469-8137.2012.04084.x
https://doi.org/10.1111/j.1469-8137.2012.04084.x
https://doi.org/10.1105/tpc.109.073676
https://doi.org/10.1105/tpc.109.073676
https://doi.org/10.1016/j.plantsci.2011.03.010
https://doi.org/10.1016/j.plantsci.2011.03.010
https://doi.org/10.1111/tpj.14742
https://doi.org/10.1093/jxb/eru248
https://doi.org/10.1093/jxb/eru248
https://doi.org/10.1016/j.cub.2007.05.018


   | 21 of 29BURGESS et al.

implications for selection in segregating material. PLoS One, 
9(3), e92529. https://doi.org/10.1371/journ al.pone.0092529

Hammond, E. T., Andrews, T. J., Mott, K. A., & Woodrow, I. 
E. (1998). Regulation of Rubisco activation in antisense 
plants of tobacco containing reduced levels of Rubisco 
activase. Plant Journal, 14(1), 101– 110. https://doi.
org/10.1046/j.1365- 313X.1998.00103.x

Harbinson, J., Kaiser, E., & Morales, A. S. (2022). Integrating the 
stages of photosynthesis. In A. Ruban, E. H. Murchie, & C. H. 
Foyer (Eds.), Photosynthesis in action (pp. 195– 242). Elsevier.

Harbinson, J., Parry, M. A. J., Davies, J., Rolland, N., Loreto, F., 
Wilhelm, R., Metzlaff, K., & Klein Lankhorst, R. (2021). 
Designing the crops for the future; the CropBooster Program. 
Biology, 10(7), 690. https://doi.org/10.3390/biolo gy100 70690

Haslam, R. P., Sayanova, O., Kim, H. J., Cahoon, E. B., & Napier, J. 
A. (2016). Synthetic redesign of plant lipid metabolism. Plant 
Journal, 87(1), 76– 86. https://doi.org/10.1111/tpj.13172

Havé, M., Marmagne, A., Chardon, F., & Masclaux- Daubresse, 
C. (2017). Nitrogen remobilization during leaf senescence: 
Lessons from Arabidopsis to crops. Journal of Experimental 
Botany, 68(10), 2513– 2529. https://doi.org/10.1093/jxb/erw365

Havaux, M., & Niyogi, K. K. (1999). The violaxanthin cycle protects 
plants from photooxidative damage by more than one mech-
anism. Proceedings of the National Academy of Sciences of 
the United States of America, 96(15), 8762– 8767. https://doi.
org/10.1073/pnas.96.15.8762

Hepworth, J., & Lenhard, M. (2014). Regulation of plant lateral- 
organ growth by modulating cell number and size. Current 
Opinion in Plant Biology, 17, 36– 42. https://doi.org/10.1016/j.
pbi.2013.11.005

Hilty, J., Muller, B., Pantin, F., & Leuzinger, S. (2021). Plant growth: 
The what, the how, and the why. New Phytologist, 232(1), 25– 41. 
https://doi.org/10.1111/nph.17610

Hirner, A., Ladwig, F., Stransky, H., Okumoto, S., Keinath, M., 
Harms, A., Frommer, W. B., & Koch, W. (2006). Arabidopsis 
LHT1 is a high- affinity transporter for cellular amino acid 
uptake in both root epidermis and leaf mesophyll. Plant Cell, 
18(8), 1931– 1946. https://doi.org/10.1105/tpc.106.041012

Hogewoning, S. W., Wientjes, E., Douwstra, P., Trouwborst, G., van 
Ieperen, W., Croce, R., & Harbinson, J. (2012). Photosynthetic 
quantum yield dynamics: From photosystems to leaves. Plant 
Cell, 24(5), 1921– 1935. https://doi.org/10.1105/tpc.112.097972

Houshmand, P., Shirani, M., & Ehsanzadeh, P. (2022). Insights 
into temperature and soil moisture- induced alterations in saf-
flower physiological, seed filling, quality, and yield attributes. 
International Journal of Plant Production, 16(1), 181– 193. 
https://doi.org/10.1007/s4210 6- 021- 00168 - y

Hubbart, S., Ajigboye, O. O., Horton, P., & Murchie, E. H. (2012). The 
photoprotective protein PsbS exerts control over CO2 assimila-
tion rate in fluctuating light in rice. Plant Journal, 71(3), 402– 
412. https://doi.org/10.1111/j.1365- 313X.2012.04995.x

Hubbart, S., Smillie, I. R. A., Heatley, M., Swarup, R., Foo, C. C., Zhao, 
L., & Murchie, E. H. (2018). Enhanced thylakoid photoprotec-
tion can increase yield and canopy radiation use efficiency in 
rice. Communications Biology, 1, 22. https://doi.org/10.1038/
s4200 3- 018- 0026- 6

Hufford, M. B., Xu, X., van Heerwaarden, J., Pyhäjärvi, T., Chia, J.- 
M., Cartwright, R. A., Elshire, R. J., Glaubitz, J. C., Guill, K. E., 
Kaeppler, S. M., Lai, J. S., Morrell, P. L., Shannon, L. M., Song, 
C., Springer, N. M., Swanson- Wagner, R. A., Tiffin, P., Wang, J., 

Zhang, G. Y., … Ross- Ibarra, J. (2012). Comparative population 
genomics of maize domestication and improvement. Nature 
Genetics, 44(7), 808– 818. https://doi.org/10.1038/ng.2309

Iñiguez, C., Capó- Bauçà, S., Niinemets, Ü., Stoll, H., Aguiló- Nicolau, 
P., & Galmés, J. (2020). Evolutionary trends in RuBisCO ki-
netics and their co- evolution with CO2 concentrating mecha-
nisms. Plant Journal, 101(4), 897– 918. https://doi.org/10.1111/
tpj.14643

Ingargiola, C., Turqueto Duarte, G., Robaglia, C., Leprince, A.- S., 
& Meyer, C. (2020). The plant target of rapamycin: A conduc 
TOR of nutrition and metabolism in photosynthetic organisms. 
Genes, 11(11), 1285. https://doi.org/10.3390/genes 11111285

James, M., Masclaux- Daubresse, C., Marmagne, A., Azzopardi, M., 
LaÏn, P., Goux, D., Etienne, P., & Trouverie, J. (2019). A new 
role for SAG12 cysteine protease in roots of Arabidopsis thali-
ana. Frontiers in Plant Science, 9, 1998. https://doi.org/10.3389/
fpls.2018.01998

James, M., Poret, M., Masclaux- Daubresse, C., Marmagne, A., 
Coquet, L., Jouenne, T., Chan, P., Trouverie, J., & Etienne, P. 
(2018). SAG12, a major cysteine protease involved in nitrogen 
allocation during senescence for seed production in Arabidopsis 
thaliana. Plant & Cell Physiology, 59(10), 2052– 2063. https://
doi.org/10.1093/pcp/pcy125

Ji, D., Chen, T., Zhang, Z., Li, B., & Tian, S. (2020). Versatile roles of the 
receptor- like kinase feronia in plant growth, development and 
host- pathogen interaction. International Journal of Molecular 
Sciences, 21(21), 7881. https://doi.org/10.3390/ijms2 1217881

Jiang, L., Yoshida, T., Stiegert, S., Jing, Y., Alseekh, S., Lenhard, M., 
Peérez- Alfocea, F., & Fernie, A. R. (2021). Multi- omics ap-
proach reveals the contribution of KLU to leaf longevity and 
drought tolerance. Plant Physiology, 185(2), 352– 368. https://
doi.org/10.1093/plphy s/kiaa034

Jordan, D. R., Hunt, C. H., Cruickshank, A. W., Borrell, A. K., & 
Henzell, R. G. (2012). The relationship between the stay- green 
trait and grain yield in elite sorghum hybrids grown in a range 
of environments. Crop Science, 52(3), 1153– 1161. https://doi.
org/10.2135/crops ci2011.06.0326

Jordi, W., Schapendonk, A., Davelaar, E., Stoopen, G. M., Pot, 
C. S., De Visser, R., Van Rhijn, J. A., Gan, S., & Amasino, R. 
M. (2000). Increased cytokinin levels in transgenic PSAG12- 
IPT tobacco plants have large direct and indirect effects 
on leaf senescence, photosynthesis and N partitioning. 
Plant Cell and Environment, 23(3), 279– 289. https://doi.
org/10.1046/j.1365- 3040.2000.00544.x

Juliana, P., Montesinos- López, O. A., Crossa, J., Mondal, S., González 
Pérez, L., Poland, J., Huerta- Espino, J., Crespo- Herrera, L., 
Govindan, V., Dreisigacker, S., Shrestha, S., Pérez- Rodríguez, P., 
Pinto Espinosa, F., & Singh, R. P. (2019). Integrating genomic- 
enabled prediction and high- throughput phenotyping in breed-
ing for climate- resilient bread wheat. Theoretical and Applied 
Genetics, 132(1), 177– 194. https://doi.org/10.1007/s0012 
2- 018- 3206- 3

Kadam, N. N., Jagadish, S. V. K., Struik, P. C., van der Linden, C. G., 
& Yin, X. (2019). Incorporating genome- wide association into 
eco- physiological simulation to identify markers for improving 
rice yields. Journal of Experimental Botany, 70(9), 2575– 2586. 
https://doi.org/10.1093/jxb/erz120

Kalve, S., De Vos, D., & Beemster, G. T. S. (2014). Leaf development: 
A cellular perspective. Frontiers in Plant Science, 5, 362. https://
doi.org/10.3389/fpls.2014.00362

 20483694, 2023, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/fes3.435 by T

est, W
iley O

nline L
ibrary on [23/02/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1371/journal.pone.0092529
https://doi.org/10.1046/j.1365-313X.1998.00103.x
https://doi.org/10.1046/j.1365-313X.1998.00103.x
https://doi.org/10.3390/biology10070690
https://doi.org/10.1111/tpj.13172
https://doi.org/10.1093/jxb/erw365
https://doi.org/10.1073/pnas.96.15.8762
https://doi.org/10.1073/pnas.96.15.8762
https://doi.org/10.1016/j.pbi.2013.11.005
https://doi.org/10.1016/j.pbi.2013.11.005
https://doi.org/10.1111/nph.17610
https://doi.org/10.1105/tpc.106.041012
https://doi.org/10.1105/tpc.112.097972
https://doi.org/10.1007/s42106-021-00168-y
https://doi.org/10.1111/j.1365-313X.2012.04995.x
https://doi.org/10.1038/s42003-018-0026-6
https://doi.org/10.1038/s42003-018-0026-6
https://doi.org/10.1038/ng.2309
https://doi.org/10.1111/tpj.14643
https://doi.org/10.1111/tpj.14643
https://doi.org/10.3390/genes11111285
https://doi.org/10.3389/fpls.2018.01998
https://doi.org/10.3389/fpls.2018.01998
https://doi.org/10.1093/pcp/pcy125
https://doi.org/10.1093/pcp/pcy125
https://doi.org/10.3390/ijms21217881
https://doi.org/10.1093/plphys/kiaa034
https://doi.org/10.1093/plphys/kiaa034
https://doi.org/10.2135/cropsci2011.06.0326
https://doi.org/10.2135/cropsci2011.06.0326
https://doi.org/10.1046/j.1365-3040.2000.00544.x
https://doi.org/10.1046/j.1365-3040.2000.00544.x
https://doi.org/10.1007/s00122-018-3206-3
https://doi.org/10.1007/s00122-018-3206-3
https://doi.org/10.1093/jxb/erz120
https://doi.org/10.3389/fpls.2014.00362
https://doi.org/10.3389/fpls.2014.00362


22 of 29 |   BURGESS et al.

Kebeish, R., Niessen, M., Thiruveedhi, K., Bari, R., Hirsch, H.- J., 
Rosenkranz, R., Stäbler, N., Schönfeld, B., Kreuzaler, F., & 
Peterhänsel, C. (2007). Chloroplastic photorespiratory by-
pass increases photosynthesis and biomass production in 
Arabidopsis thaliana. Nature Biotechnology, 25(5), 593– 599. 
https://doi.org/10.1038/nbt1299

Khoshro, H. H., Taleei, A., Bihamta, M. R., Shahbazi, M., Abbasi, A., 
& Ramezanpour, S. S. (2014). Expression analysis of the genes 
involved in accumulation and remobilization of assimilates 
in wheat stem under terminal drought stress. Plant Growth 
Regulation, 74(2), 165– 176. https://doi.org/10.1007/s1072 
5- 014- 9908- x

Kim, H. U., Lee, K. R., Jung, S. J., Shin, H. A., Go, Y. S., Suh, M. C., 
& Kim, J. B. (2015). Senescence- inducible LEC2 enhances tria-
cylglycerol accumulation in leaves without negatively affecting 
plant growth. Plant Biotechnology Journal, 13(9), 1346– 1359. 
https://doi.org/10.1111/pbi.12354

Kim, J., Kim, J. H., Lyu, J. I., Woo, H. R., & Lim, P. O. (2018). New 
insights into the regulation of leaf senescence in Arabidopsis. 
Journal of Experimental Botany, 69(4), 787– 799. https://doi.
org/10.1093/jxb/erx287

Kleinow, T., Himbert, S., Krenz, B., Jeske, H., & Koncz, C. (2009). 
NAC domain transcription factor ATAF1 interacts with SNF1- 
related kinases and silencing of its subfamily causes severe de-
velopmental defects in Arabidopsis. Plant Science, 177(4), 360– 
370. https://doi.org/10.1016/j.plant sci.2009.06.011

Kojima, S., Bohner, A., Gassert, B., Yuan, L., & von Wiren, N. (2007). 
AtDUR3 represents the major transporter for high- affinity urea 
transport across the plasma membrane of nitrogen- deficient 
Arabidopsis roots. Plant Journal, 52(1), 30– 40. https://doi.
org/10.1111/j.1365- 313X.2007.03223.x

Kong, Q., Yang, Y., Guo, L., Yuan, L., & Ma, W. (2020). Molecular 
basis of plant oil biosynthesis: Insights gained from study-
ing the WRINKLED1 transcription factor. Frontiers in Plant 
Science, 11, 24. https://doi.org/10.3389/fpls.2020.00024

Krizek, B. A. (2009). Making bigger plants: Key regulators of final 
organ size. Current Opinion in Plant Biology, 12(1), 17– 22. 
https://doi.org/10.1016/j.pbi.2008.09.006

Kromdijk, J., Głowacka, K., Leonelli, L., Gabilly, S. T., Iwai, M., 
Niyogi, K. K., & Long, S. P. (2016). Improving photosynthesis 
and crop productivity by accelerating recovery from photopro-
tection. Science, 354(6314), 857– 861. https://doi.org/10.1126/
scien ce.aai8878

Ladwig, F., Stahl, M., Ludewig, U., Hirner, A. A., Hammes, U. Z., 
Stadler, R., Harter, K., & Koch, W. (2012). Siliques Are Red1 
from Arabidopsis acts as a bidirectional amino acid trans-
porter that is crucial for the amino acid homeostasis of siliques. 
Plant Physiology, 158(4), 1643– 1655. https://doi.org/10.1104/
pp.111.192583

Larkin, J. C., Marks, M. D., Nadeau, J., & Sack, F. (1997). Epidermal 
cell fate and patterning in leaves. Plant Cell, 9(7), 1109– 1120. 
https://doi.org/10.1105/tpc.9.7.1109

Lawlor, D. W., & Paul, M. J. (2014). Source/sink interactions un-
derpin crop yield: The case for trehalose 6- phosphate/SnRK1 
in improvement of wheat. Frontiers in Plant Science, 5, 418. 
https://doi.org/10.3389/fpls.2014.00418

Le Gouis, J., Bordes, J., Ravel, C., Heumez, E., Faure, S., Praud, S., 
Galic, N., Remoué, C., Balfourier, F., Allard, V., & Rousset, M. 
(2012). Genome- wide association analysis to identify chromo-
somal regions determining components of earliness in wheat. 

Theoretical and Applied Genetics, 124(3), 597– 611. https://doi.
org/10.1007/s0012 2- 011- 1732- 3

Ledo, A., Paul, K. I., Burslem, D. F. R. P., Ewel, J. J., Barton, C., 
Battaglia, M., Brooksbank, K., Carter, J., Eid, T. H., England, 
J. R., Fitzgerald, A., Jonson, J., Mencuccini, M., Montagu, K. 
D., Montero, G., Mugasha, W. A., Pinkard, E., Roxburgh, S., 
Ryan, C. M., … Chave, J. (2018). Tree size and climatic water 
deficit control root to shoot ratio in individual trees glob-
ally. New Phytologist, 217(1), 8– 11. https://doi.org/10.1111/
nph.14863

Lee, S. (2021). Recent advances on nitrogen use efficiency in rice. 
Agronomy, 11(4), 753. https://doi.org/10.3390/agron omy11 
040753

Lee, S., Marmagne, A., Park, J., Fabien, C., Yim, Y., Kim, S. j., Kim, 
T. H., Lim, P. O., Masclaux- Daubresse, C., & Nam, H. G. (2020). 
Concurrent activation of OsAMT1;2 and OsGOGAT1 in rice leads 
to enhanced nitrogen use efficiency under nitrogen limitation. 
Plant Journal, 103(1), 7– 20. https://doi.org/10.1111/tpj.14794

Lee, S., & Masclaux- Daubresse, C. (2021). Current understanding 
of leaf senescence in rice. International Journal of Molecular 
Sciences, 22(9), 4515. https://doi.org/10.3390/ijms2 2094515

Lee, S., Park, J., Lee, J., Shin, D., Marmagne, A., Lim, P. O., 
Masclaux- Daubresse, C., An, G., & Nam, H. G. (2020). 
OsASN1 overexpression in Rice increases grain protein con-
tent and yield under nitrogen- limiting conditions. Plant & 
Cell Physiology, 61(7), 1309– 1320. https://doi.org/10.1093/
pcp/pcaa060

Lezhneva, L., Kiba, T., Feria- Bourrellier, A. B., Lafouge, F., Boutet- 
Mercey, S., Zoufan, P., Sakakibara, H., Daniel- Vedele, F., & 
Krapp, A. (2014). The Arabidopsis nitrate transporter NRT2.5 
plays a role in nitrate acquisition and remobilization in 
nitrogen- starved plants. Plant Journal, 80(2), 230– 241. https://
doi.org/10.1111/tpj.12626

Li, C., Wu, H.- M., & Cheung, A. Y. (2016). FERONIA and her pals: 
Functions and mechanisms. Plant Physiology, 171(4), 2379– 
2392. https://doi.org/10.1104/pp.16.00667

Li, F., Chung, T., Pennington, J. G., Federico, M. L., Kaeppler, H. 
F., Kaeppler, S. M., Otegui, M. S., & Vierstra, R. D. (2015). 
Autophagic recycling plays a central role in maize nitro-
gen remobilization. Plant Cell, 27(5), 1389– 1408. https://doi.
org/10.1105/tpc.15.00158

Li, L., Aro, E.- M., & Millar, A. H. (2018). Mechanisms of pho-
todamage and protein turnover in photoinhibition. Trends in 
Plant Science, 23(8), 667– 676. https://doi.org/10.1016/j.tplan 
ts.2018.05.004

Li, L., Liu, K.- H., & Sheen, J. (2021). Dynamic nutrient signaling 
networks in plants. Annual Review of Cell and Developmental 
Biology, 37, 341– 367. https://doi.org/10.1146/annur ev- cellb io- 
01052 1- 015047

Li, N., Meng, H., Li, S., Zhang, Z., Zhao, X., Wang, S., Liu, A., Li, Q., 
Song, Q., Li, X., Guo, L., Li, H., Zuo, J., & Luo, K. (2020). Two 
plastid fatty acid exporters contribute to seed oil accumulation 
in Arabidopsis. Plant Physiology, 182(4), 1910– 1919. https://doi.
org/10.1104/pp.19.01344

Li, Z., Wei, X., Tong, X., Zhao, J., Liu, X., Wang, H., Tang, L., 
Shu, Y., Li, G., Wang, Y., Ying, J., Jiao, G., Hu, H., Hu, P., & 
Zhang, J. (2022). The OsNAC23- Tre6P- SnRK1a feed- forward 
loop regulates sugar homeostasis and grain yield in rice. 
Molecular Plant, 15(4), 706– 722. https://doi.org/10.1016/j.
molp.2022.01.016

 20483694, 2023, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/fes3.435 by T

est, W
iley O

nline L
ibrary on [23/02/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1038/nbt1299
https://doi.org/10.1007/s10725-014-9908-x
https://doi.org/10.1007/s10725-014-9908-x
https://doi.org/10.1111/pbi.12354
https://doi.org/10.1093/jxb/erx287
https://doi.org/10.1093/jxb/erx287
https://doi.org/10.1016/j.plantsci.2009.06.011
https://doi.org/10.1111/j.1365-313X.2007.03223.x
https://doi.org/10.1111/j.1365-313X.2007.03223.x
https://doi.org/10.3389/fpls.2020.00024
https://doi.org/10.1016/j.pbi.2008.09.006
https://doi.org/10.1126/science.aai8878
https://doi.org/10.1126/science.aai8878
https://doi.org/10.1104/pp.111.192583
https://doi.org/10.1104/pp.111.192583
https://doi.org/10.1105/tpc.9.7.1109
https://doi.org/10.3389/fpls.2014.00418
https://doi.org/10.1007/s00122-011-1732-3
https://doi.org/10.1007/s00122-011-1732-3
https://doi.org/10.1111/nph.14863
https://doi.org/10.1111/nph.14863
https://doi.org/10.3390/agronomy11040753
https://doi.org/10.3390/agronomy11040753
https://doi.org/10.1111/tpj.14794
https://doi.org/10.3390/ijms22094515
https://doi.org/10.1093/pcp/pcaa060
https://doi.org/10.1093/pcp/pcaa060
https://doi.org/10.1111/tpj.12626
https://doi.org/10.1111/tpj.12626
https://doi.org/10.1104/pp.16.00667
https://doi.org/10.1105/tpc.15.00158
https://doi.org/10.1105/tpc.15.00158
https://doi.org/10.1016/j.tplants.2018.05.004
https://doi.org/10.1016/j.tplants.2018.05.004
https://doi.org/10.1146/annurev-cellbio-010521-015047
https://doi.org/10.1146/annurev-cellbio-010521-015047
https://doi.org/10.1104/pp.19.01344
https://doi.org/10.1104/pp.19.01344
https://doi.org/10.1016/j.molp.2022.01.016
https://doi.org/10.1016/j.molp.2022.01.016


   | 23 of 29BURGESS et al.

Lin, H., Arrivault, S., Coe, R. A., Karki, S., Covshoff, S., Bagunu, E., 
Lunn, J. E., Stitt, M., Furbank, R. T., Hibberd, J. M., & Quick, 
W. P. (2020). A partial C4 photosynthetic biochemical path-
way in rice. Frontiers in Plant Science, 11, 564463. https://doi.
org/10.3389/fpls.2020.564463

Lin, M. T., Occhialini, A., Andralojc, P. J., Devonshire, J., Hines, K. 
M., Parry, M. A. J., & Hanson, M. R. (2014). β- Carboxysomal 
proteins assemble into highly organized structures in 
Nicotiana chloroplasts. Plant Journal, 79(1), 1– 12. https://doi.
org/10.1111/tpj.12536

Lin, M. T., Occhialini, A., Andralojc, P. J., Parry, M. A. J., & Hanson, 
M. R. (2014). A faster Rubisco with potential to increase pho-
tosynthesis in crops. Nature, 513(7519), 547– 550. https://doi.
org/10.1038/natur e13776

Liu, T., Ohashi- Ito, K., & Bergmann, D. C. (2009). Orthologs of 
Arabidopsis thaliana stomatal bHLH genes and regulation of 
stomatal development in grasses. Development, 136(13), 2265– 
2276. https://doi.org/10.1242/dev.032938

Liu, Y., & Bassham, D. C. (2010). TOR is a negative regulator of auto-
phagy in Arabidopsis thaliana. PLoS One, 5(7), e11883. https://
doi.org/10.1371/journ al.pone.0011883

Lombardi, M., De Gara, L., & Loreto, F. (2021). Determinants of 
root system architecture for future- ready, stress- resilient 
crops. Physiologia Plantarum, 172(4), 2090– 2097. https://doi.
org/10.1111/ppl.13439

Long, S. P., Taylor, S. H., Burgess, S. J., Carmo-Silva, E., Lawson, 
T., De Souza, A. P., Leonelli, L., & Wang, Y. (2022). Into the 
Shadows and Back into Sunlight: Photosynthesis in Fluctuating 
Light. Annual Review of Plant Biology, 73(1), 617– 648. https://
doi.org/10.1146/annur ev-arpla nt-070221-024745

Long, B. M., Hee, W. Y., Sharwood, R. E., Rae, B. D., Kaines, S., Lim, 
Y.- L., Nguyen, N. D., Massey, B., Bala, S., von Caemmerer, S., 
Badger, M. R., & Price, G. D. (2018). Carboxysome encapsula-
tion of the CO2- fixing enzyme Rubisco in tobacco chloroplasts. 
Nature Communications, 9, 3570. https://doi.org/10.1038/
s41467-018-06044-0

Long, S. P., Ainsworth, E. A., Leakey, A. D. B., Nösberger, J., & Ort, 
D. R. (2006). Food for thought: Lower- than- expected crop yield 
stimulation with rising CO2 concentrations. Science, 312(5782), 
1918– 1921. https://doi.org/10.1126/scien ce.1114722

Long, S. P., Humphries, S., & Falkowski, P. G. (1994). Photoinhibition 
of photosynthesis in nature. Annual Review of Plant Physiology 
and Plant Molecular Biology, 45, 633– 662. https://doi.
org/10.1146/annur ev.pp.45.060194.003221

Long, S. P., Marshall- Colon, A., & Zhu, X.- G. (2015). Meeting the 
global food demand of the future by engineering crop photo-
synthesis and yield potential. Cell, 161(1), 56– 66. https://doi.
org/10.1016/j.cell.2015.03.019

Loreto, F., & Fineschi, S. (2015). Reconciling functions and evolution 
of isoprene emission in higher plants. New Phytologist, 206(2), 
578– 582. https://doi.org/10.1111/nph.13242

Lu, M. Z., Snyder, R., Grant, J., & Tegeder, M. (2020). Manipulation 
of sucrose phloem and embryo loading affects pea leaf me-
tabolism, carbon and nitrogen partitioning to sinks as well as 
seed storage pools. Plant Journal, 101(1), 217– 236. https://doi.
org/10.1111/tpj.14533

Lyra, D. H., Griffiths, C. A., Watson, A., Joynson, R., Molero, G., Igna, 
A. A., Hassani- Pak, K., Reynolds, M. P., Hall, A., & Paul, M. J. 
(2021). Gene- based mapping of trehalose biosynthetic pathway 
genes reveals association with source-  and sink- related yield 

traits in a spring wheat panel. Food and Energy Security, 10(3), 
e292. https://doi.org/10.1002/fes3.292

Møller, I. M., Jensen, P. E., & Hansson, A. (2007). Oxidative mod-
ifications to cellular components in plants. Annual Review of 
Plant Biology, 58, 459– 481. https://doi.org/10.1146/annur ev.ar-
pla nt.58.032806.103946

Müller, B., Fastner, A., Karmann, J., Mansch, V., Hoffmann, T., 
Schwab, W., Suter- Grotemeyer, M., Rentsch, D., Truernit, E., 
Ladwig, F., Bleckmann, A., Dresselhaus, T., & Hammes, U. Z. 
(2015). Amino acid export in developing Arabidopsis seeds de-
pends on UmamiT facilitators. Current Biology, 25(23), 3126– 
3131. https://doi.org/10.1016/j.cub.2015.10.038

Müller, P., Li, X.- P., & Niyogi, K. K. (2001). Non- photochemical 
quenching. A response to excess light energy. Plant Physiology, 
125(4), 1558– 1566. https://doi.org/10.1104/pp.125.4.1558

Maier, A., Fahnenstich, H., von Caemmerer, S., Engqvist, M. K. 
M., Weber, A. P. M., Flügge, U.- I., & Maurino, V. G. (2012). 
Transgenic introduction of a glycolate oxidative cycle into A. 
thaliana chloroplasts leads to growth improvement. Frontiers 
in Plant Science, 3, 38. https://doi.org/10.3389/fpls.2012.00038

Manschadi, A. M., Christopher, J., deVoil, P., & Hammer, G. L. 
(2006). The role of root architectural traits in adaptation of 
wheat to water- limited environments. Functional Plant Biology, 
33(9), 823– 837. https://doi.org/10.1071/FP06055

Mao, C., Lu, S., Lv, B., Zhang, B., Shen, J., He, J., Luo, L., Xi, D., Chen, 
X., & Ming, F. (2017). A rice NAC transcription factor promotes 
leaf senescence via ABA biosynthesis. Plant Physiology, 174(3), 
1747– 1763. https://doi.org/10.1104/pp.17.00542

Marchive, C., Nikovics, K., To, A., Lepiniec, L., & Baud, S. (2014). 
Transcriptional regulation of fatty acid production in higher 
plants: Molecular bases and biotechnological outcomes. 
European Journal of Lipid Science and Technology, 116(10), 
1332– 1343. https://doi.org/10.1002/ejlt.20140 0027

Martin, A., Lee, J., Kichey, T., Gerentes, D., Zivy, M., Tatout, C., 
Dubois, F., Balliau, T., Valot, B., Davanture, M., Tercé- Laforgue, 
T., Quilleré, I., Coque, M., Gallais, A., Gonzalez- Moro, M. B., 
Bethencourt, L., Habash, D. Z., Lea, P. J., Charcosset, A., … 
Hirel, B. (2006). Two cytosolic glutamine synthetase isoforms 
of maize are specifically involved in the control of grain pro-
duction. Plant Cell, 18(11), 3252– 3274. https://doi.org/10.1105/
tpc.106.042689

Martre, P., Semenov, M. A., & Jamieson, P. D. (2007). Simulation 
analysis of physiological traits to improve yield, nitrogen use 
efficiency and grain protein concentration in wheat. In J. H. J. 
Spiertz, P. C. Struik, & H. H. van Laar (Eds.), Scale and com-
plexity in plant systems research: Gene- plant- crop relations (pp. 
181– 201). Springer.

Masclaux, C., Quilleré, I., Gallais, A., & Hirel, B. (2001). The challenge 
of remobilisation in plant nitrogen economy. A survey of physio- 
agronomic and molecular approaches. Annals of Applied Biology, 
138(1), 69– 81. https://doi.org/10.1111/j.1744- 7348.2001.tb000 86.x

Masclaux- Daubresse, C., & Chardon, F. (2011). Exploring nitro-
gen remobilization for seed filling using natural variation in 
Arabidopsis thaliana. Journal of Experimental Botany, 62(6), 
2131– 2142. https://doi.org/10.1093/Jxb/Erq405

Masclaux- Daubresse, C., Chen, Q., & Havé, M. (2017). Regulation 
of nutrient recycling via autophagy. Current Opinion in Plant 
Biology, 39, 8– 17. https://doi.org/10.1016/j.pbi.2017.05.001

Masclaux- Daubresse, C., Daniel- Vedele, F., Dechorgnat, J., Chardon, 
F., Gaufichon, L., & Suzuki, A. (2010). Nitrogen uptake, 

 20483694, 2023, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/fes3.435 by T

est, W
iley O

nline L
ibrary on [23/02/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.3389/fpls.2020.564463
https://doi.org/10.3389/fpls.2020.564463
https://doi.org/10.1111/tpj.12536
https://doi.org/10.1111/tpj.12536
https://doi.org/10.1038/nature13776
https://doi.org/10.1038/nature13776
https://doi.org/10.1242/dev.032938
https://doi.org/10.1371/journal.pone.0011883
https://doi.org/10.1371/journal.pone.0011883
https://doi.org/10.1111/ppl.13439
https://doi.org/10.1111/ppl.13439
https://doi.org/10.1146/annurev-arplant-070221-024745
https://doi.org/10.1146/annurev-arplant-070221-024745
https://doi.org/10.1038/s41467-018-06044-0
https://doi.org/10.1038/s41467-018-06044-0
https://doi.org/10.1126/science.1114722
https://doi.org/10.1146/annurev.pp.45.060194.003221
https://doi.org/10.1146/annurev.pp.45.060194.003221
https://doi.org/10.1016/j.cell.2015.03.019
https://doi.org/10.1016/j.cell.2015.03.019
https://doi.org/10.1111/nph.13242
https://doi.org/10.1111/tpj.14533
https://doi.org/10.1111/tpj.14533
https://doi.org/10.1002/fes3.292
https://doi.org/10.1146/annurev.arplant.58.032806.103946
https://doi.org/10.1146/annurev.arplant.58.032806.103946
https://doi.org/10.1016/j.cub.2015.10.038
https://doi.org/10.1104/pp.125.4.1558
https://doi.org/10.3389/fpls.2012.00038
https://doi.org/10.1071/FP06055
https://doi.org/10.1104/pp.17.00542
https://doi.org/10.1002/ejlt.201400027
https://doi.org/10.1105/tpc.106.042689
https://doi.org/10.1105/tpc.106.042689
https://doi.org/10.1111/j.1744-7348.2001.tb00086.x
https://doi.org/10.1093/Jxb/Erq405
https://doi.org/10.1016/j.pbi.2017.05.001


24 of 29 |   BURGESS et al.

assimilation and remobilization in plants: Challenges for sus-
tainable and productive agriculture. Annals of Botany, 105(7), 
1141– 1157. https://doi.org/10.1093/aob/mcq028

Masuda, T., Tanaka, A., & Melis, A. (2003). Chlorophyll antenna 
size adjustments by irradiance in Dunaliella salina involve 
coordinate regulation of chlorophyll a oxygenase (CAO) and 
Lhcb gene expression. Plant Molecular Biology, 51(5), 757– 771. 
https://doi.org/10.1023/A:10225 45118212

McCurdy, D. W., Dibley, S., Cahyanegara, R., Martin, A., & Patrick, 
J. W. (2010). Functional characterization and RNAi- mediated 
suppression reveals roles for hexose transporters in sugar ac-
cumulation by tomato fruit. Molecular Plant, 3(6), 1049– 1063. 
https://doi.org/10.1093/mp/ssq050

McGrath, J. M., & Long, S. P. (2014). Can the cyanobacterial carbon- 
concentrating mechanism increase photosynthesis in crop 
species? A theoretical analysis. Plant Physiology, 164(4), 2247– 
2261. https://doi.org/10.1104/pp.113.232611

Miray, R., Kazaz, S., To, A., & Baud, S. (2021). Molecular control of oil 
metabolism in the endosperm of seeds. International Journal of 
Molecular Sciences, 22(4), 1621. https://doi.org/10.3390/ijms2 
2041621

Miyata, K., Noguchi, K., & Terashima, I. (2012). Cost and bene-
fit of the repair of photodamaged photosystem II in spinach 
leaves: Roles of acclimation to growth light. Photosynthesis 
Research, 113(1- 3), 165– 180. https://doi.org/10.1007/s1112 
0- 012- 9767- 0

Mohammed, U., Caine, R. S., Atkinson, J. A., Harrison, E. L., 
Wells, D., Chater, C. C., Gray, J. E., Swarup, R., & Murchie, E. 
H. (2019). Rice plants overexpressing OsEPF1 show reduced 
stomatal density and increased root cortical aerenchyma for-
mation. Scientific Reports, 9(1), 5584. https://doi.org/10.1038/
s4159 8- 019- 41922 - 7

Moison, M., Marmagne, A., Dinant, S., Soulay, F., Azzopardi, M., 
Lothier, J., Citerne, S., Morin, H., Legay, N., Chardon, F., Avice, 
J.- C., Reisdorf- Cren, M., & Masclaux- Daubresse, C. (2018). 
Three cytosolic glutamine synthetase isoforms localized in 
different- order veins act together for N remobilization and seed 
filling in Arabidopsis. Journal of Experimental Botany, 69(18), 
4379– 4393. https://doi.org/10.1093/jxb/ery217

Monforte, A. J., Diaz, A., Caño- Delgado, A., & van der Knaap, E. 
(2014). The genetic basis of fruit morphology in horticultural 
crops: Lessons from tomato and melon. Journal of Experimental 
Botany, 65(16), 4625– 4637. https://doi.org/10.1093/jxb/eru017

Monteith, J. L. (1972). Solar- radiation and productivity in tropical 
ecosystems. Journal of Applied Ecology, 9(3), 747– 766. https://
doi.org/10.2307/2401901

Muller, B., Bourdais, G., Reidy, B., Bencivenni, C., Massonneau, 
A., Condamine, P., Rolland, G., Conéjéro, G., Rogowsky, P., 
& Tardieu, F. (2007). Association of specific expansins with 
growth in Maize leaves is maintained under environmental, ge-
netic, and developmental sources of variation. Plant Physiology, 
143(1), 278– 290. https://doi.org/10.1104/pp.106.087494

Murchie, E. H., Reynolds, M., Slafer, G. A., Foulkes, M. J., Acevedo-
Siaca, L., McAusland, L., Sharwood, R., Griffiths, S., Flavell, R. 
B., Gwyn, J., Sawkins, M., & Carmo-Silva, E. (2022). A 'Wiring 
Diagram' for source-strength traits impacting wheat yield po-
tential. Journal of Experimental Botany, erac415. Advance on-
line publication. https://doi.org/10.1093/jxb/erac415

Murchie, E. H., & Reynolds, M. (2013). Crop radiation capture and 
use efficiency. In P. Christou, R. Savin, B. A. Costa- Pierce, I. 

Misztal, & C. B. A. Whitelaw (Eds.), Sustainable food produc-
tion (pp. 591– 614). Springer.

Murchie, E. H., & Ruban, A. V. (2020). Dynamic non- photochemical 
quenching in plants: From molecular mechanism to produc-
tivity. Plant Journal, 101(4), 885– 896. https://doi.org/10.1111/
tpj.14601

Myers, S. S., Zanobetti, A., Kloog, I., Huybers, P., Leakey, A. D. 
B., Bloom, A. J., Carlisle, E., Dietterich, L. H., Fitzgerald, G., 
Hasegawa, T., Holbrook, N. M., Nelson, R. L., Ottman, M. J., 
Raboy, V., Sakai, H., Sartor, K. A., Schwartz, J., Seneweera, S., 
Tausz, M., & Usui, Y. (2014). Increasing CO2 threatens human 
nutrition. Nature, 510(7503), 139– 142. https://doi.org/10.1038/
natur e13179

Napier, J. A., & Graham, I. A. (2010). Tailoring plant lipid com-
position: Designer oilseeds come of age. Current Opinion 
in Plant Biology, 13(3), 330– 337. https://doi.org/10.1016/j.
pbi.2010.01.008

Nelissen, H., & Gonzalez, N. (2020). Understanding plant organ 
growth: A multidisciplinary field. Journal of Experimental 
Botany, 71(1), 7– 10. https://doi.org/10.1093/jxb/erz448

Nelissen, H., Gonzalez, N., & Inzé, D. (2016). Leaf growth in dicots 
and monocots: So different yet so alike. Current Opinion in Plant 
Biology, 33, 72– 76. https://doi.org/10.1016/j.pbi.2016.06.009

Nelson, T., & Dengler, N. (1997). Leaf vascular pattern formation. 
Plant Cell, 9(7), 1121– 1135. https://doi.org/10.1105/tpc.9.7.1121

Nuccio, M. L., Wu, J., Mowers, R., Zhou, H.- P., Meghji, M., Primavesi, 
L. F., Paul, M. J., Chen, X., Gao, Y., Haque, E., Basu, S. S., & 
Lagrimini, L. M. (2015). Expression of trehalose- 6- phosphate 
phosphatase in maize ears improves yield in well- watered 
and drought conditions. Nature Biotechnology, 33(8), 862– 869. 
https://doi.org/10.1038/nbt.3277

Nunes- Nesi, A., Fernie, A. R., & Stitt, M. (2010). Metabolic and sig-
naling aspects underpinning the regulation of plant carbon ni-
trogen interactions. Molecular Plant, 3(6), 973– 996. https://doi.
org/10.1093/mp/ssq049

Ober, E. S., Alahmad, S., Cockram, J., Forestan, C., Hickey, L. T., 
Kant, J., Maccaferri, M., Marr, E., Milner, M., Pinto, F., Rambla, 
C., Reynolds, M., Salvi, S., Sciara, G., Snowdon, R. J., Thomelin, 
P., Tuberosa, R., Cristobal, U., Voss- Fels, K. P., … Watt, M. 
(2021). Wheat root systems as a breeding target for climate re-
silience. Theoretical and Applied Genetics, 134(6), 1645– 1662. 
https://doi.org/10.1007/s0012 2- 021- 03819 - w

Ort, D. R., Merchant, S. S., Alric, J., Barkan, A., Blankenship, R. E., Bock, 
R., Croce, R., Hanson, M. R., Hibberd, J. M., Long, S. P., Moore, T. 
A., Moroney, J., Niyogi, K. K., Parry, M. A. J., Peralta- Yahya, P. P., 
Prince, R. C., Redding, K. E., Spalding, M. H., van Wijk, K. J., … 
Zhu, X. G. (2015). Redesigning photosynthesis to sustainably meet 
global food and bioenergy demand. Proceedings of the National 
Academy of Sciences of the United States of America, 112(28), 8529– 
8536. https://doi.org/10.1073/pnas.14240 31112

Ortiz- Bobea, A., Ault, T. R., Carrillo, C. M., Chambers, R. G., 
& Lobel, D. B. (2021). Anthropogenic climate change has 
slowed global agricultural productivity growth. Nature 
Climate Change, 11(4), 306– 312. https://doi.org/10.1038/
s4155 8- 021- 01000 - 1

Ort, D. R., Zhu, X., & Melis, A. (2011). Optimizing antenna size to 
maximize photosynthetic efficiency. Plant Physiology, 155(1), 
79– 85. https://doi.org/10.1104/pp.110.165886

Oszvald, M., Primavesi, L. F., Griffiths, C. A., Cohn, J., Basu, S. S., 
Nuccio, M. L., & Paul, M. J. (2018). Trehalose 6- phosphate 

 20483694, 2023, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/fes3.435 by T

est, W
iley O

nline L
ibrary on [23/02/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1093/aob/mcq028
https://doi.org/10.1023/A:1022545118212
https://doi.org/10.1093/mp/ssq050
https://doi.org/10.1104/pp.113.232611
https://doi.org/10.3390/ijms22041621
https://doi.org/10.3390/ijms22041621
https://doi.org/10.1007/s11120-012-9767-0
https://doi.org/10.1007/s11120-012-9767-0
https://doi.org/10.1038/s41598-019-41922-7
https://doi.org/10.1038/s41598-019-41922-7
https://doi.org/10.1093/jxb/ery217
https://doi.org/10.1093/jxb/eru017
https://doi.org/10.2307/2401901
https://doi.org/10.2307/2401901
https://doi.org/10.1104/pp.106.087494
https://doi.org/10.1093/jxb/erac415
https://doi.org/10.1111/tpj.14601
https://doi.org/10.1111/tpj.14601
https://doi.org/10.1038/nature13179
https://doi.org/10.1038/nature13179
https://doi.org/10.1016/j.pbi.2010.01.008
https://doi.org/10.1016/j.pbi.2010.01.008
https://doi.org/10.1093/jxb/erz448
https://doi.org/10.1016/j.pbi.2016.06.009
https://doi.org/10.1105/tpc.9.7.1121
https://doi.org/10.1038/nbt.3277
https://doi.org/10.1093/mp/ssq049
https://doi.org/10.1093/mp/ssq049
https://doi.org/10.1007/s00122-021-03819-w
https://doi.org/10.1073/pnas.1424031112
https://doi.org/10.1038/s41558-021-01000-1
https://doi.org/10.1038/s41558-021-01000-1
https://doi.org/10.1104/pp.110.165886


   | 25 of 29BURGESS et al.

regulates photosynthesis and assimilate partitioning in repro-
ductive tissue. Plant Physiology, 176(4), 2623– 2638. https://doi.
org/10.1104/pp.17.01673

Pandey, B. K., Huang, G., Bhosale, R., Hartman, S., Sturrock, C. J., 
Jose, L., Martin, O. C., Karady, M., Voesenek, L. A. C. J., Ljung, 
K., Lynch, J. P., Brown, K. M., Whalley, W. R., Mooney, S. J., 
Zhang, D., & Bennet, M. J. (2021). Plant roots sense soil compac-
tion through restricted ethylene diffusion. Science, 371(6526), 
276– 280. https://doi.org/10.1126/scien ce.abf3013

Parrott, D. L., Downs, E. P., & Fischer, A. M. (2012). Control of barley 
(Hordeum vulgare L.) development and senescence by the inter-
action between a chromosome six grain protein content locus, 
day length, and vernalization. Journal of Experimental Botany, 
63(3), 1329– 1339. https://doi.org/10.1093/jxb/err360

Pask, A. J. D., Sylvester- Bradley, R., Jamieson, P. D., & Foulkes, M. J. 
(2012). Quantifying how winter wheat crops accumulate and 
use nitrogen reserves during growth. Field Crops Research, 126, 
104– 118. https://doi.org/10.1016/j.fcr.2011.09.021

Paul, M., Pellny, T., & Goddijn, O. (2001). Enhancing photosynthe-
sis with sugar signals. Trends in Plant Science, 6(5), 197– 200. 
https://doi.org/10.1016/S1360 - 1385(01)01920 - 3

Paul, M. J. (2021). What are the regulatory targets for intervention 
in assimilate partitioning to improve crop yield and resil-
ience? Journal of Plant Physiology, 266, 153537. https://doi.
org/10.1016/j.jplph.2021.153537

Paul, M. J., Gonzalez- Uriarte, A., Griffiths, C. A., & Hassani- Pak, K. 
(2018). The role of trehalose 6- phosphate in crop yield and resil-
ience. Plant Physiology, 177(1), 12– 23. https://doi.org/10.1104/
pp.17.01634

Paul, M. J., Oszvald, M., Jesus, C., Rajulu, C., & Griffiths, C. A. 
(2017). Increasing crop yield and resilience with trehalose 
6- phosphate: Targeting a feast- famine mechanism in cereals 
for better source- sink optimization. Journal of Experimental 
Botany, 68(16), 4455– 4462. https://doi.org/10.1093/jxb/erx083

Paul, M. J., Watson, A., & Griffiths, C. A. (2020). Trehalose 
6- phosphate signalling and impact on crop yield. Biochemical 
Society Transactions, 48(5), 2127– 2137. https://doi.org/10.1042/
BST20 200286

Pearce, S., Tabbita, F., Cantu, D., Buffalo, V., Avni, R., Vazquez- 
Gross, H., Zhao, R., Conley, C. J., Distelfeld, A., & Dubcovksy, J. 
(2014). Regulation of Zn and Fe transporters by the GPC1 gene 
during early wheat monocarpic senescence. BMC Plant Biology, 
14, 368. https://doi.org/10.1186/s1287 0- 014- 0368- 2

Pellny, T. K., Ghannoum, O., Conroy, J. P., Schluepmann, H., 
Smeekens, S., Andralojc, J., Krause, K. P., Goddijn, O., & Paul, 
M. J. (2004). Genetic modification of photosynthesis with E. coli 
genes for trehalose synthesis. Plant Biotechnology Journal, 2(1), 
71– 82. https://doi.org/10.1111/j.1467- 7652.2004.00053.x

Peoples, M. B., & Dalling, M. J. (1988). The interplay between 
proteolysis and amino acid metabolism during senes-
cence and nitrogen reallocation. In L. D. Noodén & A. C. 
Leopold (Eds.), Senescence and aging in plant (pp. 181– 217). 
Academic Press.

Peterhansel, C., Krause, K., Braun, H.- P., Espie, G. S., Fernie, A. R., 
Hanson, D. T., Keech, O., Maurino, V. G., Mielewczik, M., & 
Sage, R. F. (2013). Engineering photorespiration: Current state 
and future possibilities. Plant Biology, 15(4), 754– 758. https://
doi.org/10.1111/j.1438- 8677.2012.00681.x

Peterson, K. M., Rychel, A. L., & Torii, K. U. (2010). Out of the 
mouths of plants: The molecular basis of the evolution and 

diversity of stomatal development. Plant Cell, 22(2), 296– 306. 
https://doi.org/10.1105/tpc.109.072777

Phyo, P., Wang, T., Kiemle, S. N., O'Neill, H., Pingali, S. V., Hong, 
M., & Cosgrove, D. J. (2017). Gradients in wall mechan-
ics and polysaccharides along growing inflorescence stems. 
Plant Physiology, 175(4), 1593– 1607. https://doi.org/10.1104/
pp.17.01270

Pollastri, S., Baccelli, I., & Loreto, F. (2021). Isoprene: An antioxi-
dant itself or a molecule with multiple regulatory functions in 
plants? Antioxidants, 10(5), 684. https://doi.org/10.3390/antio 
x1005 0684

Pollastri, S., Jorba, I., Hawkins, T. J., Llusià, J., Michelozzi, M., 
Navajas, D., Peñuelas, J., Hussey, P. J., Knight, M. R., & Loreto, 
F. (2019). Leaves of isoprene- emitting tobacco plants maintain 
PSII stability at high temperatures. New Phytologist, 223(3), 
1307– 1318. https://doi.org/10.1111/nph.15847

Powell, A. E., & Lenhard, M. (2012). Control of organ size in plants. 
Current Biology, 22(9), R360– R367. https://doi.org/10.1016/j.
cub.2012.02.010

Price, G. D., Pengelly, J. J. L., Forster, B., Du, J., Whitney, S. M., von 
Caemmerer, S., Badger, M. R., Howitt, S. M., & Evans, J. R. 
(2013). The cyanobacterial CCM as a source of genes for im-
proving photosynthetic CO2 fixation in crop species. Journal of 
Experimental Botany, 64(3), 753– 768. https://doi.org/10.1093/
jxb/ers257

Pružinská, A., Shindo, T., Niessen, S., Kaschani, F., Tóth, R., Millar, 
A. H., & van der Hoorn, R. A. (2017). Major Cys protease activ-
ities are not essential for senescence in individually darkened 
Arabidopsis leaves. BMC Plant Biology, 17(1), 4. https://doi.
org/10.1186/s1287 0- 016- 0955- 5

Qu, Y., Sakoda, K., Fukayama, H., Kondo, E., Suzuki, Y., Makino, 
A., Terashima, I., & Yamori, W. (2021). Overexpression of both 
Rubisco and Rubisco activase rescues rice photosynthesis and 
biomass under heat stress. Plant, Cell & Environment, 44(7), 
2308– 2320. https://doi.org/10.1111/pce.14051

Raissig, M. T., Matos, J. L., Anleu Gil, M. X., Kornfeld, A., Bettadapur, 
A., Abrash, E., Allison, H. R., Badgley, G., Vogel, J. P., Berry, 
J. A., & Bergmann, D. C. (2017). Mobile MUTE specifies sub-
sidiary cells to build physiologically improved grass stomata. 
Science, 355(6330), 1215– 1218. https://doi.org/10.1126/scien 
ce.aal3254

Reinhardt, D., Mandel, T., & Kuhlemeier, C. (2000). Auxin regulates 
the initiation and radial position of plant lateral organs. Plant 
Cell, 12(4), 507– 518. https://doi.org/10.1105/tpc.12.4.507

Ren, T., Weraduwage, S. M., & Sharkey, T. D. (2019). Prospects for 
enhancing leaf photosynthetic capacity by manipulating meso-
phyll cell morphology. Journal of Experimental Botany, 70(4), 
1153– 1165. https://doi.org/10.1093/jxb/ery448

Reynolds, M., Atkin, O. K., Bennett, M., Cooper, M., Dodd, I. 
C., Foulkes, M. J., Frohberg, C., Hammer, G., Henderson, 
I. R., Huang, B., Korzun, V., McCouch, S. R., Messina, C. D., 
Pogson, B. J., Slafer, G. A., Taylor, N. L., & Wittich, P. E. (2021). 
Addressing research bottlenecks to crop productivity. Trends in 
Plant Science, 26(6), 607– 630. https://doi.org/10.1016/j.tplan 
ts.2021.03.011

Reynolds, M., Chapman, S., Crespo- Herrera, L., Molero, G., Mondal, 
S., Pequeno, D. N. L., Pinto, F., Pinera- Chavez, F. J., Poland, J., 
Rivera- Amado, C., Saint Pierre, C., & Sukumaran, S. (2020). 
Breeder friendly phenotyping. Plant Science, 295, 110396. 
https://doi.org/10.1016/j.plant sci.2019.110396

 20483694, 2023, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/fes3.435 by T

est, W
iley O

nline L
ibrary on [23/02/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1104/pp.17.01673
https://doi.org/10.1104/pp.17.01673
https://doi.org/10.1126/science.abf3013
https://doi.org/10.1093/jxb/err360
https://doi.org/10.1016/j.fcr.2011.09.021
https://doi.org/10.1016/S1360-1385(01)01920-3
https://doi.org/10.1016/j.jplph.2021.153537
https://doi.org/10.1016/j.jplph.2021.153537
https://doi.org/10.1104/pp.17.01634
https://doi.org/10.1104/pp.17.01634
https://doi.org/10.1093/jxb/erx083
https://doi.org/10.1042/BST20200286
https://doi.org/10.1042/BST20200286
https://doi.org/10.1186/s12870-014-0368-2
https://doi.org/10.1111/j.1467-7652.2004.00053.x
https://doi.org/10.1111/j.1438-8677.2012.00681.x
https://doi.org/10.1111/j.1438-8677.2012.00681.x
https://doi.org/10.1105/tpc.109.072777
https://doi.org/10.1104/pp.17.01270
https://doi.org/10.1104/pp.17.01270
https://doi.org/10.3390/antiox10050684
https://doi.org/10.3390/antiox10050684
https://doi.org/10.1111/nph.15847
https://doi.org/10.1016/j.cub.2012.02.010
https://doi.org/10.1016/j.cub.2012.02.010
https://doi.org/10.1093/jxb/ers257
https://doi.org/10.1093/jxb/ers257
https://doi.org/10.1186/s12870-016-0955-5
https://doi.org/10.1186/s12870-016-0955-5
https://doi.org/10.1111/pce.14051
https://doi.org/10.1126/science.aal3254
https://doi.org/10.1126/science.aal3254
https://doi.org/10.1105/tpc.12.4.507
https://doi.org/10.1093/jxb/ery448
https://doi.org/10.1016/j.tplants.2021.03.011
https://doi.org/10.1016/j.tplants.2021.03.011
https://doi.org/10.1016/j.plantsci.2019.110396


26 of 29 |   BURGESS et al.

Richards, R. A., Cavanagh, C. R., & Riffkin, P. (2019). Selection for 
erect canopy architecture can increase yield and biomass of 
spring wheat. Field Crops Research, 244, 107649. https://doi.
org/10.1016/j.fcr.2019.107649

Rousset, M., Bonnin, I., Remoué, C., Falque, M., Rhoné, B., 
Veyrieras, J.- B., Madur, D., Murigneux, A., Balfourier, F., Le 
Gouis, J., Santoni, S., & Goldringer, I. (2011). Deciphering the 
genetics of flowering time by an association study on candidate 
genes in bread wheat (Triticum aestivum L.). Theoretical and 
Applied Genetics, 123(6), 907. https://doi.org/10.1007/s0012 
2- 011- 1636- 2

Ruban, A. V. (2016). Nonphotochemical chlorophyll fluorescence 
quenching: Mechanism and effectiveness in protecting plants 
from photodamage. Plant Physiology, 170(4), 1903– 1916. 
https://doi.org/10.1104/pp.15.01935

Sage, R. F. (2004). The evolution of C4 photosynthesis. New 
Phytologist, 161(2), 341– 370. https://doi.org/10.1111/j.1469- 8137. 
2004.00974.x

Sage, R. F., Sage, T. L., & Kocacinar, F. (2012). Photorespiration and 
the evolution of C4 photosynthesis. Annual Review of Plant 
Biology, 63, 19– 47. https://doi.org/10.1146/annur ev- arpla nt- 
04281 1- 105511

Salter, W. T., Merchant, A. M., Richards, R. A., Trethowan, R., & 
Buckley, T. N. (2019). Rate of photosynthetic induction in 
fluctuating light varies widely among genotypes of wheat. 
Journal of Experimental Botany, 70(10), 2787– 2796. https://doi.
org/10.1093/jxb/erz100

Santiago, J. P., & Tegeder, M. (2016). Connecting source with 
sink: The role of Arabidopsis AAP8 in phloem loading of 
amino acids. Plant Physiology, 171(1), 508– 521. https://doi.
org/10.1104/pp.16.00244

Scharff, L. B., Saltenis, V. L. R., Jensen, P. E., Baekelandt, A., 
Burgess, A. J., Burow, M., Ceriotti, A., Cohan, J. P., Geu- Flores, 
F., Halkier, B. A., Haslam, R. P., Inzé, D., Klein Lankhorst, R., 
Murchie, E. H., Napier, J. A., Nacry, P., Parry, M. A. J., Santino, 
A., Scarano, A., … Pribil, M. (2021). Prospects to improve the 
nutritional quality of crops. Food and Energy Security, 11(1), 
e327. https://doi.org/10.1002/fes3.327

Schmidt, R., Kunkowska, A. B., & Schippers, J. H. M. (2016). Role 
of reactive oxygen species during cell expansion in leaves. 
Plant Physiology, 172(4), 2098– 2106. https://doi.org/10.1104/
pp.16.00426

Schneider, M., Gonzalez, N., Pauwels, L., Inzé, D., & Baekelandt, 
A. (2021). The PEAPOD pathway and its potential to improve 
crop yield. Trends in Plant Science, 26(3), 220– 236. https://doi.
org/10.1016/j.tplan ts.2020.10.012

Schofield, R. A., Bi, Y.- M., Kant, S., & Rothstein, S. J. (2009). 
Over- expression of STP13, a hexose transporter, improves 
plant growth and nitrogen use in Arabidopsis thaliana seed-
lings. Plant, Cell & Environment, 32(3), 271– 285. https://doi.
org/10.1111/j.1365- 3040.2008.01919.x

Sehgal, A., Sita, K., Siddique, K. H. M., Kumar, R., Bhogireddy, S., 
Varshney, R. K., HanumanthaRao, B., Nair, R. M., Prasad, P. 
V., & Nayyar, H. (2018). Drought or/and heat- stress effects on 
seed filling in food crops: Impacts on functional biochemistry, 
seed yields, and nutritional quality. Frontiers in Plant Science, 9, 
1705. https://doi.org/10.3389/fpls.2018.01705

Shen, B.- R., Wang, L.- M., Lin, X.- L., Yao, Z., Xu, H.- W., Zhu, C.- H., 
Teng, H.- Y., Cui, L.- L., Liu, E.- E., Zhang, J.- J., He, Z.- H., & Peng, 
X.- X. (2019). Engineering a new chloroplastic photorespiratory 

bypass to increase photosynthetic efficiency and productivity in 
rice. Molecular Plant, 12(2), 199– 214. https://doi.org/10.1016/j.
molp.2018.11.013

Simkin, A. J., McAusland, L., Lawson, T., & Raines, C. A. (2017). 
Overexpression of the RieskeFeS protein increases electron 
transport rates and biomass yield. Plant Physiology, 175(1), 
134– 145. https://doi.org/10.1104/pp.17.00622

Sinclair, T. R., Rufty, T. W., & Lewis, R. S. (2019). Increasing pho-
tosynthesis: Unlikely solution for world food problem. Trends 
in Plant Science, 24(11), 1032– 1039. https://doi.org/10.1016/j.
tplan ts.2019.07.008

Singh, S., Koyama, H., Bhati, K. K., & Alok, A. (2021). The biotech-
nological importance of the plant- specific NAC transcription 
factor family in crop improvement. Journal of Plant Research, 
134(3), 475– 495. https://doi.org/10.1007/s1026 5- 021- 01270 - y

Slattery, R. A., VanLoocke, A., Bernacchi, C. J., Zhu, X.- G., & Ort, 
D. R. (2017). Photosynthesis, light use efficiency, and yield 
of reduced- chlorophyll soybean mutants in field conditions. 
Frontiers in Plant Science, 8, 549. https://doi.org/10.3389/
fpls.2017.00549

Snouffer, A., Kraus, C., & van der Knaap, E. (2020). The shape of 
things to come: Ovate family proteins regulate plant organ 
shape. Current Opinion in Plant Biology, 53, 98– 105. https://doi.
org/10.1016/j.pbi.2019.10.005

Soleh, M. A., Tanaka, Y., Kim, S. Y., Huber, S. C., Sakoda, K., & 
Shiraiwa, T. (2017). Identification of large variation in the pho-
tosynthetic induction response among 37 soybean [Glycine max 
(L.) Merr.] genotypes that is not correlated with steady- state 
photosynthetic capacity. Photosynthesis Research, 131(3), 305– 
315. https://doi.org/10.1007/s1112 0- 016- 0323- 1

Soleh, M. A., Tanaka, Y., Nomoto, Y., Iwahashi, Y., Nakashima, 
K., Fukuda, Y., Long, S. P., & Shiraiwa, T. (2016). Factors 
underlying genotypic differences in the induction of pho-
tosynthesis in soybean [Glycine max (L.) Merr.]. Plant Cell 
and Environment, 39(3), 685– 693. https://doi.org/10.1111/
pce.12674

Sonnewald, U. (2018). Plant synthetic biology: One answer to global 
challenges. Journal of Integrative Plant Biology, 60(12), 1124– 
1126. https://doi.org/10.1111/jipb.12750

Sosso, D., Luo, D. P., Li, Q.- B., Sasse, J., Yang, J., Gendrot, G., Suzuki, 
M., Koch, K. E., McCarty, D. R., Chourey, P. S., Rogowsky, P. M., 
Ross- Ibarra, J., Yang, B., & Frommer, W. B. (2015). Seed filling 
in domesticated maize and rice depends on SWEET- mediated 
hexose transport. Nature Genetics, 47(12), 1489– 1493. https://
doi.org/10.1038/ng.3422

South, P. F., Cavanagh, A. P., Liu, H. W., & Ort, D. R. (2019). Synthetic 
glycolate metabolism pathways stimulate crop growth and pro-
ductivity in the field. Science, 363(6422), aat9077. https://doi.
org/10.1126/scien ce.aat9077

South, P. F., Cavanagh, A. P., Lopez- Calcagno, P. E., Raines, C. A., 
& Ort, D. R. (2018). Optimizing photorespiration for improved 
crop productivity. Journal of Integrative Plant Biology, 60(12), 
1217– 1230. https://doi.org/10.1111/jipb.12709

Strable, J., Wallace, J. G., Unger- Wallace, E., Briggs, S., Bradbury, 
P. J., Buckler, E. S., & Vollbrecht, E. (2017). Maize YABBY 
genes drooping leaf1 and drooping leaf2 regulate plant archi-
tecture. Plant Cell, 29(7), 1622– 1641. https://doi.org/10.1105/
tpc.16.00477

Stransfeld, L., Eriksson, S., Adamski, N. M., Breuninger, H., & 
Lenhard, M. (2010). KLUH/CYP78A5 promotes organ growth 

 20483694, 2023, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/fes3.435 by T

est, W
iley O

nline L
ibrary on [23/02/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1016/j.fcr.2019.107649
https://doi.org/10.1016/j.fcr.2019.107649
https://doi.org/10.1007/s00122-011-1636-2
https://doi.org/10.1007/s00122-011-1636-2
https://doi.org/10.1104/pp.15.01935
https://doi.org/10.1111/j.1469-8137.2004.00974.x
https://doi.org/10.1111/j.1469-8137.2004.00974.x
https://doi.org/10.1146/annurev-arplant-042811-105511
https://doi.org/10.1146/annurev-arplant-042811-105511
https://doi.org/10.1093/jxb/erz100
https://doi.org/10.1093/jxb/erz100
https://doi.org/10.1104/pp.16.00244
https://doi.org/10.1104/pp.16.00244
https://doi.org/10.1002/fes3.327
https://doi.org/10.1104/pp.16.00426
https://doi.org/10.1104/pp.16.00426
https://doi.org/10.1016/j.tplants.2020.10.012
https://doi.org/10.1016/j.tplants.2020.10.012
https://doi.org/10.1111/j.1365-3040.2008.01919.x
https://doi.org/10.1111/j.1365-3040.2008.01919.x
https://doi.org/10.3389/fpls.2018.01705
https://doi.org/10.1016/j.molp.2018.11.013
https://doi.org/10.1016/j.molp.2018.11.013
https://doi.org/10.1104/pp.17.00622
https://doi.org/10.1016/j.tplants.2019.07.008
https://doi.org/10.1016/j.tplants.2019.07.008
https://doi.org/10.1007/s10265-021-01270-y
https://doi.org/10.3389/fpls.2017.00549
https://doi.org/10.3389/fpls.2017.00549
https://doi.org/10.1016/j.pbi.2019.10.005
https://doi.org/10.1016/j.pbi.2019.10.005
https://doi.org/10.1007/s11120-016-0323-1
https://doi.org/10.1111/pce.12674
https://doi.org/10.1111/pce.12674
https://doi.org/10.1111/jipb.12750
https://doi.org/10.1038/ng.3422
https://doi.org/10.1038/ng.3422
https://doi.org/10.1126/science.aat9077
https://doi.org/10.1126/science.aat9077
https://doi.org/10.1111/jipb.12709
https://doi.org/10.1105/tpc.16.00477
https://doi.org/10.1105/tpc.16.00477


   | 27 of 29BURGESS et al.

without affecting the size of the early primordium. Plant 
Signaling & Behavior, 5(8), 982– 984. https://doi.org/10.4161/
psb.5.8.12221

Sun, X., Cahill, J., Van Hautegem, T., Feys, K., Whipple, C., Novák, O., 
Delbare, S., Versteele, C., Demuynck, K., De Block, J., Storme, 
V., Claeys, H., Van Lijsebettens, M., Coussens, G., Ljung, K., De 
Vliegher, A., Muszynski, M., Inzé, D., & Nelissen, H. (2017). 
Altered expression of maize PLASTOCHRON1 enhances bio-
mass and seed yield by extending cell division duration. Nature 
Communications, 8, 14752. https://doi.org/10.1038/ncomm s14752

Tabbita, F., Pearce, S., & Barneix, A. J. (2017). Breeding for increased 
grain protein and micronutrient content in wheat: Ten years 
of the GPC- B1 gene. Journal of Cereal Science, 73, 183– 191. 
https://doi.org/10.1016/j.jcs.2017.01.003

Tambussi, E. A., Maydup, M. L., Carrión, C. A., Guiamet, J. J., & 
Araus, J. L. (2021). Ear photosynthesis in C3 cereals and its con-
tribution to grain yield: Methodologies, controversies, and per-
spectives. Journal of Experimental Botany, 72(11), 3956– 3970. 
https://doi.org/10.1093/jxb/erab125

Taylor, S. H., Gonzalez- Escobar, E., Page, R., Parry, M. A. J., Long, S. 
P., & Carmo- Silva, E. (2022). Faster than expected Rubisco de-
activation in shade reduces cowpea photosynthetic potential in 
variable light conditions. Nature Plants, 8(2), 118– 124. https://
doi.org/10.1038/s4147 7- 021- 01068 - 9

Taylor, S. H., & Long, S. P. (2017). Slow induction of photosynthe-
sis on shade to sun transitions in wheat may cost at least 21% 
of productivity. Philosophical Transactions of the Royal Society 
of London. Series B, Biological Sciences, 372(1730), 20160543. 
https://doi.org/10.1098/rstb.2016.0543

Tegeder, M., & Masclaux- Daubresse, C. (2018). Source and sink 
mechanisms of nitrogen transport and use. New Phytologist, 
217(1), 35– 53. https://doi.org/10.1111/nph.14876

Thomas, H., & Howarth, C. J. (2000). Five ways to stay green. 
Journal of Experimental Botany, 51(1), 329– 337. https://doi.
org/10.1093/jexbo t/51.suppl_1.329

Thomas, H., & Ougham, H. (2014). The stay- green trait. Journal 
of Experimental Botany, 65(14), 3889– 3900. https://doi.
org/10.1093/jxb/eru037

Thomas, H., Ougham, H., Canter, P., & Donnison, I. (2002). What 
stay- green mutants tell us about nitrogen remobilization in leaf 
senescence. Journal of Experimental Botany, 53(370), 801– 808. 
https://doi.org/10.1093/jexbo t/53.370.801

Tian, Y., Lv, X., Xie, G., Zhang, J., Xu, Y., & Chen, F. (2018). Seed- 
specific overexpression of AtFAX1 increases seed oil con-
tent in Arabidopsis. Biochemical and Biophysical Research 
Communications, 500(2), 370– 375. https://doi.org/10.1016/j.
bbrc.2018.04.081

Touati, M., Knipfer, T., Visnovitz, T., Kameli, A., & Fricke, W. 
(2015). Limitation of cell elongation in barley (Hordeum vul-
gare L.) leaves through mechanical and tissue- hydraulic prop-
erties. Plant & Cell Physiology, 56(7), 1364– 1373. https://doi.
org/10.1093/pcp/pcv055

Townsend, A. J., Retkute, R., Chinnathambi, K., Randall, J. W. 
P., Foulkes, J., Carmo- Silva, E., & Murchie, E. H. (2018). 
Suboptimal acclimation of photosynthesis to light in wheat 
canopies. Plant Physiology, 176(2), 1233– 1246. https://doi.
org/10.1104/pp.17.01213

Trevaskis, B. (2010). The central role of the VERNALIZATION1 
gene in the vernalization response of cereals. Functional Plant 
Biology, 37(6), 479– 487. https://doi.org/10.1071/Fp10056

Troncoso- Ponce, M. A., Nikovics, K., Marchive, C., Lepiniec, L., & 
Baud, S. (2016). New insights on the organization and regula-
tion of the fatty acid biosynthetic network in the model higher 
plant Arabidopsis thaliana. Biochimie, 120, 3– 8. https://doi.
org/10.1016/j.biochi.2015.05.013

Tsukaya, H. (2013). Leaf development. Arabidopsis Book, 11, e0163. 
https://doi.org/10.1199/tab.0163

Uauy, C., Brevis, J. C., & Dubcovsky, J. (2006). The high grain 
protein content gene Gpc- B1 accelerates senescence and 
has pleiotropic effects on protein content in wheat. Journal 
of Experimental Botany, 57(11), 2785– 2794. https://doi.
org/10.1093/jxb/erl047

van Erp, H., Kelly, A. A., Menard, G., & Eastmond, P. J. (2014). 
Multigene engineering of triacylglycerol metabolism boosts 
seed oil content in Arabidopsis. Plant Physiology, 165(1), 303– 
306. https://doi.org/10.1104/pp.114.236430

Van Oosterom, E. J., Borrell, A. K., Chapman, S. C., Broad, I. J., & 
Hammer, G. L. (2010). Functional dynamics of the nitrogen bal-
ance of sorghum: I. N demand of vegetative plant parts. Field Crops 
Research, 115(1), 19– 28. https://doi.org/10.1016/j.fcr.2009.09.018

van Rooijen, R., Harbinson, J., & Aarts, M. G. M. (2018). 
Photosynthetic response to increased irradiance correlates 
to variation in transcriptional response of lipid- remodeling 
and heat- shock genes. Plant Direct, 2(7), e00069. https://doi.
org/10.1002/pld3.69

Vanhercke, T., Divi, U. K., El Tahchy, A., Liu, Q., Mitchell, M., Taylor, 
M. C., Eastmond, P. J., Bryant, F., Mechanicos, A., Blundell, C., 
Zhi, Y., Belide, S., Shrestha, P., Zhou, X.- R., Ral, J.- P., White, R. 
G., Green, A., Singh, S. P., & Petrie, J. R. (2017). Step changes 
in leaf oil accumulation via iterative metabolic engineering. 
Metabolic Engineering, 39, 237– 246. https://doi.org/10.1016/j.
ymben.2016.12.007

Vanhercke, T., Dyer, J. M., Mullen, R. T., Kilaru, A., Rahman, M. M., 
Petrie, J. R., Green, A. G., Yurchenko, O., & Singh, S. P. (2019). 
Metabolic engineering for enhanced oil in biomass. Progress 
in Lipid Research, 74, 103– 129. https://doi.org/10.1016/j.plipr 
es.2019.02.002

Vanhercke, T., El Tahchy, A., Liu, Q., Zhou, X.- R., Shrestha, P., Divi, U. 
K., Ral, J.- P., Mansour, M. P., Nichols, P. D., James, C. N., Horn, 
P. J., Chapman, K. D., Beaudoin, F., Ruiz- López, N., Larkin, P. 
J., de Feyter, R. C., Singh, S. P., & Petrie, J. R. (2014). Metabolic 
engineering of biomass for high energy density: Oilseed- like tria-
cylglycerol yields from plant leaves. Plant Biotechnology Journal, 
12(2), 231– 239. https://doi.org/10.1111/pbi.12131

Van Oosterom, E. J., Chapman, S. C., Borrell, A. K., Broad, I. J., & 
Hammer, G. L. (2010). Functional dynamics of the nitrogen bal-
ance of sorghum. II. Grain filling period. Field Crops Research, 
115(1), 29– 38. https://doi.org/10.1016/j.fcr.2009.09.019

Vanhercke, T., El Tahchy, A., Shrestha, P., Zhou, X.- R., Singh, S. P., 
& Petrie, J. R. (2013). Synergistic effect of WRI1 and DGAT1 
coexpression on triacylglycerol biosynthesis in plants. FEBS 
Letters, 587(4), 364– 369. https://doi.org/10.1016/j.febsl 
et.2012.12.018

Vanhercke, T., Petrie, J. R., & Singh, S. P. (2014). Energy densifi-
cation in vegetative biomass through metabolic engineering. 
Biocatalysis and Agricultural Biotechnology, 3(1), 75– 80. https://
doi.org/10.1016/j.bcab.2013.11.010

Vatén, A., & Bergmann, D. C. (2012). Mechanisms of stomatal devel-
opment: An evolutionary view. EvoDevo, 3(1), 11. https://doi.
org/10.1186/2041- 9139- 3- 11

 20483694, 2023, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/fes3.435 by T

est, W
iley O

nline L
ibrary on [23/02/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.4161/psb.5.8.12221
https://doi.org/10.4161/psb.5.8.12221
https://doi.org/10.1038/ncomms14752
https://doi.org/10.1016/j.jcs.2017.01.003
https://doi.org/10.1093/jxb/erab125
https://doi.org/10.1038/s41477-021-01068-9
https://doi.org/10.1038/s41477-021-01068-9
https://doi.org/10.1098/rstb.2016.0543
https://doi.org/10.1111/nph.14876
https://doi.org/10.1093/jexbot/51.suppl_1.329
https://doi.org/10.1093/jexbot/51.suppl_1.329
https://doi.org/10.1093/jxb/eru037
https://doi.org/10.1093/jxb/eru037
https://doi.org/10.1093/jexbot/53.370.801
https://doi.org/10.1016/j.bbrc.2018.04.081
https://doi.org/10.1016/j.bbrc.2018.04.081
https://doi.org/10.1093/pcp/pcv055
https://doi.org/10.1093/pcp/pcv055
https://doi.org/10.1104/pp.17.01213
https://doi.org/10.1104/pp.17.01213
https://doi.org/10.1071/Fp10056
https://doi.org/10.1016/j.biochi.2015.05.013
https://doi.org/10.1016/j.biochi.2015.05.013
https://doi.org/10.1199/tab.0163
https://doi.org/10.1093/jxb/erl047
https://doi.org/10.1093/jxb/erl047
https://doi.org/10.1104/pp.114.236430
https://doi.org/10.1016/j.fcr.2009.09.018
https://doi.org/10.1002/pld3.69
https://doi.org/10.1002/pld3.69
https://doi.org/10.1016/j.ymben.2016.12.007
https://doi.org/10.1016/j.ymben.2016.12.007
https://doi.org/10.1016/j.plipres.2019.02.002
https://doi.org/10.1016/j.plipres.2019.02.002
https://doi.org/10.1111/pbi.12131
https://doi.org/10.1016/j.fcr.2009.09.019
https://doi.org/10.1016/j.febslet.2012.12.018
https://doi.org/10.1016/j.febslet.2012.12.018
https://doi.org/10.1016/j.bcab.2013.11.010
https://doi.org/10.1016/j.bcab.2013.11.010
https://doi.org/10.1186/2041-9139-3-11
https://doi.org/10.1186/2041-9139-3-11


28 of 29 |   BURGESS et al.

Vercruysse, J., Baekelandt, A., Gonzalez, N., & Inzé, D. (2020). 
Molecular networks regulating cell division during Arabidopsis 
leaf growth. Journal of Experimental Botany, 71(8), 2365– 2378. 
https://doi.org/10.1093/jxb/erz522

Vercruyssen, L., Tognetti, V. B., Gonzalez, N., Van Dingenen, J., 
De Milde, L., Bielach, A., De Rycke, R., Van Breusegem, F., 
& Inzé, D. (2015). GROWTH REGULATING FACTOR5 stim-
ulates Arabidopsis chloroplast division, photosynthesis, and 
leaf longevity. Plant Physiology, 167(3), 817– 832. https://doi.
org/10.1104/pp.114.256180

von Caemmerer, S. (2020). Rubisco carboxylase/oxygenase: From 
the enzyme to the globe: A gas exchange perspective. Journal 
of Plant Physiology, 252, 153240. https://doi.org/10.1016/j.
jplph.2020.153240

von Caemmerer, S., & Furbank, R. T. (2016). Strategies for improving 
C4 photosynthesis. Current Opinion in Plant Biology, 31, 125– 
134. https://doi.org/10.1016/j.pbi.2016.04.003

Voss- Fels, K. P., Stahl, A., Wittkop, B., Lichthardt, C., Nagler, S., 
Rose, T., Chen, T.- W., Zetzsche, H., Seddig, S., Majid Baig, M., 
Ballvora, A., Frisch, M., Ross, E., Hayes, B. J., Hayden, M. J., 
Ordon, F., Leon, J., Kage, H., Friedt, W., … Snowdon, R. J. (2019). 
Breeding improves wheat productivity under contrasting agro-
chemical input levels. Nature Plants, 5(7), 706– 714. https://doi.
org/10.1038/s4147 7- 019- 0445- 5

Walker, B. J., Drewry, D. T., Slattery, R. A., VanLoocke, A., Cho, Y. 
B., & Ort, D. R. (2018). Chlorophyll can be reduced in crop can-
opies with little penalty to photosynthesis. Plant Physiology, 
176(2), 1215– 1232. https://doi.org/10.1104/pp.17.01401

Walker, B. J., VanLoocke, A., Bernacchi, C. J., & Ort, D. R. (2016). 
The costs of photorespiration to food production now and in 
the future. Annual Review of Plant Biology, 67, 107– 129. https://
doi.org/10.1146/annur ev- arpla nt- 04301 5- 111709

Wang, H., Niu, L., Fu, C., Meng, Y., Sang, D., Yin, P., Wu, J., Tang, Y., 
Lu, T., Wang, Z.- Y., Tadege, M., & Lin, H. (2017). Overexpression 
of the WOX gene STENOFOLIA improves biomass yield and 
sugar release in transgenic grasses and display altered cytoki-
nin homeostasis. PLoS Genetics, 13(3), e1006649. https://doi.
org/10.1371/journ al.pgen.1006649

Wang, H., Yan, X., Aigner, H., Bracher, A., Nguyen, N. D., Hee, W. Y., 
Long, B. M., Price, G. D., Hartl, F. U., & Hayer- Hartl, M. (2019). 
Rubisco condensate formation by CcmM in β- carboxysome bio-
genesis. Nature, 566(7742), 131– 135. https://doi.org/10.1038/
s41586-019-0880-5

Wang, J.- W., Schwab, R., Czech, B., Mica, E., & Weigel, D. (2008). 
Dual effects of miR156- targeted SPL genes and CYP78A5/
KLUH on plastochron length and organ size in Arabidopsis 
thaliana. Plant Cell, 20(5), 1231– 1243. https://doi.org/10.1105/
tpc.108.058180

Wang, L.- M., Shen, B.- R., Li, B.- D., Zhang, C.- L., Lin, M., Tong, P.- 
P., Cui, L.- L., Zhang, Z.- S., & Peng, X.- X. (2020). A synthetic 
photorespiratory shortcut enhances photosynthesis to boost 
biomass and grain yield in rice. Molecular Plant, 13(12), 1802– 
1815. https://doi.org/10.1016/j.molp.2020.10.007

Wang, Q., Xie, W., Xing, H., Yan, J., Meng, X., Li, X., Fu, X., Xu, J., 
Lian, X., Yu, S., Xing, Y., & Wang, G. (2015). Genetic architec-
ture of natural variation in rice chlorophyll content revealed by 
a genome- wide association study. Molecular Plant, 8(6), 946– 
957. https://doi.org/10.1016/j.molp.2015.02.014

Wang, W., Pan, Q., Tian, B., He, F., Chen, Y., Bai, G., Akhunova, A., 
Trick, H. N., & Akhunov, E. (2019). Gene editing of the wheat 

homologs of TONNEAU1- recruiting motif encoding gene af-
fects grain shape and weight in wheat. Plant Journal, 100(2), 
251– 264. https://doi.org/10.1111/tpj.14440

Wang, X., Yang, G., Shi, M., Hao, D., Wei, Q., Wang, Z., Fu, S., 
Su, Y., & Xia, J. (2019). Disruption of an amino acid trans-
porter LHT1 leads to growth inhibition and low yields in 
rice. BMC Plant Biology, 19(1), 268. https://doi.org/10.1186/
s12870-019-1885-9

Wang, Y., Burgess, S. J., de Becker, E. M., & Long, S. P. (2020). 
Photosynthesis in the fleeting shadows: An overlooked oppor-
tunity for increasing crop productivity? Plant Journal, 101(4), 
874– 884. https://doi.org/10.1111/tpj.14663

Warren, C. R. (2008). Stand aside stomata, another actor deserves 
centre stage: The forgotten role of the internal conductance to 
CO2 transfer. Journal of Experimental Botany, 59(7), 1475– 1487. 
https://doi.org/10.1093/jxb/erm245

Warren, C. R., Adams, M. A., & Chen, Z. L. (2000). Is photosyn-
thesis related to concentrations of nitrogen and Rubisco in 
leaves of Australian native plants? Australian Journal of Plant 
Physiology, 27(5), 407– 416. https://doi.org/10.1071/Pp98162

Waters, B. M., Uauy, C., Dubcovsky, J., & Grusak, M. A. (2009). 
Wheat (Triticum aestivum) NAM proteins regulate the translo-
cation of iron, zinc, and nitrogen compounds from vegetative 
tissues to grain. Journal of Experimental Botany, 60(15), 4263– 
4274. https://doi.org/10.1093/jxb/erp257

Werner, C., Ryel, R. J., Correia, O., & Beyschlag, W. (2001). Effects 
of photoinhibition on whole- plant carbon gain assessed with a 
photosynthesis model. Plant Cell and Environment, 24(1), 27– 
40. https://doi.org/10.1046/j.1365- 3040.2001.00651.x

Weselake, R. J., Taylor, D. C., Rahman, M. H., Shah, S., Laroche, A., 
McVetty, P. B. E., & Harwood, J. L. (2009). Increasing the flow 
of carbon into seed oil. Biotechnology Advances, 27(6), 866– 878. 
https://doi.org/10.1016/j.biote chadv.2009.07.001

Westhoff, P., Schrubar, H., Oswald, A., Streubel, M., & Offermann, 
K. (1990). Biogenesis of photosystem II in C3 and C4 plants —  
a model system to study developmentally regulated and cell- 
specific expression of plastid genes. In M. Baltscheffsky (Ed.), 
Current research in photosynthesis (pp. 2389– 2396). Springer.

Woo, H. R., Kim, H. J., Lim, P. O., & Nam, H. G. (2019). Leaf senes-
cence: Systems and dynamics aspects. Annual Review of Plant 
Biology, 70, 347– 376. https://doi.org/10.1146/annur ev- arpla nt- 
05071 8- 095859

Woodrow, I. E., & Mott, K. A. (1989). Rate limitation of non- steady- 
state photosynthesis by ribulose- 1,5- bisphosphate carboxylase 
in spinach. Australian Journal of Plant Physiology, 16(6), 487– 
500. https://doi.org/10.1071/Pp989 0487

Wu, G., Ma, L., Sayre, R. T., & Lee, C.- H. (2020). Identification of 
the optimal light harvesting antenna size for high- light stress 
mitigation in plants. Frontiers in Plant Science, 11, 505. https://
doi.org/10.3389/fpls.2020.00505

Wu, T., Qin, Z., Fan, L., Xue, C., Zhou, X., Xin, M., & Du, Y. (2014). 
Involvement of CsNRT1.7 in nitrate recycling during senes-
cence in cucumber. Journal of Plant Nutrition and Soil Science, 
177(5), 714– 721. https://doi.org/10.1002/jpln.20130 0665

Xie, Q., Fernando, K. M. C., Mayes, S., & Sparkes, D. L. (2017). 
Identifying seedling root architectural traits associated with 
yield and yield components in wheat. Annals of Botany, 119(7), 
1115– 1129. https://doi.org/10.1093/aob/mcx001

Xin, C.- P., Tholen, D., Devloo, V., & Zhu, X.- G. (2015). The ben-
efits of photorespiratory bypasses: How can they work? 

 20483694, 2023, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/fes3.435 by T

est, W
iley O

nline L
ibrary on [23/02/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1093/jxb/erz522
https://doi.org/10.1104/pp.114.256180
https://doi.org/10.1104/pp.114.256180
https://doi.org/10.1016/j.jplph.2020.153240
https://doi.org/10.1016/j.jplph.2020.153240
https://doi.org/10.1016/j.pbi.2016.04.003
https://doi.org/10.1038/s41477-019-0445-5
https://doi.org/10.1038/s41477-019-0445-5
https://doi.org/10.1104/pp.17.01401
https://doi.org/10.1146/annurev-arplant-043015-111709
https://doi.org/10.1146/annurev-arplant-043015-111709
https://doi.org/10.1371/journal.pgen.1006649
https://doi.org/10.1371/journal.pgen.1006649
https://doi.org/10.1038/s41586-019-0880-5
https://doi.org/10.1038/s41586-019-0880-5
https://doi.org/10.1105/tpc.108.058180
https://doi.org/10.1105/tpc.108.058180
https://doi.org/10.1016/j.molp.2020.10.007
https://doi.org/10.1016/j.molp.2015.02.014
https://doi.org/10.1111/tpj.14440
https://doi.org/10.1186/s12870-019-1885-9
https://doi.org/10.1186/s12870-019-1885-9
https://doi.org/10.1111/tpj.14663
https://doi.org/10.1093/jxb/erm245
https://doi.org/10.1071/Pp98162
https://doi.org/10.1093/jxb/erp257
https://doi.org/10.1046/j.1365-3040.2001.00651.x
https://doi.org/10.1016/j.biotechadv.2009.07.001
https://doi.org/10.1146/annurev-arplant-050718-095859
https://doi.org/10.1146/annurev-arplant-050718-095859
https://doi.org/10.1071/Pp9890487
https://doi.org/10.3389/fpls.2020.00505
https://doi.org/10.3389/fpls.2020.00505
https://doi.org/10.1002/jpln.201300665
https://doi.org/10.1093/aob/mcx001


   | 29 of 29BURGESS et al.

Plant Physiology, 167(2), 574– 585. https://doi.org/10.1104/
pp.114.248013

Xu, G., Fan, X., & Miller, A. J. (2012). Plant nitrogen assimilation 
and use efficiency. Annual Review of Plant Biology, 63, 153– 182. 
https://doi.org/10.1146/annur ev- arpla nt- 04281 1- 105532

Yadav, U. P., Ayre, B. G., & Bush, D. R. (2015). Transgenic approaches 
to altering carbon and nitrogen partitioning in whole plants: 
Assessing the potential to improve crop yields and nutri-
tional quality. Frontiers in Plant Science, 6, 275. https://doi.
org/10.3389/fpls.2015.00275

Yamori, W., Kondo, E., Sugiura, D., Terashima, I., Suzuki, Y., & 
Makino, A. (2016). Enhanced leaf photosynthesis as a target 
to increase grain yield: Insights from transgenic rice lines with 
variable Rieske FeS protein content in the cytochrome b6/f 
complex. Plant, Cell & Environment, 39(1), 80– 87. https://doi.
org/10.1111/pce.12594

Yamori, W., Masumoto, C., Fukayama, H., & Makino, A. (2012). 
Rubisco activase is a key regulator of non- steady- state photosyn-
thesis at any leaf temperature and, to a lesser extent, of steady- 
state photosynthesis at high temperature. Plant Journal, 71(6), 
871– 880. https://doi.org/10.1111/j.1365- 313X.2012.05041.x

Yin, X., Gu, J., Dingkuhn, M., & Struik, P. C. (2022). A model- guided 
holistic review of exploiting natural variation of photosynthesis 
traits in crop improvement. Journal of Experimental Botany, 73, 
3173– 3188. https://doi.org/10.1093/jxb/erac109

Yin, X., & Struik, P. C. (2015). Constraints to the potential efficiency 
of converting solar radiation into phytoenergy in annual crops: 
From leaf biochemistry to canopy physiology and crop ecology. 
Journal of Experimental Botany, 66(21), 6535– 6549. https://doi.
org/10.1093/jxb/erv371

Yin, X., & Struik, P. C. (2017). Can increased leaf photosynthesis be 
converted into higher crop mass production? A simulation study 
for rice using the crop model GECROS. Journal of Experimental 
Botany, 68(9), 2345– 2360. https://doi.org/10.1093/jxb/erx085

Yu, J., Zhen, X., Li, X., Li, N., & Xu, F. (2019). Increased autophagy 
of rice can increase yield and nitrogen use efficiency (NUE). 
Frontiers in Plant Science, 10, 584. https://doi.org/10.3389/
fpls.2019.00584

Zelitch, I. (1982). The close relationship between net photosynthe-
sis and crop yield. BioScience, 32(10), 796– 802. https://doi.
org/10.2307/1308973

Zelitch, I., & Day, P. R. (1973). The effect on net photosynthesis of 
pedigree selection for low and high rates of photorespiration in 
tobacco. Plant Physiology, 52(1), 33– 37. https://doi.org/10.1104/
pp.52.1.33

Zhang, J., Huang, S., Fosu- Nyarko, J., Dell, B., McNeil, M., Waters, 
I., Moolhuijzen, P., Conocono, E., & Appels, R. (2008). The ge-
nome structure of the 1- FEH genes in wheat (Triticum aestivum 
L.): New markers to track stem carbohydrates and grain filling 
QTLs in breeding. Molecular Breeding, 22(3), 339– 351. https://
doi.org/10.1007/s11032-008-9179-1

Zhang, L., Garneau, M. G., Majumdar, R., Grant, J., & Tegeder, 
M. (2015). Improvement of pea biomass and seed productiv-
ity by simultaneous increase of phloem and embryo loading 
with amino acids. Plant Journal, 81(1), 134– 146. https://doi.
org/10.1111/tpj.12716

Zhang, L., Tan, Q., Lee, R., Trethewy, A., Lee, Y.- H., & Tegeder, M. 
(2010). Altered xylem- phloem transfer of amino acids affects 
metabolism and leads to increased seed yield and oil content 
in Arabidopsis. Plant Cell, 22(11), 3603– 3620. https://doi.
org/10.1105/tpc.110.073833

Zhang, P., He, Z., Tian, X., Gao, F., Xu, D., Liu, J., Wen, W., Fu, L., 
Li, G., Sui, X., Xia, X., Wang, C., & Cao, S. (2017). Cloning of 
TaTPP- 6AL1 associated with grain weight in bread wheat and 
development of functional marker. Molecular Breeding, 37(6), 
78. https://doi.org/10.1007/s11032-017-0676-y

Zhang, S., Wang, L., Sun, X., Li, Y., Yao, J., van Nocker, S., & Wang, 
X. (2019). Genome- wide analysis of the YABBY gene family 
in grapevine and functional characterization of VvYABBY4. 
Frontiers in Plant Science, 10, 1207. https://doi.org/10.3389/
fpls.2019.01207

Zhu, X.- G., Long, S. P., & Ort, D. R. (2008). What is the maximum 
efficiency with which photosynthesis can convert solar energy 
into biomass? Current Opinion in Biotechnology, 19(2), 153– 159. 
https://doi.org/10.1016/j.copbio.2008.02.004

Zhu, X.- G., Long, S. P., & Ort, D. R. (2010). Improving photosyn-
thetic efficiency for greater yield. Annual Review of Plant 
Biology, 61, 235– 261. https://doi.org/10.1146/annur ev-arpla 
nt-042809-112206

Zhu, X.- G., Ort, D. R., Whitmarsh, J., & Long, S. P. (2004). The slow 
reversibility of photosystem II thermal energy dissipation on 
transfer from high to low light may cause large losses in car-
bon gain by crop canopies: A theoretical analysis. Journal 
of Experimental Botany, 55(400), 1167– 1175. https://doi.
org/10.1093/jxb/erh141

How to cite this article: Burgess, A. J., Masclaux- 
Daubresse, C., Strittmatter, G., Weber, A. P. M., 
Taylor, S. H., Harbinson, J., Yin, X., Long, S., Paul, M. 
J., Westhoff, P., Loreto, F., Ceriotti, A., Saltenis, V. L. 
R., Pribil, M., Nacry, P., Scharff, L. B., Jensen, P. E., 
Muller, B., Cohan, J.-P. … Baekelandt, A. (2023). 
Improving crop yield potential: Underlying biological 
processes and future prospects. Food and Energy 
Security, 12, e435. https://doi.org/10.1002/fes3.435

 20483694, 2023, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/fes3.435 by T

est, W
iley O

nline L
ibrary on [23/02/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1104/pp.114.248013
https://doi.org/10.1104/pp.114.248013
https://doi.org/10.1146/annurev-arplant-042811-105532
https://doi.org/10.3389/fpls.2015.00275
https://doi.org/10.3389/fpls.2015.00275
https://doi.org/10.1111/pce.12594
https://doi.org/10.1111/pce.12594
https://doi.org/10.1111/j.1365-313X.2012.05041.x
https://doi.org/10.1093/jxb/erac109
https://doi.org/10.1093/jxb/erv371
https://doi.org/10.1093/jxb/erv371
https://doi.org/10.1093/jxb/erx085
https://doi.org/10.3389/fpls.2019.00584
https://doi.org/10.3389/fpls.2019.00584
https://doi.org/10.2307/1308973
https://doi.org/10.2307/1308973
https://doi.org/10.1104/pp.52.1.33
https://doi.org/10.1104/pp.52.1.33
https://doi.org/10.1007/s11032-008-9179-1
https://doi.org/10.1007/s11032-008-9179-1
https://doi.org/10.1111/tpj.12716
https://doi.org/10.1111/tpj.12716
https://doi.org/10.1105/tpc.110.073833
https://doi.org/10.1105/tpc.110.073833
https://doi.org/10.1007/s11032-017-0676-y
https://doi.org/10.3389/fpls.2019.01207
https://doi.org/10.3389/fpls.2019.01207
https://doi.org/10.1016/j.copbio.2008.02.004
https://doi.org/10.1146/annurev-arplant-042809-112206
https://doi.org/10.1146/annurev-arplant-042809-112206
https://doi.org/10.1093/jxb/erh141
https://doi.org/10.1093/jxb/erh141
https://doi.org/10.1002/fes3.435

	Improving crop yield potential: Underlying biological processes and future prospects
	Abstract
	1|INTRODUCTION
	2|PHOTOSYNTHESIS: LIGHT CAPTURE AND THE EFFICIENCY OF CONVERTING LIGHT INTO PLANT BIOMASS
	2.1|Recovery from photoprotection and light induction of the Calvin cycle
	2.2|Antenna pigment composition and electron transport rates
	2.3|The photorespiratory cost, C4 crops and other CO2-concentrating mechanisms

	3|NUTRIENT PARTITIONING AND REMOBILISATION, LEAF LONGEVITY AND SEED FILLING
	3.1|Carbohydrate allocation to harvestable parts
	3.2|Regulation of senescence and nitrogen remobilisation
	3.3|Oil/lipid metabolism

	4|PLANT ORGAN GROWTH AND DEVELOPMENT
	4.1|Leaf growth and development
	4.2|Improving crop phenology
	4.3|Root development

	5|CONCLUSIONS AND FUTURE POTENTIAL
	ACKNOWLEDGEMENTS
	FUNDING INFORMATION
	CONFLICT OF INTEREST
	DATA AVAILABILITY STATEMENT

	REFERENCES


