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Roughly half the carbon that crop plants fix by photosynthesis is subsequently lost by respiration. Nonessential respiratory
activity leading to unnecessary CO2 release is unlikely to have been minimized by natural selection or crop breeding, and
cutting this large loss could complement and reinforce the currently dominant yield-enhancement strategy of increasing
carbon fixation. Until now, however, respiratory carbon losses have generally been overlooked by metabolic engineers and
synthetic biologists because specific target genes have been elusive. We argue that recent advances are at last pinpointing
individual enzyme and transporter genes that can be engineered to (1) slow unnecessary protein turnover, (2) replace,
relocate, or reschedule metabolic activities, (3) suppress futile cycles, and (4) make ion transport more efficient, all of which
can reduce respiratory costs. We identify a set of engineering strategies to reduce respiratory carbon loss that are now
feasible and model how implementing these strategies singly or in tandem could lead to substantial gains in crop productivity.

INTRODUCTION

Plant respiration or carbon loss (CO2 efflux) has always received
far less attention than photosynthetic carbon gain (CO2 assimi-
lation) in relation to crop yields (Bonner, 1962; Loomis andWilliams,
1963; Ainsworth andOrt, 2010; Foyer et al., 2017). One reason is the
sheer complexity of themetabolic processes underlying respiratory
CO2 loss; these processes involve numerous pathways and are
driven and regulated by a vast distributed network of metabolic
demands associated with nearly all facets of crop physiology and
growth (Figure1A).Fortunately, it isnowpossible topinpoint specific
molecular targets to engineer more efficient respiratory processes
and therefore minimize CO2 loss. Here, we argue that reducing
carbon loss has become as realistic an engineering strategy to raise
crop yields as the long-established strategy of increasing carbon
gain.

As context, we first relate respiratory carbon losses to the entire
crop carbon budget and describe how respiration can be con-
ceptually divided into “growth” and “maintenance” components.

Next, we state the key premises underlying the aimof cutting carbon
loss.We then outline a set of strategies that have the potential to cut
carbon losses,alongwith theassumptionsandevidencetheyreston,
andanalyze how these strategiescannowbe implemented. Last,we
estimate the increases in crop biomass production that could be
obtained by implementing these strategies.

A Primer on Respiratory Carbon Losses

Between 30 and 60% of the carbon assimilated during photo-
synthesis (net of photorespiration) is subsequently lost by res-
piration throughout the diel cycle in annual and perennial crops
(Gifford et al., 1984; Amthor, 1989, 2000; Cannell and Thornley,
2000). The scale of respiratory losses becomesevenmore striking
when compared with the 15 to 25% of photosynthetically as-
similated carbon that is harvested frommost crops (Gifford et al.,
1984;Unkovich et al., 2010), i.e., two to four times asmuchcarbon
can be lost to respiration as goes to harvested yield (Figure 1B).
In plants, respiration rate is mainly directly controlled by con-

sumption of ATP and the resulting supply of ADP (Plaxton and
Podestá, 2006). Thus, a slowing or elimination of any nonessential
ATP use might immediately curtail respiratory consumption of
carbohydrates and CO2 loss. In turn, the spared carbohydrates
might become available for other uses, most notably as substrate
for additional crop growth.
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Respiration canbeconceptually separated into twocomponents
(Amthor, 2000): (1) “growth respiration” that provides the carbon
skeletons (e.g., phosphoenolpyruvate produced by glycolysis that
serves as precursor to myriad biosynthetic pathways), ATP, and
reducing power to drive growth, including the synthesis of cellular
components and ion pumping, and hence relates to process
stoichiometry (Figure 2A); and (2) “maintenance respiration” that
fuels ongoing activities, such as macromolecule turnover and
countering ion leakage, and hence relates to cyclic processes that
arenotdirectly related tonewbiomassaccumulation (Figure2A)but
areneededtocounter accumulationofentropy.Thesecomponents
account for roughly equal carbon losses (Amthor, 1989), each over
time consuming ;20 to 30% of photosynthetically fixed carbon
(Figure 1B). A simple way to think of (and experimentally estimate)
growth and maintenance respiration is to relate respiration rate to
growth rate. Respiration rate increases with growth rate, as higher
growth rate requires proportionally higher production rates of
precursors, ATP, and reducing power due to stoichiometric de-
mand. The maintenance component on the other hand is not di-
rectly linked to growth rate but instead is related to plant size.

Mathematically, this relationship between respiratory rate (R,
mol CO2 time21), growth rate (dW/dt, mol C time–1), and biomass
amount (W, mol C) can be expressed as follows

R ¼ gðdW=dtÞ þ mW (1)

where g is the growth respiration coefficient (mol CO2 respired
per mol C added to new biomass “structures”) and m is the

maintenance respiration coefficient (molCO2 respiredpermolC in
biomass per unit time, or simply time21; Hunt and Loomis, 1979).
Here, dW/dt is the rate of conversion of substrate carbon into new
“structural” components of biomass (proteins, membranes, and
structural carbohydrates, including “storage” compounds in the
harvested part) rather than the simple accumulation of dry mass,
which would include temporary “storage,” such as starch and
sugars in leaves (Amthor, 2000). IfR in Equation 1 is a daily rate, so
too is the growth rate dW/dt. The value of g varies with biomass
composition because converting sugars to proteins, for instance,
demands more ATP than converting sugars to cellulose (Penning
deVriesetal., 1974;Amthor,2010).Themaintenancecoefficientm
(typically 0.01 to 0.02 d21) also depends on biomass composi-
tion—enzymes, for instance, need more maintenance than cel-
lulose or lignin—and thus on growth stage because composition
changes during development. The maintenance coefficient rises
with temperature and in response to environmental stresses
(Penning de Vries, 1975; Amthor, 1989, 2000). Growth respiration
is the dominant component in fast-growing young plants; main-
tenance respiration ismore important in older plants. If Equation 1
is divided by biomass amountW, a relationship between specific
respiration rate and specific growth rate is obtained (Figure 2B),
and this relationship can be used to experimentally separate the
two respiratory components.
When quantitative relationships between whole-plant photo-

synthetic rate (P, mol CO2 time21), growth rate, and respiration
rate are stable during periods of interest (i.e., day-to-day

Figure 1. Plant Respiration and Its Relation to Biomass Yield.

(A) The plurality of diverse metabolic processes that underlie respiratory CO2 losses (red) contrasted with the unitary process of photosynthetic carbon gain (blue).
(B)Themain current strategy to enhancecropproductivity throughmodificationof centralmetabolism is to increasenet photosynthetic carbongain. Anow-
viable alternative is to decrease respiratory carbon loss. These two strategies can be pursued in parallel and then combined.
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changes in the size of temporary storage pools of nonstructural
carbohydrates are small), R is approximated by P 2 dW/dt. In that
case, all three rates can be expressed on a daily (24-h) basis and
Equation 1 can be rearranged to give (see Supplemental Appendix 1)

dW=dt ¼ ðP�mWÞ = ð1 þ gÞ (2)

where the termP2mW is the photosynthate available for growth,
i.e., the amount remaining after maintenance respiration is sat-
isfied. We use Equation 2 to relate our proposed engineered
changes inm or g to potential changes in growth (see below and
Supplemental Appendix 2).

The growth/maintenance split is not strictly binary because
some processes transgress the boundary. Such processes
include (1) regulatory metabolite cycles that balance metabolism

and growth processes; (2) reconfiguration of metabolic networks
by degrading one set of proteins and synthesizing another as
development proceeds or environments change; (3) solute
transport that supports both growth and maintenance, e.g.,
source-sink phloem transport and solute uptake to generate
turgor pressure; and (4) upkeep of ribosomes and other growth
machinery when they are idle (i.e., not in use), causing failure to
capitalize fully on the investment involved (Ishihara et al., 2017;
Figure 2A).
In the light of the above concepts and numbers, we can revisit

Figure 1B to seehowstrategies to reduce respiration relate to, and
can complement, strategies now being pursued to increase
photosynthesis (Ainsworth andOrt, 2010; Ort et al., 2015; Erb and
Zarzycki, 2016; Schuler et al., 2016; Foyer et al., 2017). In essence,

Figure 2. Growth and Maintenance Respiration.

(A) The conceptual split between respiration that drives the stoichiometric synthetic and transport processes required for growth and respiration that fuels
cyclic maintenance processes. The bottom part of the figure shows processes that can to some degree be assigned to growth or maintenance.
(B) Experimental measurement of growth andmaintenance components of respiration. This relationship is derived by dividing both sides of Equation 1 by
biomass amount, giving specific (i.e., per unit drymass) rates of respiration andgrowth as follows:R/W=g(dW/dt)/W+m. Respiration rates aremeasuredat
various growth rates; the specific respiration rate at zero growth (derived by extrapolation) is taken as the maintenance respiration coefficient m. The
maintenance coefficient can be assumed, as a first approximation, not to depend on growth rate. The slope of the relationship is an estimate of the growth
respiration coefficient g. This relationship, and Equation 1, is referred to as a two-component coupled respiration model (Hunt and Loomis, 1979) because
respiration rate R is coupled to growth rate dW/dt through g.
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carbon-gain strategiesaim togrow thepie inFigure1B, leaving the
relative sizes of the slices for growth respiration, maintenance
respiration, andharvested yield the same.Carbon-loss strategies,
on theother hand, donotdirectly change thesizeof thepiebut aim
to shrink the slices for growth or maintenance respiration so that
more carbon stays in biomass, including harvested parts. A key
point is that the carbon gain and carbon loss strategies can—and
we argue should—be used together because they reinforce each
other (Figure 1B). A larger pie and smaller slices taken by respi-
ration leads to more biomass than either strategy alone.

There are further advantages to engineering lower respiratory
carbon loss. First, respiration may take an even larger slice of the
carbon pie in the future as global temperatures rise because
maintenance respiration rate increases continuously with tem-
perature (Huntingford et al., 2017), reaching maximal values at
over 50°C (O’sullivan et al., 2017), whereas the light-saturated
photosynthesis rate of C3 crops generally does not increase, and
may decrease, when temperatures exceed 20 to 30°C (Porter and
Semenov, 2005; Sage and Kubien, 2007). Second, reducing
unnecessary carbon loss is predicted to enhance yield in any
environment and so should benefit both low- and high-input
agriculture. Third, from an operational standpoint, the multifac-
eted nature of respiration creates a host of potentially stackable
targets for engineering interventions.

Engineering Lower Carbon Loss Rests on
Reasonable Premises

Respiratory processes are so basic to plant life that the as-
sumption that they can be improved needs critical examination.
We argue that the project to engineer lower respiratory carbon
loss rests on the twopremises below and that both arewarranted.

Crop Productivity Can Be Carbon Limited

Crop productivity can be restricted by the net carbon supply
(photosynthesis minus respiration) rather than by the capacity to
convert assimilated carbon to biomass. The long-running debate
on this issue (“source” versus “sink” limitation) has largely con-
verged around the conclusion that productivity is indeed often
limitedor colimited by carbon supply (Körner, 2015;Ort et al., 2015;
SonnewaldandFernie,2018).Theyield increases in long-termCO2-
enrichment experiments (Ainsworth and Long, 2005) support this
conclusion, as do the negative correlations sometimes observed
between yield and respiration rate (Jacoby et al., 2016). In any case,
note thatcutting respiratorycarbon loss isnotalone in restingonthe
carbon-limitation premise; it is shared with projects to increase
photosynthesis or decrease photorespiration.

Crop Carbon Losses Have Not Been Fully Optimized for Net
Biomass Accumulation by Natural or Artificial Selection

There are several reasons to think this. First, plant metabolism is
effectively a “frozen accident” (Shi et al., 2005) in that plants are
endowed with just a small subset of the known metabolic

pathways and cannot naturally acquire more efficient alternatives
from other organisms (Erb et al., 2017). Second, agricultural en-
vironments typically differ from natural ones in nutrient and water
availability, plant spacing, shading, andpest, pathogen, andweed
pressures. The differences have become massive in the past
50 to 100 years, especially in the industrialized world, owing to
useof fertilizers,mechanization,andagrochemicals (Khush,2001;
Erisman et al., 2008). Although scientific breeding has success-
fully adapted crop morphology and phenology to exploit the new
“luxury” conditions (Khush, 2001) it has almost surely not fully
optimized the metabolic traits that drive carbon loss (Loomis and
Amthor, 1999), because these have practically never beendirectly
selected for (Amthor, 2000). More generally, natural selection as
well as artificial selection have probably been at least as much for
metabolic expediency—the imperative to execute survival-critical
processes under all conditions (“systems failure is not an op-
tion”)—as for efficient use of energy and carbon (Charles-
Edwards, 1975; Barratt et al., 2009).

GENERAL STRATEGIES TO CUT CARBON LOSS AND
EVIDENCE THAT THEY WORK

Metabolically based strategies to cut carbon losses and evidence
for their plausibility have been discussed for decades. We outline
four such long-standingstrategiesandevidencesupporting them,
to preface our arguments that they can now be translated into
specific engineering targets.

Reduce Unnecessary Turnover of Proteins and Membranes

The energy costs of degrading and resynthesizing proteins and
membranes have long been recognized as major drivers of
maintenance respiration (Penning de Vries, 1975), making protein
and membrane turnover theoretically ripe for reduction (Jacoby
et al., 2016). The negative correlation between rates of growth and
protein turnover among Arabidopsis (Arabidopsis thaliana) ac-
cessions (Ishihara et al., 2017) and similar correlations in animals
(Hawkins, 1991) fit with the view that slowing protein turnover
conserves carbon.

Replace, Relocate, or Reschedule Metabolic Activities

Replacing energetically inefficient metabolic routes or reactions
withefficientones fromotherorganismshasoftenbeenproposed,
e.g., the pathway from chorismate to the ubiquinone precursor
4-hydroxybenzoate (Siebert et al., 1996). Plants use a multien-
zyme, energy-dependent route, whereas Escherichia coli uses
justoneenzyme (chorismatepyruvate-lyase) thatneedsnoenergy
input. The chorismate pyruvate-lyase shortcut has been installed
in plants (Siebert et al., 1996; Viitanen et al., 2004), albeit not
specifically to save energy and carbon. Shifting pathways from
elsewhere into leavesandchloroplasts is alsooftenadvocated, on
the grounds that “surplus” ATP and NAD(P)H are available in
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illuminated leaves and chloroplasts (Heber, 1976; Krömer et al.,
1988; Amthor, 2010; Gardeström and Igamberdiev, 2016). An
example ismoving nitrate reduction from roots to leaves (Andrews
et al., 2004). The same rationale applies to shifting metabolic
activities in time instead of space, i.e., running them only during
daylight to exploit the surplus energy available.

Suppress Futile Cycles

A futile cycle occurs when enzymes catalyze fluxes in opposing
directions (i.e., simultaneously convert metabolite A into B, and B
into A) with concomitant loss of energy, usually ATP (Katz and
Rognstad, 1978). Suppressing futile cycles in central metabolism
is a well-established option to increase efficiency of carbon and
energy use (Cairns andGallagher, 2004; Barratt et al., 2009). It has
experimental support, although mainly in the negative sense that
increasing cycling raises respiratory losses and diverts carbon
away from biomass gain (Morandini and Salamini, 2003).

Reduce Ion Transport Costs

Maintaining ionhomeostasis in the faceof efflux (“pumpand leak”)
is a large item in themaintenance energy budget, possibly around
half the total (PenningdeVries, 1975;Amthor, 2000), andselecting
for low solute efflux from plant tissue is an effective procedure in
plantbreeding (Whitlowetal., 1992). Thecontextof suchbreeding,
however, has generally been resistance to acute, near-lethal
environmental stresses rather than the reduction of ongoing ion
efflux fromunstressed ormoderately stressed tissues (Demidchik
et al., 2014).

SPECIFIC CANDIDATE STRATEGIES

Here, we propose specific targets to put the above strategies into
practice usingmetabolic engineering and synthetic biology tools.
We also identify a few promising targets that needmore research.

Reduce Protein Turnover

Themain drivers of protein turnover are (1) the need for flexibility in
the face of environmental or developmental change and (2) the
need to remove and replace damaged proteins (Hawkins, 1991;
Nelson and Millar, 2015). The first driver is still too poorly un-
derstood to design rational interventions in crop plants, but the
second is nowaddressable preemptively bymitigating damage to
particular proteins. The following are such “upstream” solutions.

Replace the THI4 Thiazole Synthase Enzyme

Plant THI4 is a special and extreme instance of protein damage—
a suicide enzyme that catalyzes its reaction only once and must
thenbedegradedand resynthesized (Chatterjee et al., 2011). THI4
produces the thiazole precursor of thiamin (vitamin B1) and is

suicidal because the sulfur atom for the thiazole ring is obtainedby
destroying a Cys residue in the THI4 active site (Chatterjee et al.,
2011); THI4 is thus a substrate in the reaction, not a catalyst
(Figure 3A). The demand for thiamin synthesis is high because
thiamin (in its cofactor form, thiamin diphosphate) is short lived
(Hanson et al., 2018). The rate of THI4 turnover is therefore also
high, in fact higher than all other protein turnover rates measured
for barley (Hordeum vulgare) and Arabidopsis (Nelson et al., 2014;
Li et al., 2017a). The ATP used in THI4 turnover is estimated to
account for 2 to 10% of total maintenance respiration so that
replacing THI4 with an efficient non-suicidal (i.e., truly catalytic)
enzyme could significantly raise biomass yield (Hanson et al.,
2018). Efficient catalytic forms of THI4 that use sulfide as sulfur
donor exist in microbes (Figure 3A; Eser et al., 2016) and are
candidates for rational engineering or directed evolution to adapt
themto function inplants (Hansonetal., 2018).Asall plants require
thiamin and appear to have suicidal THI4s (Hanson et al., 2018),
the strategy of replacing the native THI4with a non-suicidal one is
in principle applicable to any crop.

Harden Proteins against Glycation Damage

Glycation—themodificationofprotein sidechainsbyacascadeof
reactions with sugars and other carbonyl compounds—causes
major protein damage (Soboleva et al., 2017). The early reactions
in the cascade are chemically or enzymatically reversible (Van
Schaftingen et al., 2012; Richarme et al., 2015), but later reactions
arenot anddestine theprotein toproteolysis (Chondrogianni et al.,
2014). Because glycation is site specific and proteomics can
identify theparticular Lys, Arg, orCys residues involved (Soboleva
et al., 2017), it is feasible to target vulnerable, functionally non-
critical aminoacids for replacement. Proof of concept comes from
the stabilization of industrial enzymes (Gebert et al., 2015) and
monoclonal antibodies (Miller et al., 2011) against glycation
damage by removing Lys residues. A specific target in plants is
a Lys in transketolase 2 (K706 in the Arabidopsis enzyme) that is
a glycation hot spot (Bilova et al., 2017). The replacement of this
Lys by a nonglycatable residue in some species appears not to
affect enzyme function.Mining plant glycated proteome data sets
(Bilova et al., 2017) could potentially identify many other targets.

Replace, Relocate, or Reschedule Metabolic Activities

Replace the Phe Route to Lignin

Replacing an inefficient biosynthetic pathwaywith amore efficient
one can potentially reduce growth respiration. Conversion of
arogenate to 4-coumarate during lignin biosynthesis is one such
case. Although otherwise diverse, all pathways to lignin include
a short reaction sequence mediating this conversion (Figure 3B;
Whetten and Sederoff, 1995; Amthor, 2003). The more common
three-reaction sequence via Phe, found in all plants, involves
a phenylalanine ammonia-lyase (PAL; Whetten and Sederoff,
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Figure 3. Reducing THI4 Turnover, Reconfiguring Lignin Synthesis, and Suppressing Futile Cycles.

(A) Plants synthesize the thiazole phosphate precursor of thiamin from NAD and Gly via a suicidal THI4 enzyme that takes the sulfur atom needed for the
thiazole ring from an active-site Cys residue. This converts the Cys to dehydroalanine (DHAla), which inactivates THI4 (Chatterjee et al., 2011). Plant THI4
proteins must consequently be completely degraded and resynthesized after mediating a single reaction. Certain prokaryotes such as Methanococcus
jannaschii have THI4s with a His residue in place of the active-site Cys (shown in sequence alignment with Arabidopsis THI4) that use free sulfide as sulfur
donor (Eser et al., 2016). These prokaryotic THI4s are true catalysts, i.e., they perform multiple reaction cycles and so make thiazole synthesis far less
energetically expensive than when a suicidal THI4 is used.
(B)Alternative plant pathways for conversion of arogenate to 4-coumarate, a precursor to lignin. The reaction set involvingPhe,which oxidizes oneNADPH
per 4-coumarate formed, is found in all plants, but the alternative pathway via Tyr, which reduces one NADP per 4-coumarate formed, is found pre-
dominantly inmonocots. Theoverall efficiencyof ligninbiosynthesis viaTyr is expected tobesignificantly greater than thatof themorecommonpathway via
Phe because of a net reduction in NADPH use.
(C) Futile cycling between Suc synthesis and degradation, highlighting ATP-consuming processes. Suc is synthesized via Suc phosphate synthase (SPS,
blue) and sucrose 6-phosphate phosphatase (SPP) and degraded andmetabolised either via sucrose synthase (SuSy, green), UDPGlc pyrophosphorylase
(UGPase), and fructokinase (FK) or via invertase (INV, purple), hexokinase (HK), and FK. Suc synthesis from two hexose phosphates requires one UTP per
Suc, with one PPi being salvaged (not shown). Suc degradation via SuSy requires one PPi per Suc (UTP is internally recycled; not shown). Suc degradation
via INV requires twoATP per Suc, plus additional energy for active transport steps (not shown). In the futile cycles, net energy loss is one ATP per Suc in the
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1995). This reaction sequence oxidizes one NADPHmolecule per
molecule of 4-coumarate formed. An alternative two-reaction
sequence via Tyr, found mainly in monocots, involves a tyro-
sine ammonia-lyase (TAL) and reduces one NADP molecule for
each 4-coumarate molecule formed. The TAL pathway thus
confers an advantage over the PAL pathway of 2 NADPH per
4-coumarate produced. TAL activity in plants is associated with
a bifunctional PAL (Louie et al., 2006; Barros et al., 2016); a single
amino acid change can introduce TAL activity into a monofunc-
tional PAL (Maeda, 2016). Additionally, TAL enzymes with almost
no PAL activity are available from microbes (Jendresen et al.,
2015). PAL activity could therefore be supplemented or even
replaced by engineering TAL activity. As monocots with TAL
activity still apparently synthesize over half their lignin via Phe
(Barros et al., 2016), TAL activity engineering might benefit
monocots as well as eudicots. The latter possibility rests on the
assumption that monocots have not naturally exploited all pos-
sibilities for replacing PAL with TAL activity.

With all else equal, synthesis of lignin via the Tyr route instead of
thePhe route could substantially reducegrowth respiration for the
lignin fraction of biomass (Amthor, 2003). In turn, the “production
value” (PV) for lignin (g lignin produced per g of sugar substrate
consumed) could increase by 5 to 7%, depending on the com-
position of the lignin (Supplemental Figure 1). Target crops for an
altered lignin pathway include hybrid Populus and Eucalyptus
(>25% lignin; Whetten and Sederoff, 1995; Novaes et al., 2010),
cotton (Gossypium spp.) (>15% lignin; Fukushima et al., 2015: He
et al., 2017), and sugarcane (Saccharum spp.) (up to 15% lignin;
Masarin et al., 2011). Also, because 4-coumarate is precursor to
many crop phenolic compounds such as flavones, flavonols,
stilbenes, andanthocyanins, these toocouldbesynthesizedmore
efficiently following replacement (or augmentation) of PAL with
TAL activity.

Relocate Nitrate Assimilation from Root to Shoot

Nitrate assimilation occurs to different extents in the roots and
leaves of different species and is a major energy demand
(Scheurwater et al., 2002;Andrewset al., 2004).Movingall ormost
nitrate assimilation to the leaf during the day would exploit the
excess energypresent in the chloroplast in high light andwouldbe
more efficient overall, as it would reduce the amount of Suc

respired in the root to provide the required energy and carbon
skeletons for root nitrate assimilation (Andrews et al., 2004; Shaw
and Cheung, 2018). The efficiency calculation includes the ad-
ditional energy involved in moving nitrate from root to shoot and
returning amino acids to the root (Shaw and Cheung, 2018).
Temperate cereals such as wheat (Triticum spp.) and barley are
targets for such relocationbecause theyassimilate anappreciable
amount of nitrate in roots, especially at the relatively low nitrate
concentrations in agricultural soils (Andrews, 1986). The simplest
engineering strategy is to knock down expression of root nitrate
reductase (Andrewsetal., 2004), but suppressingnitrite reductase
as well could add benefit by eliminating the energy demand of
synthesizing this large protein and its iron-sulfur and siroheme
prosthetic groups. To ensure that leaves can meet the nitrogen
demands of the whole plant, including the root, it may be nec-
essary also to increase the capacities for leaf nitrogen assimilation
and for transport of aminoacids via thephloem (Yadavet al., 2015;
Tegeder andMasclaux-Daubresse, 2018). This strategy would be
even more advantageous if the extra cost of nitrate transport to
the shoot is offset by improvement in nitrate acquisition and re-
duction of the futile cycling associated with nitrate transport as
noted below.

Reschedule Biosynthetic Processes from Night to Day

Another way to exploit the potential daytime energy excess is to
increase the proportion of biosynthesis that happens during the
day. The synthesis rates of major biomass components such as
protein andcellulose are known tobe far lower at night thanduring
the day (Ishihara et al., 2015; Verbančič et al., 2018) and export of
Suc from source leaves to the rest of the plant is also slower at
night (Brauner et al., 2018). But there is probably scope to further
synchronize biosynthesis with the daylight phase. This would
betteruse theenergyavailableduring thedayandbemoreefficient
overall by saving the energy normally used in the synthesis and
breakdown of starch (equivalent to;5% of the energy content of
the sugar substrate for starch synthesis; Amthor, 2010) that is
required to fuel nocturnal biosynthesis. Hence, diel flux-balance
analysis models of leaf metabolism optimized for light-use
efficiency predict no nocturnal biosynthesis at all unless this
is enforced by a constraint (Cheung et al., 2014). Complete
minimization of nocturnal activity would, however, likely reduce

Figure 3. (continued).

cycle with SuSY, UGPase and INV, and two ATP per Suc in the cycle with INV, HK, and FK. It is assumed that FK utilizes UTP and/or that the uridine and
adenine nucleotide systems are equilibrated via nucleoside diphosphate dikinase (Geigenberger et al., 1993). For simplicity, transport steps needed when
INV is located in the vacuole or apoplast are omitted. The rate of cycling can bemeasured by analyzing labeling patterns after supplying isotopically labeled
Suc, Fru, and Glc.
(D) Futile cycling between fructose-6P and fructose-1,6BP. This cycle can occur due to simultaneous activity of two of these three enzymes: ATP-
phosphofructokinase (PFK), fructosebisphosphatase (FBPase), andpyrophosphate fructose 6-phosphate phosphotransferase (PFP). PFP (blue) catalyzes
a readily reversible reaction. Net energy loss per cycle per unit fructose-6P is one ATP for the cycle between PFK and FBPase, the difference in free energy
between one ATP and one PPi for the cycle between PFK and PFP, and one PPi for the cycle between PPi and FBPase. Cycling between fructose-6P and
fructose-1,6BP can be measured as randomization of 14C or 13C label between the carbon-1 and carbon-6 positions.
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fitness and carry costs associated with leaving ribosomes and
other biosyntheticmachinery idle at night (Figure 2A). These costs
would include the energetic costs of synthesizing ribosomes as
well as the inefficient use of resources invested in them, such as
phosphate, of which a considerable proportion is allocated to
ribosomes (Raven, 2013). Restricting the biosynthesis of cellular
constituents to the daytime would require temporal separation
from growth by cell expansion, which is often slower in the light
than at night (Poiré et al., 2010; Apelt et al., 2017), presumably
reflecting the impactof transpirationon leafwater potential even in
well-watered plants. This separation actually occurs, with protein
and cell wall biosynthesis being faster in the light (see above). It is
possible that more severe changes of leaf water potential in
droughted plants might restrict protein and cell wall synthesis
in the light (Kawaguchi et al., 2003). Nevertheless, the tradeoffs in
cropsamongenergy efficiency, nocturnal growth, and fitnessmay
not be optimal for current agricultural environments, leaving op-
portunities for tuning.Aspecificopportunity is to restrict the rateof
transitory carbohydrate accumulation during the day. Crops
having a strong diurnal pattern of leaf starch accumulation, such
as soybean (Glycine max; Leidreiter et al., 1995), would be good
targets, with daytime starch accumulation suppressed by leaf-
specific knockdown of ADP-Glc pyrophosphorylase.

Another strategy to harness a daytime excess of NAD(P)H and
ATP is to increase their export from the chloroplast to support
biosynthetic andmaintenance processes in the cytosol. NAD(P)H
and ATP are exported from the chloroplast indirectly by various
metabolite shuttles (Gardeströmand Igamberdiev, 2016) thatmay
lack sufficient capacity to support optimal cytosolic energy re-
quirements. It is therefore rational to increase the capacity of
existing shuttles or to install direct transport systems for ATP and
NAD(P)H in the chloroplast envelope. For example, promoter
editing could be used to alter the expression of the Nucleotide
Transporter 1 (N TT1) gene encoding the plastid inner envelope
nucleotide transporter that is normally only expressed in non-
green tissues (Versaw and Garcia, 2017). NTT1 mediates stoi-
chiometric exchangeofATPwithADP+Pi (Trentmannet al., 2008)
and, if present in the chloroplast inner envelope, would allow
export of excess chloroplastic ATP to the cytosol. However, it
might also make the chloroplast a sink for ATP in low-light con-
ditions, to the detriment of ATP/ADP balance in the cytosol. If so,
the NTT1 protein would need further engineering to restrict its
activity to conditions of chloroplastic energy excess.

Reschedule Expression of the Mitochondrial Alternative
Oxidase

The plant respiratory electron transport chain contains various
non-phosphorylating bypasses that significantly lower the ATP
synthesis per unit of carbon oxidized, most notably the alternative
oxidase (AOX;Millar et al., 2011).During the light inphotosynthetic
tissues of C3 plants, the mitochondria predominantly oxidize Gly
and run a modifiedtricarboxylic acid cycle that does not operate
cyclically but rather generates intermediates as carbon skeletons

for cell biosynthesis (Sweetlove et al., 2010; Tcherkez et al., 2012).
Under theseconditions, nonphosphorylatingbypassesenable the
dissipation of excess reducing power generated during photo-
synthesis (Raghavendra and Padmasree, 2003; Zhang et al.,
2017). However, during the night in shoot tissues, these bypasses
continue to operate, lowering theATP synthesis per unit of carbon
oxidized (Robinson et al., 1995; Cheah et al., 2014) even though
a conventional tricarboxylic acid cycle occurs and ATP bio-
synthesis is the dominant function of mitochondria. AOX proteins
do not have a rapid turnover rate and remain present and active
throughout the night in leaves (Lee et al., 2010). The AOX pathway
reduces mitochondrial ATP synthesis per unit of carbon oxidized
to 33% of the normal cytochrome oxidase pathway (Millar et al.,
2011). In vivomeasures of AOXoperation at night range from10 to
50% of total respiratory rate (Robinson et al., 1995; Cheah et al.,
2014).
Plants have multiple AOX isoforms, typically one that is con-

stitutive and others that are stress inducible (Millar et al., 2011). A
solution to the inefficiency that these enzymes present, without
compromising stress tolerance, is to replace the constitutive AOX
with a synthetic version tailored to have a higher turnover rate and
a light-specific promoter to lower the alternative pathway rate at
night and raise it again during the day. If this could be engineered
perfectly, for the same respiratory ATP synthesis rate, a 5 to 30%
of respiratory carbon loss in thedark couldbeprevented. Acropof
choice issoybean,whichhasanAOXpathwayflux in thedarkofup
to 50% of respiration rate (Robinson et al., 1995; Ribas-Carbo
et al., 2005; Cheah et al., 2014). Previous attempts to simply re-
move AOX from soybean led to a yield penalty (Chai et al., 2012),
indicating the importanceof amoresubtle rescheduling to remove
AOX function in the dark. Importantly, as AOX is a low-abundance
protein in mitochondria and represents <0.01% of total leaf
protein, the ATP efficiency gained by reducing its activity at night
wouldbehundredsof timeshigher than the lossofATP required to
resynthesize AOX during each day.

Suppress Futile Cycles

Several futile cycles in central metabolism run at high rates
(Plaxton, 1996) and could waste a substantial fraction of the ATP
produced in respiration (Alonso et al., 2005). Examples include
simultaneous synthesis and degradation of starch in leaves in the
light (Fernandez et al., 2017), simultaneous synthesis and deg-
radation of Suc (Figure 3C; Geigenberger and Stitt, 1991, 1993;
Alonso et al., 2005), and cycling between Fru 6-phosphate (F6P)
and Fru1,6-bisphosphate (F16BP; Figure 3D; Keeling et al., 1988;
Hatzfeld and Stitt, 1990; Hill and ap Rees, 1994). If a futile cycle
reflects only inefficient regulation, suppressing it will decrease
respiratory costs without doing collateral damage. Futile cycles
may, however, have physiological functions in enabling sensitive
metabolic regulation (Samoilov et al., 2005), dissipating energy in
stress conditions (Adolfsen and Brynildsen, 2015) or, for F6P-
F16BP cycles, regulating the cytosolic pyrophosphate (PPi) pool
and hence tonoplast H+-pyrophosphatase activity (Stitt, 1998).
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The pros and cons of cycle suppression must therefore be
carefully assessed for futility versus utility, as follows.

Suc Synthesis/Degradation

A cycle of Suc synthesis and degradation occurs when the
enzymes of Suc synthesis (Suc phosphate synthase, Suc phos-
phate phosphatase) operate concurrently with Suc degradation
via (1) Suc synthase and fructokinase or (2) invertase, hexokinase,
and fructokinase (Figure 3C). Scenario 2 is more expensive, es-
pecially if it involvesan invertase located in thevacuoleor apoplast
and active transport of sugars across the tonoplast or plasma
membrane. A Suc synthesis/degradation cycle occurs in source
leaves of many species, where it probably serves to regulate the
net rate of Suc synthesis and photosynthate allocation to starch
(Huber, 1989; Kingston-Smith et al., 1999; Stitt et al., 2010;
Mengin et al., 2017). Suc synthesis/degradation cycles also occur
during Suc import in growing tissues (Hargreaves and ap Rees,
1988; Geigenberger and Stitt, 1991, 1993; Nguyen-Quoc and
Foyer, 2001; Alonso et al., 2005; Ruan et al., 2010). The costly
cycles involving invertase may often be important in driving Suc
import or cell expansion (Nguyen-Quoc and Foyer, 2001; Ruan
et al., 2010). Cycles involving Suc synthase may sometimes be
futile: all major Suc synthase genes can be deleted in Arabidopsis
without impacting growth except under low oxygen (Barratt et al.,
2009). However, the cycle is not always dispensable: reducing
total Suc synthase activity by 75% or more decreases starch and
storage protein accumulation in potato (Solanum tuberosum)
tubers (Zrenner et al., 1995), anddeleting individualSucsynthases
in maize (Zea mays) impairs grain development (Chourey et al.,
1998) and root growth (Alonso et al., 2005).

F6P/F16BP Cycling

There is rapid cycling between F6P and F16BP in many respiring
tissues (Figure 3D). This cycle usually involves pyrophosphate Fru
6-phosphate phosphotransferase (PFP; Hajirezaei et al., 1993),
which operates close to equilibrium in vivo (Weiner et al., 1987;
Geigenberger et al., 1993; Stitt, 1998). A futile cycle with wastage
of energy will occur when PFP operates together with either ATP-
phosphofructokinase or fructosebisphosphatase, although in
some circumstances this cycle may deliver PPi to support Suc
mobilization via Suc synthase andUDPGlcpyrophosphorylase or
energization of the tonoplast (Plaxton, 1996, 2010; Stitt, 1998).
Evidence that such cycles are futile is provide by the observation
that strongly decreasingPFPexpressiondoes not affect growth in
several species (Hajirezaei et al., 1993; Nielsen and Stitt, 2001;
Duan et al., 2016) and even increases the Suc content in sugar-
cane (van der Merwe et al., 2010). However, negative phenotypes
do occasionally appear: for example, strong reductions in PFP
expression inhibited growth under salt and osmotic stress con-
ditions in Arabidopsis seedlings (Lim et al., 2013) and decreased
rice (Oryza sativa) grain quality (Duan et al., 2016).

Thus, current evidence indicates that both the Suc synthesis/
degradation and F6P/F16BP cycles can be safely suppressed in
certain species, tissues, and conditions. Given the high estimated
energetic costs of these cycles (see above), potential gains are
substantial. To achieve them, enzymeswill need to be engineered
in a suitably cell-, development-, or condition-specific way. An
exampleof an immediate targetwouldbeseedfill in crops like rape
(Brassica napus) and soybean, where photosynthesis in the seed
minimizes the risk of lowoxygen.Moregenerally, research into the
impact of partial reductions in expression on performance in
different species and conditions would sharpen planning of
strategies to optimize tradeoffs between energetic optimization
and metabolic flexibility.

Improve Efficiency of Nitrate Acquisition

The transporters that mediate nitrate (NO3
2) uptake in roots are

promising targets because NO3
2 is the main nitrogen source for

most plants, although NO3
2 versus NH4

+ preference varies de-
pending on selection for particular soil types (Dechorgnat et al.,
2018). The ATP-driven H+ pumping that generates the electro-
chemical proton gradient for NO3

2 uptake (Figure 4) is likely the
highest macronutrient acquisition cost (Glass, 2003; Xu et al.,
2012).
Plants have several families of transporters and channels that

can transport NO3
2 (Krapp et al., 2014). TheNitrate Transporter 2s

(NRT2s) are high-affinity transporters responsible forNO3
2uptake

at low concentrations; the nitrate/peptide family (NPF) trans-
porters and dual-affinity NRT2s are low-affinity transporters that
work at higher concentrations. Some NPF members can also
transport K+ and other substrates or act as nitrate sensors (Krapp
et al., 2014; Li et al., 2017c); these and similar moonlighting ac-
tivities by other transporters (Krapp et al., 2014; Corratgé-Faillie
and Lacombe, 2017; Ramesh et al., 2018) are considerations for
engineering as they can compromise outcomes. Another engi-
neering consideration is that the expression of engineered NO3

2

transporters would need to be as precisely spatially and de-
velopmentally regulated as that of natural NO3

2 transporters
(Garnett et al., 2013). A further consideration is that NO3

2 as-
similation requires regulation of pH since NO3

2 reduction pro-
duces OH2. This is turn impacts carboxylate production and
transport across the tonoplast, with links to K+ transport (Raven,
1985).
Several engineering strategies to reduce the costs of NO3

2

acquisition can be proposed, with maize (Zea mays) and wheat
(Triticum aestivum) as promising target crops for their im-
plementation (Xu et al., 2012).

Identify Transporters That Allow Efflux of Nitrate to the
Rhizosphere and Engineer to Reduce or Eliminate This
Efflux

A precedent for this strategy comes from Arabidopsis NPF2.7
(Nitrate Excretion Transporter, NAXT1), a plasma membrane
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Figure 4. Strategies to Reduce the Costs of NO3
2 Acquisition.

In the schemes above the line, the native state is on the left and the reduced-cost engineered state is on the right. Red arrows are proton fluxes or malate
(Mal22)fluxesas indicated, solidblackarrowsareNO3

2 transportfluxes, anddashedblackarrowsareNO3
2 leaks.BlueovalsareNO3

2 transporters, i.e.,NRT
family members and the NAXTNO3

2 excretion transporter. The red oval represents aluminum-activatedmalate transporters (ALMTs). The green oval is the
ATP-driven H+ pump that generates the electrochemical proton gradient for NO3

2 uptake. Cost reduction strategies are as follows.
(A) Identifying and eliminating NO3

2 leaks, e.g., via the NAXT1 transporter.
(B)ModifyingselectivityofNO3

2 transportersandanionchannels.Anionchannelssuchas theALMTs thatcanbepermeable toNO3
2and thatwouldnormally

allow leakageoutof thecytoplasm to theexternalmedium (negativemembranepotential and lowexternalNO3
2), potentially enable a futile cycle.Altering the

selectivity of NRT transporters is possible to reduce competing Cl2 transport.
(C) Increasing the density on specificmembranes (e.g., in root hair cells) of an optimized NO3

2 transporter would effectively increase the flux density (Vmax)
that may more efficiently capture NO3

2 when and where it becomes available in soil and possibly linked to high water flows to the root.
(D) Location, timing, and flux capacity are critical for any strategy. For instance, eliminating an efflux transporter from the xylemparenchyma aswell as from
the root cortexwould compromise transport to the shoot. Similarly, expression of an influx transporter in the xylemparenchyma could result in a futile cycle
where a net efflux is required to the xylem. Heterogeneous concentrations of NO3

2 in the soil require control of lateral root foraging matched with transport
capacity and demand by the shoot.

306 The Plant Cell

PERSPECTIVE



transporter that is expressed mainly in root cortex and that can
efflux NO3

2 under acidic conditions (Figure 4A; Segonzac et al.,
2007). RNAi knockdown of NAXT1 increased root NO3

2 level but
also decreased shoot NO3

2 level; this unwanted decrease may
have been due to collateral knockdown of other NAXT family
members (Segonzac et al., 2007). Similarly, someAluminium-
Activated Malate Transporter (ALMT) anion transporters can
readily efflux NO3

2 (Piñeros et al., 2008; Sharma et al., 2016). As
residues that affect their substrate selectivity or activity havebeen
identified (Zhang et al., 2013; Ramesh et al., 2015), the selectivity
of these transporters could in principle be rationally engineered
(Figure 4B). Other transporters can efflux NO3

2, e.g., Arabidopsis
NPF7.3 (NRT1.5; Lin et al., 2008), NPF6.3 (NRT1.1; Léran et al.,
2013), andmaizeNPF6.4 (Wenetal., 2017)orCl2e.g.,Arabidopsis
NPF2.5 (Li et al., 2017b). These transporters are candidates for
pre-engineering research to identify the residues thatgovernNO3

2

efflux and NO3
2/Cl2 selectivity.

Overexpress More Efficient Transporters to Increase Their
Density in Specific Membranes

“More efficient” in this case means transporters that do not allow
efflux under certain conditions have high selectivity for NO3

2 (e.g.,
over Cl2) and/or have high Vmax values (Figure 4C). This type of
strategy has been applied in rice, where overexpressing an NRT2
transporter increased nitrogen use efficiency, growth, and yield
but was also linked to pH regulation (Fan et al., 2016). The
overexpression of more efficient transporters could be especially
effective in “gatekeeper” cells, which carry much of the transport
fluxbutmaybeonly a small fractionof the cell population (Xuet al.,
2018).Note, however, that changing selectivity away fromCl2has
some potential to disrupt osmoregulation (Wege et al., 2017).

Optimize Location, Timing, and Flux Capacity of Root NO3
2

Transporters Relative to NO3
2 Supply

A target location (Figure 4D) is root hairs and root zoneswith a high
density of water influx, since NO3

2 is readily mobile in the soil
solution and is convected to the root surface during transpiration,
and NO3

2 and water transport are positively correlated (Tyerman
et al., 2017). Nitrate flux into roots varies as demand by the plant
changes, and theheterogenousnatureof soil requirescontrol over
lateral root development to forage for the NO3

2 supply (York et al.,
2016). The complex transcriptomic and proteomic mechanisms
thatmatchsupplywithdemand in thismultivariate systemarenow
sufficiently known to begin designing engineering strategies
(Wang et al., 2018).

POTENTIAL BIOMASS GAINS FROM REDUCED
RESPIRATORY CARBON LOSS

Biomass gains can potentially come from reducing carbon loss
associated withmaintenance and/or growth. Maintenance respiration
lossescanbe reducedby lowering the rateofcyclicprocessessuchas

protein turnover or by increasing the efficiency of respiratory ATP
production (Amthor, 2000). Growth respiration losses can be reduced
by increasing biosynthetic efficiency or by increasing the efficiency of
respiratory ATP production (Penning de Vries et al., 1974). Below, we
quantitatively assess biomass gains that could accrue from im-
plementing the strategies described above.

Maintenance

To translate reductions in maintenance respiration rate into gains
in crop biomass accumulation, we compared the growth rate
Equation 2 with and without a reduction in maintenance respi-
ration coefficient. The comparison is summarized by the following
(see Supplemental Appendix 2):

ðdW*=dtÞ = ðdW=dtÞ ¼ a b = ð1 � bÞ (3)

wheredW*/dt is growth rate resulting froma reducedmaintenance
respiration coefficient, dW/dt is growth rate with “normal” main-
tenance respiration coefficient, a is the fraction (0 to 1) of whole-
plantmaintenance respiration thatengineeringeliminates, andb is
the average whole-plant ratio of maintenance respiration to
photosynthesis mW / P over a period of interest. Based on ref-
erences cited above (see “a primer on respiratory carbon losses”)
we take 0.23 as the central tendency of b. For this value of b,
potential percentage gains in biomass accumulation are nearly
one third the percentage reductions in the maintenance respira-
tion coefficient m (Figure 5).
Our target values of a, described below, are used to quantify

potential biomass gains for a range of strategies to reduce
maintenance respiration (Table 1).
Because of the high turnover rate and relatively high abundance

of the THI4 protein, crop biomass accumulation might be in-
creasedup to4%byessentiallyeliminatingTHI4 turnover (Hanson
et al., 2018); we suggest a feasible target of ;1 to 2% (Table 1).
Potential biomass gains associated with reduced protein glyca-
tion cannot yet be predicted confidently, but we derive a value of
;1 to 2% (Table 1).
Potential biomass gains from reducing AOX activity depend on

the proportion of mitochondrial electron transport accounted for
by AOX, and other factors set out in Supplemental Appendix 3.
Measured values for this proportion (10% to 50%) indicate a pos-
sible biomass increase of up to ;9% (see figure in Supplemental
Appendix 3), with a target of 4% to5%considered feasible in some
crops (Table 1). A modest additional biomass increase due to
higher efficiency of ATP formation for growth processes is also
expected (Penning de Vries et al., 1974). Similarly, if mainte-
nance respiration is reduced by 15% by eliminating un-
necessary (futile) cycling, biomass gains of 4 to 5% could be
achieved (Table 1).
We did not include a strategy to reduce respiratory costs of

active transmembrane transport to counteract membrane “leaks”
(other than those associated with NO3

2 acquisition) because we
lack specific knowledge, inter alia, of leak rates and molecular
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targets to reduce them. Nevertheless, we note that order-of-
magnitude calculations indicate that plasmalemma and tonoplast
leaks may constitute up to half of maintenance costs in whole
plants (Penning de Vries, 1975; Amthor, 2010), representing po-
tential savings in respiration comparable to those possible
through rescheduling AOX expression and suppressing futile
cycles. Advancing research on leaks across apoplastic barriers in
roots (e.g., Pfister et al., 2014) might allow both assessments of
their quantitative significance to crop carbon budgets and, if the
costs are high, possibilities for eliminating leaks through genetic
engineering.

Growth

For theTyrshortcut to lignin (Figure3B), an increase in thePVof the
lignin fraction of biomass translates into less Suc substrate being
used to generate each unit of lignin. TheSuc thatwould havebeen
used for the same amount of lignin biosynthesis may become
available for additional biomass growth. For a range of crop-
specific biomass lignin concentrations, a PV increase of 6% for
the lignin fraction of biomass could translate into 0.5 to 2.5%

increases in whole-plant PV (Table 2), which is equivalent to the
percentage gain in biomass accumulation.
Acquisition andassimilationofN isan important requirement for

crop growth, and respiration associated with NO3
2 uptake (sep-

arate from that associated with NO3
2 assimilation) can be a sig-

nificant fraction of root respiration (Bouma et al., 1996; Kurimoto
et al., 2004). If leaks ofNO3

2backout of the root could be reduced,
additional growth would be possible because substrate that
would normally be respired to support reuptake of NO3

2 could
insteadbeused forgrowth.However, thegrowthgain is likely tobe
quite modest. Our assessment indicates that except for the ex-
tremecaseof complete elimination of a 25% leak fraction in a crop
with high N:C ratio and extensive AOX activity, the biomass gains
achievable by reducing NO3

2 leakage from roots are < 1%
(Supplemental Appendix 4).

Biomass Gains Can Potentially Be Partitioned to
Harvested Organs

Percentage gains in harvested yield could in principle exceed
percentage gains in total crop biomass. This would occur if bio-
mass gains (i.e., the “extra” carbohydrate and downstream bio-
mass made available through maintenance savings) were
partitioned preferentially to harvested organs. For example, for
a harvest index of 0.5 and assuming that “extra” carbohydrate
saved before grain filling is stored in a form (e.g., stem reserves)
that can be mobilized to grain and/or that “extra” carbohydrate
saved during grain filling is preferentially partitioned to grain, a 3%
increase in total biomass could translate into as much as a 6%
increase in grain yield.

CLOSING POINTS

Weendwith five take-home points. First, it is hard to overstate the
significance of respiratory carbon loss to yield improvement.
Respiration is as central to plant productivity as photosynthesis;
together, they power all plantmetabolismand—indirectly—nearly
all non-plant metabolism on Earth. The processes driving re-
spiratory carbon loss consequently merit as much attention from
metabolic engineering and synthetic biology as photosynthesis
and high-value secondary product biosynthesis. The potential
payoffs from cutting carbon losses are simply too large to ignore.
Second, the specific proteins, pathways, and processes that we
identify as candidates for engineering are just initial targets of
opportunity in what is becoming a target-rich arena as knowledge
of respiratory drivers and the technology to modify them keep
advancing. As this happens, the many substrates, enzymes,
transporters, and effectors involved in respiration become a plus
instead of a minus because they offer multiple options to reduce
carbon loss in various contexts. Third, respiratory loss reduction
candidates are present in all plants and very likely genetically
independent—making them applicable to many species and
potentially stackable. Fourth, as noted throughout this article,
because plants are highly differentiated multicellular organisms,

Figure 5. Potential Biomass Gains Accruing from Reduced Maintenance
Respiration.

A simple integrative model to quantify potential effects of a fractional re-
duction in the maintenance respiration coefficient (m) on the potential
proportional gain inwhole-plant growthwrittenasab/(12b),wherea is the
fraction of m that is “engineered away” and b is the whole-plant mW:P
(maintenance respiration [mW = RM]/photosynthesis) ratio. Potential bio-
massgainsareplotted fordiscrete valuesofa (different lines)over the range
0.10 to 0.40 for b. Over a growing season, we expect b to be in the range
0.20 to 0.25 for non-stressed crops.
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not just E. coli writ large, it matters greatly where, when, and how
much engineered genes are expressed. At present, almost all
engineering of plant gene expression uses natural regulatory
parts, leaving engineered genes open to unwanted crosstalk from
endogenous control systems in the host. Fortunately, the fast-
growing field of synthetic regulatory circuits in plants (Boehm
et al., 2017; Kassaw et al., 2018) can provide orthogonal systems
to modulate gene expression; these may be very useful in re-
engineeringgenes thatdrivecarbon loss.Finally,weacknowledge

that smart breeding approaches that integratemultiple processes
and focusonphenotypicoutputs likegrowth rateandyieldprovide
an alternative to directed engineering ofmetabolic subprocesses,
and that directed approaches might fail if the various sub-
processes interact in a nonlinear and hence difficult-to-predict
manner on emergent agronomic traits. However, breeding de-
pendson the available genetic diversity in thebreedingpopulation
and this, as argued earlier, may be limited or poorly suited for yield
maximization in the agricultural context. In this context, directed

Table 1. Potential Biomass Gains Resulting from Elimination of a Portion of Maintenance Respiration

Mechanism to Reduce Maintenance
Respiration

Range of Potential Reduction in
Maintenance Respiration (%)a

Reduction of Maintenance
Respiration Deemed Feasible (a)(%)b

Potential Biomass Gain
for b = 0.23 (%)b

Eliminate THI4 turnover 2 to10c 4 1.2
Reduce protein glycationd 1 to 7 4 1.2
Reschedule expression of AOX, including in

nonphotosynthetic tissuese
5 to 30 15 4.5

Suppress futile cyclesf 5 to 40 15 4.5
Reduce intracellular membrane leaks 5 to 30 ?g ?g

aThe upper end of the ranges sums to more than 100% because of uncertainty about individual processes. There is also uncertainty about how the
ranges vary between species and environments.
bSee text for definitions of a and b. Supplemental Appendix 2 outlines the method of calculating potential biomass gain based on a and b. We take 0.23
as the central tendency for b in crops.
cBased on Hanson et al. (2018).
dBased on the following assumptions, which we deem reasonable but subject to significant uncertainty: glycation amenable to reduction is associated
with constitutive proteins; integrated over a growing season and throughout the plant 30 to 50% of proteins turned over are constitutive; 40 to 60% of
constitutive protein degradation is associated with glycation; 20 to 40% of constitutive-protein glycation could be eliminated by engineering; and 30 to
55% of maintenance respiration supports protein turnover. We take midpoint values as an estimate of a feasible reduction in maintenance respiration.
eSee Supplemental Appendix 3.
fBased on the following assumptions: 5 to 40% of respiratory ATP production in maintenance conditions supports futile cycles; for some crops 15% of
maintenance respiration could be eliminated by stopping unnecessary cycles (e.g., if 30% of maintenance respiration is used to provide ATP consumed
in futile cycles, and half the activity of those cycles is removed, 15% of maintenance respiration could be eliminated).
gPlasmalemma and tonoplast leaks may constitute half of maintenance costs (Penning de Vries, 1975; Amthor, 2010), in which case suppressing leaks
could yield savings in respiration comparable to, or even exceeding, those from rescheduling AOX expression and suppressing futile cycles. More
research is necessary, however, before firmer quantitative estimates for potential reductions in those leaks, and the metabolic engineering targets that
might be associated with reducing those leaks, will be possible. As a result, we presently do not provide an estimate of a feasible respiratory savings,
but merely note that it could be large.

Table 2. Potential Effect of Increased Lignin Production Value on Whole-Plant PV Brought about by Replacing PAL Activity with TAL Activity in
Support of Lignin Biosynthesis

Biomass
Constituent

Low-Lignin Crop Medium-Lignin Crop High-Lignin Crop

Fraction
(g/g)

PV
Native

PV
Altered

Gain in
PV (%)

Fraction
(g/g)

PV
Native

PV
Altered

Gain in
PV (%)

Fraction
(g/g)

PV
Native

PV
Altered

Gain in
PV (%)

Lignin 0.05 0.415 0.440 6.02 0.15 0.415 0.440 6.02 0.30 0.415 0.440 6.02
Non-lignin 0.95 0.720 0.720 0.00 0.85 0.720 0.720 0.00 0.70 0.720 0.720 00.0
Whole plant 1.00 0.705 0.706 0.48 1.00 0.674 0.678 1.35 1.00 0.629 0.636 2.48

Production value (PV) is g biomass grown from 1 g Suc substrate used for carbon skeletons and energy used in biosynthesis (Penning de Vries et al.,
1974). PV (native) is for lignin biosynthesis involving PAL; PV (improved) is for lignin biosynthesis involving TAL (see Figure 3C). PV of the nonlignin
biomass fraction is the weighted average of all nonlignin biomass components. Whole-plant PV is amount of total biomass grown from 1 g Suc plus
inorganic N, S, and minerals. Column labeled “gain” is percentage increase in PV due to transformation of lignin biosynthetic pathway(s) from those
using PAL to those using TAL. PV for the nonlignin fraction of biomass is illustrative only (not intended to reflect any specific crop). Low-, medium-, and
high-lignin crops might be represented by many cereal and oilseed crops, by cotton and sugarcane, and by tree plantation crops, respectively.
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engineering provides a complementary approach to smart
breeding, with potential synergies if it highlights candidate genes
and polymorphisms, provides strategies to create missing di-
versity for highlighted traits related to respiratory loss, or provides
knowledge that supports modeling of emergent traits. We rec-
ognize there is likely a deep tradeoff between minimization of
respiration and optimization of energy use, on the one hand, and
robustness and yield stability in a fluctuating environment on the
other hand. Even so, the directed approaches proposed here
would still provide a much needed quantitative analysis of this
tradeoff to learnwhichapparentlywasteful components are in fact
important and which can be decreased or suppressed to the
benefit of crop productivity.
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