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Abstract
Bioenergy  could  help  limit  global  warming  to  2°C  above  pre- industrial  levels 
while supplying almost a fourth of the world's renewable energy needs by 2050. 
However,  the deployment of bioenergy raises concerns  that adoption at mean-
ingful  scales  may  lead  to  unintended  negative  environmental  consequences. 
Meanwhile, the full consolidation of a bioenergy industry is currently challenged 
by a sufficient, resilient, and resource- efficient biomass supply and an effective 
conversion process. Here, we provide a comprehensive analysis of how stable iso-
tope approaches have accelerated the development of a robust bioeconomy by ad-
vancing knowledge about environmental sustainability, feedstock development, 
and biological conversion. We show that advances in stable isotope research have 
generated crucial information to (1) gain mechanistic insight into the potential 
of bioenergy crops to mitigate climate change as well as their  impact on water 
and nutrient cycling; (2) develop high- yielding, resilient feedstocks that produce 
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1   |   INTRODUCTION

Bioenergy is central to all socioeconomic pathways com-
patible  with  limiting  global  warming  to  2°C  above  pre- 
industrial  levels  (Fuss  et  al.,  2014).  However,  concerns 
persist  over  large  deployment  of  biofuels  for  climate 
mitigation  planning  on  the  grounds  of  uncertain  envi-
ronmental  impacts,  the  effective  delivery  of  carbon  (C) 
savings  and  potential  to  meet  energy  production  targets 
(Calvin et al.,  2021; Field et al.,  2020; Reid et al.,  2020). 
Sustainability  is  broadly  defined  as  development  that 
meets  the  needs  of  the  present  without  compromising 
the ability of future generations to meet their own needs 
(Brundtland, 1987). Granted the normative nature of the 
concept, a sustainable bioenergy would secure a sufficient 
source of renewable energy while minimizing the use of 
natural  resources  and  impacts  on  the  environment.  On 
this basis, the consolidation of a robust bioeconomy com-
patible with mitigation ambitions requires: (1) a deep un-
derstanding of  the  interactions between  the deployment 
of dedicated feedstocks and the environment, (2) the en-
gineering  of  resilient,  high- yielding  feedstocks  that  use 
natural resources— water and nutrients— more efficiently, 
and (3) the optimization of the energy conversion process 
through rapid engineering of microbial strains that can ef-
ficiently produce diverse, high- value bioenergy molecules 
and specialty bioproducts.

As with most scientific disciplines, our ability to address 
critical gaps in knowledge in the field of bioenergy has often 
been  constrained  by  tools  available  (Dawson  et  al.,  2002; 
Ehleringer & Osmond, 2000). Arguably, stable isotopes have 
recently  emerged  as  one  of  the  most  powerful  techniques 
for breaking the barriers to measure otherwise elusive pro-
cesses  in situ. The  leverage of stable  isotopes  lies on a rel-
atively  well  understood  behavior  within  biogeochemical, 
physiological, genetic and chemical frameworks, and while 
limitations exist in their large- scale and cost- effective appli-
cation (Antoniewicz, 2021; Dawson et al., 2002; Ehleringer 
& Osmond, 2000), stable isotopes can provide crucial knowl-
edge to accelerate the development of a strong bioeconomy.

Here,  we  review  recent  scientific  advances  that  have 
used  stable  isotopes  to address questions  relevant  to  the 
effective consolidation of bioenergy within global devel-
opmental schemes. Using an integrative cross- disciplinary 
approach, we explore this through the lens of the inherent 
challenges  associated  to  sustainable  bioenergy  systems 
within three overarching themes: (1) environmental sus-
tainability,  (2)  feedstock development, and  (3) microbial 
conversion  (Figure  1).  While  relevant  to  the  full  assess-
ment  of  the  role  of  bioenergy  in  the  broader  context  of 
sustainable development goals, this manuscript does not 
attempt  to  cover  the  intricacies  of  a  complete  life  cycle 
analysis or the potential socioeconomic and political ram-
ifications  of  bioenergy  but  to  emphasize  those  aspects 
in  which  the  use  of  stable  isotopes  have  significantly 
contributed  to advance science  towards a  robust bioeco-
nomy. Within this framework, we analyze how stable iso-
topes can help ascribe causality and elucidate regulating 
mechanisms  and  interactions  to  target  research  for  the 
improvement  of  the  economic  and  environmental  value 
of bioenergy feedstocks. Further, we highlight the knowl-
edge gaps that could benefit  from future research led by 
innovative stable isotopes approaches. Finally, we aim to 
open cross- disciplinary discussions regarding  the advan-
tages  of  an  integrative  framework  across  environmental 
sustainability, feedstock development, and microbial con-
version for advances in bioenergy research.

2   |   ENVIRONMENTAL 
SUSTAINABILITY

While  designed  to  lower  the  pressure  on  climate,  the 
large- scale deployment of bioenergy crops has been chal-
lenged  over  a  potential  acceleration  of  soil  C  losses  and 
non- CO2  greenhouse  gas  (GHG)  emissions  associated 
to direct and indirect changes in land use, as well as  in-
creased stresses on our already scarce water and nutrient 
resources. Failing to bring the bioenergy sector to deliver a 
climate benefit that does not rely on the intensification of 

high- value bioproducts in planta; and (3) engineer microbes to enhance feedstock 
conversion  to  bioenergy  products.  Further,  we  highlight  knowledge  gaps  that 
could benefit  from future research facilitated by stable  isotope approaches. We 
conclude  that  advances  in  mechanistic  knowledge  and  innovations  within  the 
field of stable isotopes in cross- disciplinary research actions will greatly contrib-
ute to breaking down the barriers to establishing a robust bioeconomy.

K E Y W O R D S

bioeconomy, conversion, environment, feedstock, stable isotopes, sustainability
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the use of our natural resources could unintendedly push 
the Earth system closer to the environmental limits within 
which  humanity  can  safely  operate  (Fuss  et  al.,  2014; 
Hanssen et al., 2020; Heck et al., 2018; Smith et al., 2016).

Key  questions  remain  on  the  degree  to  which  bioen-
ergy production may be effectively maintained and deliver 
sizeable  climate  benefits  while  avoiding  the  long- term 
depletion of natural  resources, concept regarded here as 
environmental sustainability. In this context, beyond con-
siderations  of  social  equity,  economic  development  and 
political implications, a sustainable bioenergy system, in 
addition to displacing fossil emissions should: (1) enhance 
the C uptake, stabilization and persistence of soil C pools 
(Section  2.1;  Figure  1),  (2)  reduce  non- CO2  GHG  emis-
sions  (Section  2.2;  Figure  1);  and  (3)  increase  the  water 
and nutrient use efficiency of  the system relative  to dis-
placed land uses (Section 2.3; Figure 1).

In  the  following  sections,  we  take  a  closer  look  at 
how  the  application  of  stable  isotopes  in  the  plant– soil- 
atmosphere continuum provides key insights into achiev-
ing  enhanced  environmental  sustainability  of  bioenergy 

cropping  systems.  We  also  identify  areas  in  need  of  a 
deeper understanding that could benefit from the applica-
tion of stable isotopes methods.

2.1  |  Use of isotopes to investigate 
C capture, stabilization, and 
persistence processes

With proven potential for soil organic C (SOC) sequestra-
tion,  bioenergy  systems,  particularly  perennial  lignocel-
lulosic feedstocks, can significantly contribute to negative 
emissions and deliver significant GHG savings adding to 
the climate benefit of fossil fuel displacement and potential 
geologic carbon capture and storage  (Harris et al., 2015; 
Ledo  et  al.,  2020;  Whitaker  et  al.,  2018).  However,  soil 
type,  climate,  and  previous  land  use  and  management 
can  significantly  influence  SOC  sequestration  and  the 
net  GHG  intensity  of  these  systems,  suggesting  that  not 
all  bioenergy  systems  will  likely  deliver  the  savings  tar-
geted  in  some renewable  fuel policies  (Fuss et al., 2014; 

F I G U R E  1  Challenges and cross- disciplinary research actions across environmental sustainability, feedstock development and 
microbial conversion for advances in bioenergy research. Within the context of this manuscript, environmental sustainability is defined as 
the degree to which bioenergy production may be effectively maintained and deliver sizeable a climate benefit while avoiding the long- term 
depletion of natural resources; and “land deployment intensity” is defined as how much land needs to be allocated to bioenergy based on 
feedstock productivity, the efficiency of conversion and target ethanol yields. Numbers link to specific challenges across environmental 
sustainability, feedstock development and microbial conversion; and arrows indicate cross- disciplinary research actions that integrate the 
use of stable isotopes.
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Kato & Yamagata, 2014). Implied in this observation is an 
urgent need of a deeper understanding of the mechanisms 
enhancing the C capture, stabilization and persistence of 
bioenergy  crops  to  confidently  predict  under  which  cir-
cumstances  bioenergy  systems  will  be  most  effective  in 
decarbonizing the atmosphere.

At  the ecosystem scale, a  large  fraction of C  fixed by 
photosynthesis can be (1) allocated to above-  and below-
ground plant biomass or respired back to the atmosphere 
by the canopy and roots (i.e., autotrophic respiration); (2) 
released via rhizodeposition (root sloughing, mucilage and 
exudates) to the rhizosphere; (3) incorporated into soil or-
ganic matter (SOM), including particulate organic matter 
(POM)  and  mineral- associated  organic  matter  (MAOM) 
fractions;  and  (4)  assimilated  into  microbial  biomass  or 
respired by the microbial community (i.e., heterotrophic 
respiration)  (Figure  2).  Accurately  quantifying  CO2  cap-
ture,  and  C  stabilization  processes  and  persistence  into 
biogenic  pools,  and  identifying  the  mechanisms  driving 
responses  to  a  changing  environment  (e.g.  crop  species, 
soil type, climate and management) is challenging. The C 
metabolism  across  the  soil- plant- atmosphere  continuum 

is  defined  by  synergies  and  thresholds  of  mechanisms 
operating  simultaneously  and  at  different  time- scales  in 
a  highly  dynamic  system.  The  natural  abundance  of  C 
isotopes (12C and 13C) or enriched 13C labeling techniques 
allows tracing C dynamics through the atmosphere- plant– 
soil continuum in situ and non- destructively, providing a 
unique  opportunity  to  assess  the  C  budget  of  bioenergy 
feedstocks (Box S1; Figure 2).

Photosynthesis  and  respiration  are  key  determinants 
of  the  overall  ecosystem  C  balance  of  bioenergy  crop-
ping  systems.  Therefore,  understanding  the  drivers  of 
these  processes  is  essential  for  improving  predictions  of 
the C balance of bioenergy systems across the landscape. 
Combined with micrometeorological techniques and soil 
gas exchange measurements, 13C provides a powerful tool 
for partitioning ecosystem CO2 fluxes into source compo-
nents (Griffis, 2013; Siebers et al., 2021; Voglar et al., 2019) 
(Table 1). While not yet widely implemented in bioenergy 
cropping  systems,  13C- CO2  exchange  measurements  can 
be used to directly partition net ecosystem exchange (NEE) 
into  gross  primary  productivity  (GPP)  inputs  and  eco-
system respiration  (Re) outputs  (Wehr & Saleska, 2015). 

F I G U R E  2  Use of stable isotopes to track the fate of elements (C, N, and water) among major pools across the soil– plant- atmosphere 
continuum, and to determine process rates, flux partition and function. Both natural abundance isotope (green) and enriched isotope 
(purple) methods used to identify, estimate and determine key processes and properties are shown. Numbers link to specific key processes 
and properties that determine the environmental sustainability of ecosystems. Arrows reflect water (blue) and C and N fluxes among soil 
pools (light brown) and with the atmosphere (white). Rh refers to heterotrophic respiration, and Ra,s and Ra,m to autotrophic structural and 
maintenance respiration, respectively.
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T A B L E  1   Bioenergy studies where stable C isotopes were used to address how changes in land cover and/or management practices 
affect C cycling, stabilization and persistence in soils and ecosystems. Soil priming refers to a change in decomposition of soil organic carbon 
(SOC) in response to fresh C inputs; soil microbial carbon use efficiency (CUE) refers to the amount of organic C allocated to microbial 
biomass production relative to C consumed and reflects the balance of anabolic and catabolic reactions. The table reflects major findings 
relevant to advancing science in the field of environmental sustainability through the use of stable isotopes.

Crop
Gained knowledge in bioenergy related with the use of stable C isotopes 
combined with other methods References

Miscanthus and 
switchgrass

Switchgrass contributed a greater proportion of SOC in the root zone than Miscanthus. Xu et al. (2022)

Miscanthus Microbial CUE decreased with fertilization and was negatively correlated with root C 
concentration.

Kane et al. (2022)

Switchgrass Increased bulk SOC over 10 years was positively associated with switchgrass- derived C 
across a marginally- productive landscape.

Zegada- Lizarazu 
et al. (2022)

Sorghum Sorghum increased total SOC stocks in 2 years under both dry and wet conditions under 
free- air CO2 enrichment (FACE).

Leavitt et al. (2022)

Miscanthus Miscanthus- derived SOC stocks increased as a function of time for at least 20 years 
following establishment.

Leifeld et al. (2021)

Miscanthus Micro- scale SOC dynamics beneath Miscanthus are controlled by slow aggregate 
turnover, but aggregate turnover is faster on the soil surface compared to deeper soil.

(Vergara Sosa 
et al., 2021)

Corn, cover crops, 
fertilized and 
unfertilized prairie

The conversion of annual grain crops to mixed perennial systems increased the near- 
surface slow- cycling C pool, whereas the incorporation of cover crops increased the 
decomposition rates of both fast-  and slow- cycling C pools and decreased their pool 
sizes across all depths.

Ye and Hall (2020)

Switchgrass Deep- rooted grass cultivars can increase SOC relative to conventional crops in as little as 
10 years, while expanding energy biomass production on marginal lands.

Slessarev 
et al. (2020)

Switchgrass Extracellular polysaccharides played a prominent role in SOC stabilization. Sher et al. (2020)

Pennisetum purpureum 
(Elephant grass)

Biochar increased SOC stocks relative to control in coarse textured soils. Silveira 
et al. (2020)

NA Biochar amendments enhance soil microbial CUE compared to straw- amended soils. Liu et al. (2020)

Sugarcane Priming of soil organic carbon induced by sugarcane residues and sugarcane biochar 
regulated the source of N for plant uptake.

Weng et al. (2020)

Sorghum The belowground interaction of amended substrate and sorghum genotype influenced 
sorghum rhizosphere- associated exudates.

Miller et al. (2019)

Miscanthus and willow Crop type determined the abundance and structure of soil communities as well as which 
soil resources (root exudates, dead organic matter or microbial derived compounds) 
were preferentially consumed.

Briones 
et al. (2019)

Sorghum bicolor Sorghum root- derived C had higher biochemical recalcitrance which led to more C 
retention in soil than leaf residues. Root residues resulted in higher particulate 
organic matter and lower C persistent mineral associated organic matter than leaf 
residues.

Fulton- Smith and 
Cotrufo (2019)

Populus Belowground C inputs contribute the most to soil C accumulation compared to 
aboveground C inputs. These findings are important in the context of bioenergy crops 
as aboveground C inputs are often removed for bioenergy production.

Berhongaray 
et al. (2019)

Miscanthus, willow Following conversion, the sequestration of soil C under genotypes of willow and 
Miscanthus is substantial, and fresh C derived from cropping also enhances deep soil 
C accumulation.

Gregory 
et al. (2018)

Cover crop in a maize 
plantation

Cover crop belowground C inputs contributed the most to soil C accumulation compared 
to aboveground C inputs, and C derived cover crop root was most abundant in the 
mineral- associated fraction, deemed to be the most persistent fraction in soil.

Austin et al. (2017)

Miscanthus and willow Crop type determined the dominance of ectomycorrhizal fungi vs bacteria, which in turn 
affected soil CO2 fluxes.

Elias et al. (2017)
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For example, under controlled conditions, a recent study 
demonstrated that peak daily GPP was about 50% greater 
in  maize  than  soybean,  but  peak  daily  Re  was  similar 
between species, resulting in greater NEE in maize than 
soybean (Fassbinder et al., 2012). Compared with isotopic 
partitioning  of  NEE,  partitioning  of  soil  respiration  into 
autotrophic (root and rhizosphere) and heterotrophic (mi-
crobe and fauna) components via 13C has been more widely 
used (Table 1; Box S1). A study (Rochette et al., 1999) used 
natural abundance 13C in a maize (C4) system planted on 
a C3- derived soil to show that autotrophic respiration was 
driven  primarily  by  changes  in  plant  photosynthetic  ac-
tivity  whereas  heterotrophic  respiration  varied  with  soil 
temperature.  Although  technical  limitations  still  exist 
(e.g.,  cross- sensitivity  between  target  gases,  concentra-
tion dependent non- linearities and 13C- CO2 values, or the 
temperature  sensitivity  of  the  analyzer  stability),  recent 

improvements  in  situ  13C- CO2  instrumentation  such  as 
the development of cavity ring- down spectroscopy (CRDS) 
and integrated cavity output spectroscopy (ICOS) technol-
ogies  for  continuous,  high  precision  measures,  coupled 
with  decreasing  costs  (Griffis,  2013;  Voglar  et  al.,  2019) 
will help facilitate future studies of ecosystem CO2 fluxes 
in bioenergy systems.

Agricultural activities have historically caused the loss 
of up to 133 Pg C from soils globally,  the rate of  loss  in-
creasing  dramatically  in  the  past  200 years  (Sanderman 
et  al.,  2017).  Thus,  building  soil  organic  matter  (SOM) 
provides  a  key  step  toward  climate  stabilization  (Smith 
et  al.,  2016).  While  ecosystem  scale  measurements  can 
paint  a  broad  picture  of  C  inputs,  outputs  and  balance, 
understanding the detailed dynamics of SOM storage re-
quires more targeted approaches. Stable isotopes can help 
to  identify  predominant  SOM  inputs,  assess  the  relative 

Crop
Gained knowledge in bioenergy related with the use of stable C isotopes 
combined with other methods References

Miscanthus Fresh C inputs do not enhance SOC accumulation after 7 years of Miscanthus growth, 
and this phenomenon is not explained by soil priming accelerating the decomposition 
of old SOC.

Robertson 
et al. (2017)

Switchgrass ecotypes Variation between switchgrass ecotypes could alter microbial communities (i.e., bacteria 
vs. fungi) and impact C sequestration and storage as well as potentially other 
belowground processes.

Roosendaal 
et al. (2016)

Miscanthus, switchgrass, 
semi- perennial crops 
(fescue and alfalfa), 
annual crop (sorghum 
and tricale)

New SOC accumulation was higher under semi- perennials than under perennial crops 
due to variations in C input from crops rather than decreases in mineralization rates. 
N fertilization applied during the establishment and maturity phases did not impact 
SOC accumulation.

Ferchaud 
et al. (2016)

Switchgrass cultivars Initial (<3 years) soil C losses due to land conversion were quickly offset by the 
accumulation of newly C from switchgrass. Cultivars with the highest SOC stocks 
tended to have the highest C concentrations in the persistent mineral soil fraction 
rather than in the particulate organic matter fraction.

Adkins 
et al. (2016)

Switchgrass The ratio of root exudate C inputs to total soil C influences priming effect. The impact of 
changes in exudate C inputs on the priming of SOC differs in shallow versus deep soil.

de Graaff 
et al. (2014)

Land conversion to 
several Miscanthus 
hybrids and 
Miscanthus × giganteus

SOC stocks do not change significantly after 6 years of Miscanthus growth, but greater 
initial SOC decreases were observed in genotypes with higher belowground 
productivity likely due to enhanced priming effect.

Zatta et al. (2014)

Maize and soybean Maize and soybean showed different daily patterns of net ecosystem exchange, gross 
photosynthesis, and respiration using isotope flux partitioning.

Fassbinder 
et al. (2012)

Miscanthus × giganteus, 
Cryptomeria japonica

The C input and recalcitrance of Miscanthus × giganteus (a fast- growing grass) litter was 
higher relative to Cryptomeria japonica (a fast- growing conifer) suggesting longer 
persistence of C under the studied grass system compared to the forest plantation.

Toma et al. (2012)

Miscanthus × giganteus A study of the priming effect; decomposition of old SOC was induced only when fresh C 
exceeded C content in soil microbes

Blagodatskaya 
et al. (2011)

Switchgrass After 5 years of cropping, SOC stocks in low C soils increased substantially due to newly 
C derived from switchgrass

Collins 
et al. (2010)

Maize Plant activity regulated root rhizosphere respiration. Rochette 
et al. (1999)

T A B L E  1   (Continued)
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persistence  of  SOM,  and  trace  the  interactions  between 
plant and microbial components (Table 1). For  instance, 
Berhongaray et al. (2019) used natural abundance 13C to 
show that belowground rather  than aboveground  inputs 
dominated  the  SOM  pool  of  a  poplar  plantation.  In  an-
other study, Austin et al. (2017) used 13C- CO2 pulse label-
ing to demonstrate that rhizodeposition from a rye cover 
crop  accounted  for  a  third  of  total  belowground  inputs 
in  a  maize  system.  Because  SOM  is  known  to  comprise 
different  pools  of  varying  recalcitrance  and  vulnerabil-
ity  to  decomposition  (e.g.,  particulate  organic  matter  vs. 
mineral- associated organic matter),  it  is  critical  to eluci-
date links between in- plant C allocation to contributions 
to SOM pools and persistence in soils. In this light, Fulton- 
Smith and Cotrufo  (2019)  found  that  root  litter was  less 
effective at forming more stable mineral- associated SOM 
compared  to  aboveground  litter  in  a  sorghum  system, 
highlighting  the  need  to  consider  residue  management 
when targeting SOC storage.

Also relevant to the vulnerability of recently fixed and 
old organic C pools is the residue- induced priming of SOC, 
defined as the change in the mineralization rates of SOC 
in response to fresh SOM inputs. A major challenge in in-
vestigating the mechanisms of priming is the partitioning 
of  CO2  emissions  from  multiple  sources  in  a  highly  dy-
namic system (i.e., root respiration and the mineralization 
of labile and stable SOC). The combination of natural 13C 
abundance and 13C- labeled approaches have been proven 
instrumental in identifying the mechanisms of priming in 
response to fresh organic inputs and the environment. For 
example, Hall et al. (2019), capitalized on the distinctive 
natural  abundance  of  13C  in  C3  and  C4  plants  to  reveal 
that  soybean  residue  stimulated  microbial  growth  and 
favored  priming  over  the  following  corn  phase  in  corn- 
soybean  rotations.  In  another  study,  Weng  et  al.  (2020) 
used  a  dual- isotope  approach  with  two  levels  of  13C  en-
richment to show that in- soil incorporation caused higher 
positive  SOC  priming  (acceleration  of  mineralization 
rates) than surface applied residue in a sugarcane system. 
Further, Weng et al. (2020) showed that in- soil biochar in-
corporation led to negative SOC priming (deceleration of 
mineralization rates).

Growing evidence reveals a prominent role of the mi-
crobiome on the regulation of the SOC budget. The con-
tribution of microbial necromass to the total SOC pool is 
greater than previously anticipated, and microbial ecology 
(i.e.,  identification  and  function)  has  been  proven  crit-
ical  to  the  stabilization  and  persistence  of  C  in  soils  (Li 
et al., 2021). By enabling in situ C tracing, stable isotopes 
offer  a  unique  opportunity  to  ascribe  functionality  and 
unveil the role of distinctive microbial taxa on C seques-
tration and stabilization in soils. For instance, using a com-
bination of differences  in  the natural abundances of  13C 

and  13C- pulse  chase  approaches,  recent  studies  showed 
that Miscanthus led to greater 13C enrichment in bacterial 
phospholipid fatty acids (PLFA) whereas willow allocated 
greater C to ectomycorrhizal fungi and more shallow roots 
(Briones et al., 2019; Elias et al., 2017). These observations 
accompanied less 13C- CO2 released in Miscanthus, casting 
some  light  into  the role of  fungal and bacterial commu-
nities in the microbial C assimilation and SOC stabiliza-
tion pathways of bioenergy systems (Table 1). In another 
study  using  stable  isotope  probing  of  PLFAs  (Box  S2), 
Roosendaal et al. (2016) showed that switchgrass root ar-
chitecture  can  influence  fungal  versus  bacterial  activity, 
which in turn affects SOC sequestration. Sher et al. (2020) 
used a 13C- CO2 tracer to show that switchgrass stimulated 
microbes  producing  more  extracellular  polymeric  sub-
stances, which have been linked to more soil aggregation 
and  thereby  increases  in  SOC.  In  another  recent  study, 
Ridgeway  et  al.  (2023)  using  13C  labeled  litter  coupled 
measures  of  nitrogen  (N)  mineralization,  showed  that 
Miscanthus  roots  primed  microbes  to  extract  N  and  sta-
bilize SOM. Therefore, 13C- CO2 labeling experiments can 
help elucidate the interdependencies between crops spe-
cies, microbial C turnover and soil C stabilization, paving 
the path to identifying desired traits for the development 
of a sustainable bioenergy portfolio (Table 1).

Results  from  some  stable  C  isotopes  studies  have  al-
ready  been  incorporated  into  modern  bioenergy  mod-
els,  such  as  FUN- BioCROP  or  DAYCENT- CABBI  (Juice 
et al., 2022), and the significance of findings from 13C trac-
ing  research  is  increasingly  recognized  for  benchmark-
ing  SOC  dynamics  in  global  models  (Camino- Serrano 
et  al.,  2019).  Nevertheless,  additional  empirical  work  in 
this  field  is  direly  needed  to  further  constrain  SOM  dy-
namics across a wide array of scenarios.

2.2  |  Use of isotopes to explore the 
regulation of non- CO2 GHG (i.e. CH4 and 
N2O) emissions

Amplified  global  warming  potential,  high  sensitivity  to 
both biotic and abiotic  factors, and a strong dependence 
on  local  parameters  make  unintended  increases  of  non-
 CO2 GHG from bioenergy cropping systems determinant 
of the capacity of these systems to mitigate climate change. 
Curbing  methane  (CH4)  emissions  is  critical  to  short- 
term actions for climate stabilization (Ocko et al., 2021). 
Bioenergy crops in temperate, semi- arid and arid climates 
are usually net sinks of CH4 (Drewer et al., 2012; Gauder 
et al., 2012; Oertel et al., 2016; Toma et al., 2011). However, 
increasing  trends  in  the  frequency  of  flash  flood  events 
and the expansion of bioenergy crops into marginal land 
and  tropical  and  subtropical  regions  could  decrease  or 
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reverse this sink potential (Denmead et al., 2010; Gomez- 
Casanovas et al., 2018; Weier, 1999) (Box S3).

The net emission of CH4 to the atmosphere results from 
a dynamic equilibrium among CH4 production (methano-
genesis), CH4 oxidation (methanotrophy), plant- mediated 
CH4 transport and physical processes (i.e., ebullition and 
diffusion) (Bridgham et al., 2013). Further, methanogens 
produce  CH4  by  two  major  pathways,  acetate  fermen-
tation  and  CO2  reduction.  All  these  processes  operate 
simultaneously,  and  their  tight  interdependencies  and 
distinct kinetic efficiencies and sensitivities to both biotic 
(e.g. predominant vegetation, substrate quality and avail-
ability,  microbial  abundance  and  distribution)  and  abi-
otic (e.g. soil volumetric water content and air- filled pore 
space, and soil redox, pH and temperature) factors make 
the identification and quantification of individual contrib-
utors  to net CH4  fluxes  crucial, particularly  in changing 
environmental  conditions  (Zhang  et  al.,  2021).  For  ex-
ample, fertilizers and high soil pH can either increase or 
decrease CH4 emissions  in response to changes  in water 
management, fertilizer type, and the baseline N status of 
ecosystems  (Blanc- Betes  et  al.,  2016;  Gomez- Casanovas 
et al., 2016, 2020). The in situ assessment of CH4 produc-
tion,  oxidation,  and  transport  rates  with  minimal  or  no 
disturbance is therefore critical to determine the net CH4 
source or sink strength (Banger et al., 2012) (Figure 2).

Studies using natural abundance of  13C- CH4  in bioen-
ergy crops to partition net CH4 emissions into gross fluxes 
(oxidation  vs.  methanogenesis)  are  rare,  particularly  in 
marginal  lands  and  in  tropical  and  subtropical  regions 
(Table S1). The stable isotope trace gas pool dilution tech-
nique, an  iterative model  that solves  for gross production 
rates based on the isotopic dilution of the isotopically en-
riched  chamber  headspace  pool  of  CH4  by  natural  abun-
dance CH4 emitted by the soil, is an underutilized approach 
to the partitioning gross CH4 fluxes. Using this technique, 
Yang and Silver (2016) revealed substantial gross CH4 pro-
duction  and  oxidation  occurring  within  the  soils  of  corn 
fields  with  negligible  CH4  emissions.  Evaluations  of  the 
predominance of the CH4 metabolic pathways (i.e. acetate 
fermentation  and  CO2  reduction)  in  bioenergy  systems, 
typically  determined  using  natural  abundance  C  isotopic 
composition of CH4 and CO2 in surface emissions and soil 
water pores, are also scarce (Table S1). Similarly, predomi-
nant CH4 transport mechanisms and contributions to emit-
ted CH4 from bioenergy systems may be elucidated based 
on  the  discriminations  against  the  heavy  isotope  (13C)  of 
the different transport pathways (Table S1). A recent study 
using  natural  abundance  of  13C- CH4,  found  substantial 
CH4 transport through Populus spp. stems, whereas trans-
port through leaves was negligible, improving the accuracy 
of predictions of CH4 emissions from this crop (Kutschera 
et  al.,  2016).  Studies  focusing  on  gross  CH4  production, 

oxidation, and transport pathways could be extremely valu-
able to inform climate smart decisions on the deployment 
and management of bioenergy systems to reduce the CH4 
footprint of bioenergy systems in a climate change context.

Agriculture  accounts  for  over  half  of  anthropogenic 
N2O  emissions  to  the  atmosphere  (Tian  et  al.,  2020). 
Understanding of mechanisms regulating soil- atmosphere 
N2O fluxes is therefore, critical to policy making and man-
agement decisions aimed to minimize a collateral forcing 
on  climate  that  may  significantly  reduce  the  efficacy  of 
biofuels to abate global warming (Reay et al., 2012). With 
lower  fertilizer  requirements,  prioritizing  biomass-   over 
grain- based feedstocks could significantly reduce the N2O 
feedback  from  the  bioenergy  sector  (Oates  et  al.,  2016; 
Ruan et al., 2016), but further emission reductions could 
potentially be achieved (Table 2). Designing high- yielding 
bioenergy  landscapes  with  minimal  soil  N2O  emissions 
requires  resolving  the  partitioning  of  N2O  production 
and reduction metabolic pathways and regulatory mech-
anisms  (Shan  et  al.,  2021;  Yu  et  al.,  2020;  Zhu- Barker 
et al., 2015). This can be achieved using both labeling and 
natural abundance stable isotope approaches (Figure 2).

Unlike  more  qualitative  source  partitioning  ap-
proaches,  stable  isotope  techniques  can  avoid  the  un-
certainty  inherent  in  direct  measurements  to  accurately 
identify the dominant processes driving N2O production. 
For  example,  N2O  producing  metabolism  may  be  parti-
tioned  into  nitrification  and  denitrification,  by  tracking 
labeled  15N  recovery  in  15N2O  from  15N- labeled  ammo-
nium,  a  dominant  substrate  for  nitrification,  relative  to 
15N- labeled nitrate, the main substrate for denitrification 
(Krichels et al., 2019; Morse & Bernhardt, 2013). While la-
beling experiments are useful for identifying predominant 
pathways and potential activities, trace substrate additions 
may alter microbial function and limit experimentation in 
uncontrolled  environments  (Yang  et  al.,  2014).  Natural 
abundance  stable  isotope  approaches  avoid  disturbance 
allowing for the direct determination of in situ activities 
under field conditions. Most promising is the use of N2O 
isotopomers, the difference between δ15N of the alpha and 
beta N atoms in N2O (i.e., the central or terminal position 
on  the  asymmetrical  N2O  molecule),  to  differentiate  be-
tween  bacterial  denitrification  versus  nitrification  and 
fungal denitrification (Ostrom & Ostrom, 2017). This ap-
proach has revealed that denitrification prevails over ni-
trification as the N2O source in switchgrass soils (Ostrom 
et al., 2021), directing mitigation efforts to manipulating 
conditions for the anaerobic, heterotrophic process of de-
nitrification  rather  than  the  aerobic,  chemolithoautotro-
phic process of nitrification. Molecular approaches, such 
as functional gene transcript analysis, used in conjunction 
with stable isotope approaches can potentially reveal the 
importance of other microbial N2O source processes, such 
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as dissimilatory nitrate reduction to ammonium, that can-
not be differentiated from denitrification and nitrification 
based on stable isotopes alone.

Soil  N2O  reduction  rates  are  notoriously  challenging 
to quantify (Groffman et al., 2006) but recent advances in 
stable isotope approaches are beginning to provide much- 
needed field estimates of these rates that are lacking across 
all upland terrestrial ecosystems (Almaraz et al., 2020). The 
stable isotope trace gas pool dilution technique has been 
used for  in situ surface flux measurements of gross N2O 
production and consumption (Yang et al., 2011), showing 
that on average, roughly one- third of N2O produced in a 
well- drained agricultural field can be reduced to N2 before 
emitted to the atmosphere (Yang & Silver, 2016). Natural 
abundance  stable  isotope  approaches  for  measuring  in 
situ N2O reduction rates have more recently been devel-
oped,  for  instance  using  clumped  isotopes  of  15N2  along 
soil profiles  (Yeung et al., 2019).  Increased access  to  the 
instrumentation  and  training  to  use  these  advanced  ap-
proaches will broaden their use across ecosystems, includ-
ing in bioenergy cropping systems (Almaraz et al., 2020).

2.3  |  Use of isotopes to examine the 
use of water and nutrient resources at the 
ecosystem scale

2.3.1  |  Use of isotopes to investigate the 
use of water resources

Rising water demand and reduced supply is increasing global 
water  stress,  which  can  be  further  aggravated  by  climate 
change.  At  present,  agriculture  consumption  represents 

87%  of  global  freshwater  use  (D'Odorico  et  al.,  2020;  Wu 
et al., 2022). Even limiting deployment to unirrigated bioen-
ergy would increase evapotranspiration (ET; i.e. water loss 
at the ecosystem scale) by ~5% over the average short veg-
etation, leading to an additional water use of ~3% of global 
agricultural  water  appropriation  for  a  targeted  minimum 
deployment  of  biomass  production  compatible  with <2°C 
scenarios  (Smith  et  al.,  2016;  Wu  et  al.,  2022).  Moreover, 
high biomass  targets would require  the expansion  into  ir-
rigation zones more than doubling agricultural water with-
drawals (Heck et al., 2018; Stenzel et al., 2021).

ET is defined by two fluxes, plant transpiration (T) and 
evaporation (E) of water from plant surfaces and the soil 
(Bernacchi & VanLoocke, 2015). A key metric of the sus-
tainable use of water resources is the water use efficiency 
(WUE; i.e. amount of C assimilated per unit of water lost) 
(Table 3). Among the diverse WUE metrics, a crucial pa-
rameter is the T to ET ratio (Table 3), that can be enhanced 
by genetic improvement or by adopting practices that re-
duce E and divert more water into T (Table 4). Given the 
strong link between T and plant productivity and the role 
of ET in determining water loss and availability, achieving 
a sustainable bioenergy portfolio requires understanding 
how a variety of bioenergy crops and management strat-
egies affect both the T and E components of ET, and how 
these  components  respond  to  changes  in  climate  (Kool 
et al., 2014; Xiao et al., 2018).

Water isotopes provide invaluable information for a more 
efficient use of freshwater resources. They can be used to 
directly partition ET in situ without disturbing the normal 
functioning of an ecosystem given the difference in isotopic 
fractionation between E and T (Rothfuss et al., 2021; Xiao 
et al., 2018) (Figure 2; Annex S1). While many studies have 

T A B L E  2   Strategies to reduce soil N2O emissions. Both tracer and natural abundance stable isotopes are used to partition the many 
microbial and abiotic processes involved in N2O production and consumption in soil, which is necessary due to the differing controls on 
these processes.

Strategies to reduce soil N2O emissions References

Management practices Using alternative fertilizers, designed to release N gradually 
during periods of plant growth

Shoji et al. (2001)

Enhancing the synchrony between N applications and crop N 
demands

Venterea et al. (2012)

Optimizing the physical placement of fertilizer Nkebiwe et al. (2016)

Inhibiting soil N transformations with chemical additions or 
with precision application of fertilizer

Paustian et al. (2016)

Using soil amendments including biochar and basalt Blanc- Betes et al. (2020); Gomez- 
Casanovas et al. (2021)

Using species with root exudates containing biological 
nitrification inhibition compounds (BNIs)

Luo et al. (2018)

Bioengineering and microbial 
inoculants

Manipulating plant- microbe interactions including BNI 
enabled species

Calvo et al. (2016); Subbarao 
et al. (2021); Usyskin- Tonne 
et al. (2019)
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isolated the T flux in ET using water isotopes in cropping 
systems  and  grasslands,  only  a  few  focused  on  bioenergy 
crops  including  maize,  Populus  and  sorghum  (Rothfuss 
et  al.,  2021),  suggesting  that  more  studies  are  needed  to 
improve  the  sustainable use of water by bioenergy crops. 
Using  this  isotopic  approach,  Lu  et  al.  (2017)  partitioned 
ET in an irrigated Sorghum bicolor plantation for bioenergy 
production. They found that of all the irrigated water, only 
28%– 39% was used by T, and that E accounted for as much 

as 54% of ecosystem ET. These results suggest that manage-
ment and bioengineering strategies to improve WUE in sor-
ghum will play a major role in the sustainable use of water 
by this lignocellulosic biofuel system.

In  addition  to  partitioning  ET,  stable  isotopes  can  be 
used to better understand the source of the water consumed 
by plants as recently reviewed (von Freyberg et al., 2020), 
guiding both genetic engineering efforts and management 
decisions  to  optimize  bioenergy  use  of  water  resources. 

T A B L E  3   Summary of water use efficiency (efficiency in the use of water; WUE) metrics. The definition, methodology and description 
of each metric are also shown. Methodological approaches to measure water cycle related processes include biometric (i.e., productivity and 
yield), gas exchange and eddy covariance (EC) methods, and water stable isotopes (Annex 1).

Metric Definition Methodology Description

Productivity or Yield, WUET Aboveground productivity or 
yield: T

Biometric; stable 
isotopes

Emphasizes agronomic efficiency

Reflects the consumption of water through plants

Canopy or Ecosystem, WUET C exchange: T Gas exchange; EC; 
stable isotopes

Emphasizes environmental efficiency

Reflects the consumption of water through plants

Ecosystem WUEET Gross Primary Productivity or 
Net Ecosystem Production: 
ET

EC Emphasizes environmental efficiency

Reflects the consumption of water through both 
plants and soil evaporation

Productivity or Yield, WUEET Aboveground productivity or 
yield: ET

Biometric; EC Emphasizes agronomic efficiency

Reflects the consumption of water through both 
plants and soil evaporation

Biome WUEET (BWUE) Net Ecosystem Production— 
Harvest: ET

Biometric; EC Emphasizes environmental efficiency

Reflects the consumption of water through both 
plants and soil evaporation

T A B L E  4   Strategies to enhance the transpiration (T) to evaporation (ET) ratio by genetic crop improvement and by adopting practices 
that reduce E and divert more water into T. These strategies are not mutually exclusive, and their implementation to enhance water use 
efficiency (WUE) could be combined. T fluxes reflect the consumption of water through plants, and it is associated with productivity, 
whereas E does not contribute to it. Agrivoltaics refers to the novel strategy of collocating solar panels in agricultural land for the 
simultaneous production of energy and food.

Strategy Potential desired impact References

Management 
practices

Crop residue management, 
mulching, row spacing

Reduce the amount of E Farooq et al. (2019); Hatfield 
and Dold (2019)

Soil fertility Enhance the resilience of ecosystems to drought Farooq et al. (2019); Kantola 
et al. (2022)

Transformative strategies 
such as Agrivoltaics

Enhance WUE and decrease ET Gomez- Casanovas 
et al. (2021)

Tighter regulation of water if rainfall collected 
from the panels is routed to irrigated areas 
under or adjacent to the panels

Genetic crop 
improvement of 
plant traits

Canopy size, leaf 
orientation morphology

Reduce the amount of E Condon (2020)

Root architecture and 
deeper root length

With deeper roots, plants can extract subsurface 
water available.

Condon (2020); York 
et al. (2022)

With certain root architectures, the resistance to 
water movement decreases from soil to root 
(e.g. longer root hairs) and within the roots 
(e.g. larger xylem diameter).
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Under  the  assumption  that  the  isotopic  composition  of 
xylem water reflects the mixture of water sources used by 
roots (Oerter et al., 2019; Penna et al., 2018), studies on this 
topic could resolve  interactions between root architecture 
and drought tolerance, leading efforts towards the develop-
ment of a sustainable bioenergy portfolio that builds resil-
ience in the face of climate change (Joo et al., 2016).

2.3.2  |  Use of isotopes to investigate the 
use of nutrient resources

Bioenergy crop production is plagued by the same trade- 
off as food crop production. Routine biomass removal re-
sults  in  the  depletion  of  soil  nutrients  and  has  a  toll  on 
soil  health  and  future  productivity.  Fertilizer  inputs  to 
maximize yields leads to N losses that contribute to both 
air  and  water  pollution  (Tilman  et  al.,  2011).  Perennial 
bioenergy crops require  less N inputs than annual crops 
due to nutrient retranslocation to the root system at senes-
cence and reduced nutrient losses (Lawrence et al., 2021; 
Oates et al., 2016). However, the N mass balance of per-
ennial  bioenergy  crops  suggest  greater  N  removals  with 
harvest  than  inputs  (Smith  et  al.,  2013),  indicating  the 
need of additional fertilizer N inputs to sustain yields in 
the  long- term  (Sharma  et  al.,  2022).  Therefore,  sustain-
able production of bioenergy crops requires strategies that 
minimize anthropogenic nutrient inputs.

Increased reliance on biological N fixation (BNF; i.e., at-
mospheric N2 assimilation into biologically useable ammo-
nia by endophytic or free- living diazotrophic bacteria and 
archaea),  internal nutrient cycling such as mineralization 
and translocation, and minimizing N losses due to leaching 
or  gaseous  fluxes  can  improve  the  sustainability  of  plant 
nutrient provisioning. There is a tradeoff between N min-
eralization and BNF as potential N sources  for bioenergy 
crops. With 55– 60 million tons of atmospheric N2 fixed an-
nually by agricultural crops, BNF provides a significant N 
supply to agroecosystems, replacing N lost through biomass 
removal  or  biogeochemical  processes  (Davies- Barnard  & 
Friedlingstein, 2020). Contrary to N mineralization, which 
may deplete soil N over time, BNF can be considered a “re-
newable” source of N, that may be inhibited by other “non- 
renewable”  sources  of  readily  available  N  (e.g.,  fertilizer 
or mineralized N).  Increasing plant nutrient provisioning 
from BNF should be prioritized for long- term sustainabil-
ity.  However,  the  relative  contribution  of  fertilizer  N,  N 
fixation, and N mineralization as sources of N to support 
the  productivity  of  bioenergy  crops  is  poorly  character-
ized. Stable isotopes of N can be used for quantifying pro-
cess rates to address these major gaps in understanding of 
N mass balances that underlie the N cycling of bioenergy 
cropping systems (Wewalwela et al., 2020).

Abundant  indirect  evidence  suggests  that  BNF  sup-
ports the productivity of perennial bioenergy grasses (Davis 
et al., 2010; Dohleman & Long, 2009; Heaton et al., 2004), 
but quantifying BNF at relevant time and spatial scales has 
proved challenging. The isotope dilution approach has been 
used in annual cropping systems to quantify BNF rates and 
monitor plant N assimilation dynamics over entire grow-
ing  seasons  following  an  initial  isotope  (15N)  enrichment 
(Boddey  et  al.,  1990;  Iniguez  et  al.,  2004;  Rennie,  1982) 
(Figure 2). Plants that benefit from N2 fixation will incor-
porate unlabeled atmospheric 14N2, resulting in a dilution 
of the 15N– 14N ratio of the enriched soil N pool, compared 
to plants without N2 fixation. However, homogenous incor-
poration of 15N- enriched fertilizer to the volume of soil oc-
cupied by perennial grass systems is infeasible due to their 
extensive  and  heterogenous  roots  and  rhizomes,  leading 
to uncertainties in BNF estimates (Chalk, 2016; Keymer & 
Kent, 2014; Miranda et al., 1990; Miranda & Boddey, 1987). 
Approaches that take advantage of 15N natural abundance 
in  soil  (Fuertes- Mendizábal  et  al.,  2018;  Houngnandan 
et al., 2008; Urquiaga et al., 2012; Wewalwela et al., 2020) 
avoid the pitfalls of isotope tracer incorporation, but these 
methods have other limitations (Table 5). The identification 
of reference plants that do not benefit from N2 fixation is 
particularly  challenging  in  non- legume  systems,  as  many 
grasses benefit from associative or free- living diazotrophs. 
In  this  case,  differences  in  yields  could  be  wrongly  at-
tributed to endophytic N2 fixation. Yield- independent iso-
tope dilution models (Chalk, 2016; Witty, 1983) have been 
used  to  address  this  limitation  in  Miscanthus  (Keymer  & 
Kent, 2014), but  this  is not a panacea. Alternatively, BNF 
can be quantified by measuring incorporation of 15N into 
plant  tissues  or  soil  incubated  with  15N- enriched  dinitro-
gen gas (Chalk, 2016). However, the high cost and logistical 
constraints of this approach (Table 5) limits its use for field- 
scale  measurements  and  for  capturing  intra-   and  inter- 
annual variability in BNF, as observed in switchgrass (Roley 
et al., 2018, 2019; Wewalwela et al., 2020). Despite the chal-
lenges of using these stable isotope approaches for quanti-
fying BNF (Chalk & Craswell, 2018), these remain the best 
approaches available and should be used more broadly to 
address the uncertainty in the current role of BNF in bioen-
ergy cropping systems and to advance strategies to enhance 
BNF for sustainability benefits (Chalk, 2016).

3   |   FEEDSTOCK DEVELOPMENT

The great challenge that lies ahead of feedstock development 
is the need to design crops to support an environmentally 
and economically robust bioeconomy. This entails selecting 
for and/or adding traits that improve yields while modify-
ing the cell wall to be more easily converted to bioproducts 
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and introducing in planta production of high- value, energy- 
dense molecules including lipids (Amthor et al., 2019; Baligar 
et al., 2001; Gomez- Casanovas et al., 2007; Ort et al., 2015; 
Zhu et al., 2010). The development of optimal crops and spe-
cialty bioproducts requires developing state- of- the- art tools 
to trace photosynthetically fixed C into end- products (Allen 
& Young, 2020). In the next section, we focus on how sta-
ble isotopes can help us explore the plant primary metabo-
lism (Section 3.1; Figure 1),  a  crucial  first  step  to develop 
robust high- yielding bioenergy crops, and how they can be 
used to better inform the production of important bioprod-
ucts (Section 3.2; Figure 1) as well as to enhance feedstock 
productivity and resilience by improving water and nutrient 
use at the plant level (Section 3.3; Figure 1).

3.1  |  Use of isotopes to explore plant 
primary metabolism

Mapping  the  flow  of  C  through  primary  metabolism, 
including  the  Calvin- Benson- Bassham  (CBB)  cycle  is 

essential to determine allocation to bioenergy products. A 
suitable experimental approach, together with a powerful 
computational  algorithm,  have  been  developed  in  what 
is  known  as  Isotopically  Nonstationary  13C- Metabolic 
Flux  Analysis  (INST- MFA)  (Jazmin  et  al.,  2014;  Young 
et  al.,  2011).  INST- MFA  is  typically  performed  on  pho-
tosynthetically active leaves under light. The experiment 
starts by changing the C source of a leaf from unlabeled to 
13C- labeled CO2. The ensuing transient in label signatures 
of  CBB  cycle  intermediates  is  traced  through  a  series  of 
time points at which tissues are sampled and isotopomer 
signatures are measured  in central metabolism interme-
diates.  Since  different  pathways  lead  to  different  atomic 
rearrangements  in the C chains of CBB cycle  intermedi-
ates,  flux- dependent  transients  in  isotopomer  signatures 
can  be  computationally  resolved  into  a  flux  map  repre-
senting the primary metabolism (Jazmin et al., 2014). As 
an example, using INST- MFA, Ma et al.  (2014) revealed 
a  tight  regulation  of  photorespiration  through  accli-
mation  to  light  levels  on  4- week- old  Arabidopsis thali-
ana  labeled  plants.  Another  study  using  INST- MFA  on 

T A B L E  5   Stable isotope methods for assessing biological N fixation (BNF) in bioenergy crops, rationale, benefits and limitations.

Method Benefits Limitations in bioenergy crops
15N isotope dilution Allows soil N sources to 

be distinguished from 
atmospheric N sources

Difficult to evenly incorporate label

Alters the isotopic signature of soil inorganic N 
(enriching 15N) to allow source partitioning. 
N derived from the atmosphere (as 14N2) 
will “dilute” out the 15N signal from the soil 
derived N.

Allows long- term studies Label must be incorporated into all soil sampled by 
roots

Isotope incorporation is especially challenging for 
established deep rooting perennial crops

Challenging to identify reference plants that do not 
benefit from N2 fixation

Variance is large
15N natural abundance Allows soil N sources to 

be distinguished from 
atmospheric N sources

Challenging to identify reference plants that do not 
benefit from N2 fixation.

Uses the different isotopic signatures of soil 
N sources (naturally 15N enriched) and 
atmospheric N sources to allow source 
partitioning. N derived from the atmosphere 
(as 14N2) will “dilute” out the 15N signal 
from the soil derived N.

Does not require 
incorporation of 15N 
label.

Variance is large, making it challenging to identify and 
measure N fixation

Allows long- term studies

15N- enriched dinitrogen gas Direct measurement 
of N inputs from 
atmospheric N allow 
ready assessment of 
BNF inputs

Limited to short term incubations

Alters the isotopic signature of atmospheric N2 
(enriching 15N) to allow source partitioning. 
Plants or soil benefiting from N fixation will 
be enriched in 15N.

Challenging to deploy in the field

Expense of 15N2- enriched gas

Limitations to plant size

Requires use of a gas- tight chamber
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Camelina sativa leaves attributed additional respiratory C 
losses to operation of the 6- phosphogluconate shunt (Xu 
et al., 2021)— a recently described metabolic cycle where 
photo- assimilated CO2 is released by the oxidative pentose 
phosphate pathway  (Sharkey & Weise, 2016). While  the 
INST- MFA  approach  can  produce  a  fairly  detailed  flux 
map  of  the  central  metabolism,  it  may  also  be  the  case 
that  co- occurring  fluxes  can  only  be  resolved  with  large 
statistical uncertainties in their values. Therefore, kinetic 
flux profiling  (KFP) was developed as an alternative ap-
proach that is more explorative and makes use of the iso-
tope  tracer  data  to  derive  metabolic  rates  for  individual 
reactions (Szecowka et al., 2013; Yuan et al., 2008).

Both INST- MFA and KFP approaches are well suited 
to monitor the primary metabolism under various phys-
iological conditions on the premise that the cell popula-
tion of the test sample is representative of one uniform 
metabolic  state.  For  plants,  which  are  complex  multi-
cellular organisms, this assumption may often not hold 
true. The tissue under study may present marked cellu-
lar  and  subcellular  metabolic  heterogeneity.  If  labelled 
transients  from  a  labeling  experiment  result  from  the 
operation  of  distinct  metabolic  processes  in  different 
cell  types,  the  analysis  of  tissue- extracted  metabolites 
represents  an  averaged  analytical  readout  and  the  flux 
modeling  process  might  give  a  distorted  or  unreliable 
picture of cellular metabolism. Thus, the effects of met-
abolic heterogeneity must be diagnosed and considered 
by the metabolic modeling process in order to avoid mis-
interpretations (Chu et al., 2022; Szecowka et al., 2013). 
Cellular heterogeneity in metabolism can be resolved if 
the different cell  types are separated prior to extraction 
and analysis of metabolites. For example, quite  tedious 
non- aqueous fractionation techniques have been applied 
to separate fractions enriched in mesophyll and bundle 
sheath cells of C4 plants prior to extraction to capture the 
pronounced metabolic differences between the two cell 
types (Arrivault et al., 2017). Alternatively, spatial hetero-
geneity of metabolism can be explored by mass spectrom-
etry  imaging  (MSI)  techniques  (Boughton  et  al.,  2016). 
If combined with  isotope  tracer  techniques, MSI might 
allow  developing  a  dynamic  approach  to  analyze  met-
abolic  flux  in situ with spatial  resolution. Towards  that 
goal, Romsdahl et al. (2021) presented a workflow com-
bining isotope labeling of developing embryos of oilseed 
crops  with  MSI  analysis  of  the  major  membrane  lipid 
component phosphatidylcholine. Their analysis suggests 
different flux patterns of fatty acid elongation and desat-
uration in cotyledon vs. embryo axis tissue. In the future, 
the  integration  of  13CO2  labeling  protocols  of  photoau-
totrophic  tissue  and  MSI  techniques  should  improve 
our ability to spatially resolve metabolism in leaves and 
other  photosynthetic  plant  tissues.  Efforts  to  improve 

bioenergy crops should benefit from the resulting refined 
understanding of multicellular plant systems.

3.2  |  Use of stable isotopes to assess the 
production of high- value biofuel products

Much of the C fixed by photo- assimilation is programmed 
for  storage  in  stems as  low- value  lignocellulose. There 
is  a  significant  interest  to  re- route  some  of  this  C  into 
high- value  end- products.  This  is  the  case  of  energy- 
dense  lipid- based  biofuels  that  promote  triacylglycerol 
(TAG) accumulation in plant biomass by the upregula-
tion of  lipid synthesis  in vegetative  tissues  (Vanhercke 
et al., 2019; Xu & Shanklin, 2016). It has been estimated 
that if plants could be engineered to accumulate TAG in 
all the above- ground plant biomass at a 10% w/dw level, 
oil  yields  per  acre  could  be  substantially  higher  than 
achievable for any conventional oilseed crop (Ohlrogge 
&  Chapman,  2011).  However,  vegetative  plant  tissues 
like leaves tend to have low intrinsic capacity to produce 
and store TAG at high levels (Chapman et al., 2013; Xu 
&  Shanklin,  2016).  Engineering  strategies  in  the  leaf 
must  therefore  aim  at  complex  metabolic  reprogram-
ming. In fully grown mature leaves, CO2 is assimilated 
mainly into sucrose and starch (Figure 3). While sucrose 
is  exported  from  the  leaf  to  other  tissues,  most  of  the 
starch accumulated during the day  is remobilized dur-
ing  the  night  to  sustain  energy  demands  in  the  dark 
(Figure 3). This transient diurnal accumulation pattern 
is often pronounced. Therefore, the engineering strategy 
could be to divert the C flow away from sucrose export 
towards  oil  synthesis  (Figure  3).  A  recent  theoretical 
modeling  study  on  Sorghum bicolor  found  that,  based 
on  daily  rates  of  net  CO2  photo- assimilation  observed 
for mature leaves under field conditions, TAG could ac-
cumulate  to  a  20%  (w/dw)  level  in  less  than  a  month 
(Clark  &  Schwender,  2022).  However,  this  goal  could 
only be accomplished  if 5% of  the photo- assimilated C 
was diverted towards oil accumulation, and futile cycles 
of lipid biosynthesis and degradation operated on a mas-
sive scale, which would significantly impede the overall 
photo- assimilation (Clark & Schwender, 2022). In many 
cases, reported TAG levels are substantially below a 20% 
w/dw  level,  although  some  plants  such  as  Nicotiana 
tabacum  have  been  engineered  to  produce  TAG  levels 
above 30% w/dw level (Box S4). It can be expected that 
genetic manipulation of metabolic enzymes involved in 
TAG biosynthesis  in  leaves regularly results  in unfore-
seen effects like lipid futile cycles. Nevertheless, we en-
vision that isotopic tracer experiments will play a major 
role in diagnosing such roadblocks, allowing for further 
refinements of metabolic engineering strategies.
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3.3  |  Use of stable isotopes to investigate 
water and nutrient use efficiency at the 
plant level

As described above, water stress is increasing worldwide 
as a result of the large water footprint of agriculture— and 
other sectors— and shrinking water resources due to cli-
mate change. Increasing WUE at the plant level is there-
fore critical for the development of a strong bioeconomy. 
From a physiological  standpoint, high WUE means  that 
high  rates  of  photosynthetic  C  fixation  can  be  achieved 
with  minimal  water  loss.  Quantifying  WUE  requires  di-
rect  measurements  of  transpiration  rates  with  gas  ex-
change  methods.  This  approach,  however,  is  not  easily 
applicable  on  a  high- throughput  scale,  which  is  crucial 
for fast identification of best- performing engineered crop 

species  (Ellsworth  &  Cousins,  2016;  Vadez  et  al.,  2014). 
Isotopes  can  help  us  with  rapid  quantification  of  plant 
WUE as shifts in the 13C/12C isotope ratio in leaf biomass 
relative  to atmospheric CO2 reflect  the plant water state 
serving  as  a  proxy  for  plant  WUE  estimates  (Ellsworth 
&  Cousins,  2016;  Seibt  et  al.,  2008).  While  rapid  WUE 
quantification method is yet to be applied in bioenergy re-
search, it has been successfully used in conjunction with 
quantitative trait  loci analysis to  identify genes that pro-
mote enhanced WUE in cereals  (Chen et al., 2011). The 
application of these emerging methods along with stand-
ardized approaches that facilitate the process of estimat-
ing WUE (Mathias & Hudiburg, 2022) could substantially 
expedite  the  identification of  transgenic bioenergy crops 
for high WUE traits.

A  major  component  of  plant  biomass  and  a  key 
yield limiting factor is N. The engineering of dedicated 
crops with a more efficient uptake and utilization of N 
would  reduce  fertilization  requirements  and  limit  en-
vironmental  pollution  from  nitrous  oxides  and  nitrate 
leaching  (Vitousek  et  al.,  2009).  Improving  N  use  effi-
ciency requires detailed understanding of the complex-
ity  of  N  metabolism  at  both  cellular  and  plant  scales 
(Beatty  et  al.,  2016).  To  that  end,  15N  tracers  can  be 
used to trace N uptake and its movement among plant 
organs  (Malagoli  et  al.,  2005),  and  when  coupled  with 
13C analyses they can provide a tool  for metabolic pro-
filing  of  distinct  engineered  phenotypes.  For  instance, 
Dersch et al. (2016) combined 13C and 15N tracers with 
subsequent  labeling analysis of entire plants, plant tis-
sues and metabolites to quantify assimilate movements 
between  leaf  and  root.  In  this  study,  the  design  of  the 
labeling chambers allowed tracing both elements in situ 
under controlled environmental conditions, providing a 
technology that allows for fast screening and metabolic 
profiling. Although this technology has not been applied 
to  bioenergy  crops  yet,  this  approach  could  provide  a 
tool for high- throughput plant metabolic phenotyping.

4   |   BIOLOGICAL CONVERSION

A major challenge in the field of conversion is to develop 
robust  microorganisms  for  the  efficient  bioconversion 
of  plant  biomass  into  biofuels  and  bioproducts  at  large 
scale  with  improved  energy  yields  and  titer  of  products 
(Jullesson  et  al.,  2015).  In  this  light,  enhancing  the  ef-
ficiency  of  the  conversion  process  requires  exploitation 
of  novel  microorganisms  with  less- understood  metabo-
lism as well as rewiring their native metabolism towards 
producing  non- natural  compounds.  This  often  proceeds 
in  iteration,  where  diagnosing  metabolic  bottlenecks  in 
engineered  cells  informs  next- round  design.  Further, 

F I G U R E  3  Assimilation of CO2 via the Calvin- Benson- 
Bassham (CBB) cycle into sucrose, starch or TAG. Core 
reactions for these processes are outlined and the metabolic 
shunt for bypassing pyruvate kinase is shown in blue. 3PGA, 
3- phosphoglycerate; G6P, D- glucose- 6- phosphate; ME, malic 
enzyme; OAA, oxaloacetate; PEP, phosphoenolpyruvate; PK, 
pyruvate kinase; RuBP, ribulose 1,5- bisphosphate; TP, triose 
phosphates.
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bioconversion will also benefit  from the efficient utiliza-
tion  of  alternative  C  sources  for  the  high- performance 
generation  of  value- added  compounds  (An  et  al.,  2021). 
Stable  isotopes are powerful  tools  that can contribute  to 
achieving these two goals.

By  rewiring  the  metabolism  of  yeast  and  other  mi-
croorganisms, metabolic engineering facilitates the pro-
duction  of  a  greater  diversity  of  high- value  products. 
Engineering designs often build on a  thorough knowl-
edge of  the microorganism's native metabolism, which 
makes  model  organisms  successful  microbial  factories 
(e.g.,  Saccharomyces cerevisiae  and  Escherichia coli). 
However, wide diversity of  less studied organisms may 
be better platforms for the production of certain chem-
icals.  These  microorganisms  are  increasingly  acces-
sible  for  metabolic  engineering  as  genomic  sequence 
and genetic editing  toolboxes become available  (Fatma 
et  al.,  2020).  Understanding  metabolic  activity  or  flux 
(i.e. rate of substrate conversion to product per unit time) 
is  the  necessary  first  step  in  pathway  design  (Keasling 
et al., 2021). Metabolic activity, however, is not a physi-
cal entity which can be captured in a test tube and mea-
sured.  Rather,  it  must  be  inferred,  and  isotope  tracers 
combined  with  a  suitable  detection  method  for  the  la-
beled metabolites (e.g., Nuclear Magnetic Resonance or 
mass spectrometry) provide  the most powerful  tool  for 
such  inference  (Figure  4a).  We  dedicate  the  following 
sections to explain how stable isotopes can help us un-
derstand  metabolism  of  microorganisms  (Section  4.1; 
Figure 1), measure activity in C co- utilization pathways 
(Section  4.2;  Figure  1),  and  diagnose  metabolic  bottle-
necks in engineered cells (Section 4.3; Figure 1).

4.1  |  Use of stable isotopes to infer 
metabolic microbial flux

Isotope tracing allows metabolic flux to be resolved accu-
rately. The most common tracer to assess metabolic flux 
is  13C,  in  the  form of  13C Metabolic Flux Analysis  (13C 
MFA) (Box S5) (McAtee et al., 2015; Wiechert, 2001). A 
typical  experiment  involves  culturing  the  microbes  in 
13C labeled C source(s) to a steady state, and then meas-
uring  isotope  labeling  in  metabolites  or  proteinogenic 
amino acids by NMR or mass spectrometry. With proper 
tracer  choice,  valuable  information  on  pathway  usage 
can be obtained (Figure 4a) and used to constrain flux 
(Antoniewicz et al., 2007; Blank et al., 2005) either  for 
a subset of metabolism of particular interest— typically 
central  metabolic  reactions— or  at  the  genome  scale 
(Gopalakrishnan & Maranas, 2015; Martín et al., 2015; 
Suthers et al., 2007).

The  flux  distribution  in  wild  type  cells  provides  the 
initial  point  for  optimization  algorithms  for  engineering 
design. These algorithms test deletion or activation of re-
actions (or combinations thereof) in silico and identify the 
most promising strategy for optimal production. Strategies 
for  optimal  production  often  eliminate  competitive  or 
redundant  reactions  but  may  occasionally  involve  non- 
intuitive mechanisms or suggest coupling target produc-
tion to biomass generation thereby enabling growth- based 
lab  selection  and  adaptation  (Burgard  et  al.,  2003;  Patil 
et al., 2005; Ranganathan et al., 2010; Rocha et al., 2010). 
A notable example  is  severing gluconeogenesis by delet-
ing phosphoglycerate mutase and thereby forcing CO2 fix-
ation  as  essential  reaction  for  gluconeogenesis  in  E. coli 
(Antonovsky  et  al.,  2016).  The  effectiveness  of  all  these 
approaches  is  greatest  when  starting  from  a  rigorous 

F I G U R E  4  Isotope tracing in microbial metabolic engineering. 
(a) Isotope tracing reveals internal fluxes. A classic example is that 
[1,2- 13C2] glucose produces different isotope labeling in pyruvate, 
depending on whether it is metabolized through glycolysis or 
pentose phosphate pathway. (b) Isotope tracing reveals alternative 
carbon source utilization. For example, in mixotrophs, 13CO2 
tracing can reveal relatively how much CO2 is fixed into a product 
like acetate. (c) Dynamic isotope tracing reveals metabolic 
bottlenecks. G6P, glucose- 6- phosphate; Ru5P, ribulose- 5- 
phosphate; E4P, erythrose- 4- phosphate; F6P, fructose- 6- phosphate; 
JPPP, pentose phosphate pathway metabolic flux; Jglycolisis, 
glycolysis metabolic flux; J glucose, glucose etabolic flux; JCO2, CO2 
metabolic flux; WLP, Wood- Ljungdahl pathway.

(a)

(b)

B

C

(c)
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knowledge  of  the  endogenous  metabolism,  enabled  by 
isotope tracing.

Usually after testing the initial metabolic design, met-
abolic  flux analysis can be a useful part of “learning” in 
the classical design- build- test- learn (DBTL) cycle of met-
abolic  engineering  to  overcome  the  obstacles  associated 
with  driving  biological  systems  to  produce  non- natural 
compounds. The DBTL cycle represents a framework that 
helps systematize metabolic engineering and increase its 
efficacy  and  generalizability.  Potential  next- round  engi-
neering targets can be identified by looking for reactions 
which flux is positively correlated with the improved pro-
duction performance (McAtee et al., 2015). Following this 
principle,  the  oxidative  pentose  phosphate  pathway  was 
identified as a target for improving lipogenesis in an oleag-
inous yeast; pyruvate carboxylase for an engineered lysine 
producer; pyruvate kinase in cyanobacterial isobutyralde-
hyde production; and TCA cycle flux for protein produc-
tion  in  Schizosaccharomyces pombe  (Jazmin  et  al.,  2014; 
Klein  et  al.,  2014;  Koffas  &  Stephanopoulos,  2005; 
Wasylenko et al., 2015).

4.2  |  Use of stable isotopes to enable the 
utilization of alternative C sources

An important engineering objective, crucial to a sustain-
able bioenergy production, is enabling the utilization of C 
sources, other than glucose, that are less preferred, to en-
hance  the microbial metabolic conversion process. With 
this  context,  stable  isotope  tracing  can  help  us  validate 
the assimilation of alternative C sources  independent of 
benefits in growth. These less preferred substrates include 
abundant  components  in  plant  tissues  such  as  lignocel-
lulose  and  xylose.13C  isotope  tracing  provides  a  power-
ful  tool  to monitor  the  in vivo activity of  the alternative 
substrate  utilization  relative  to  glucose.  Lignocellulosic 
hydrolysate  is  produced  by  enzymatic  or  thermochemi-
cal  pretreatment  of  plant  mass  and  contains  a  complex 
mixture of hexose  (C6 sugars), pentose  (C5 sugars), and 
acetate.  In  particular,  xylose  is  the  second  most  abun-
dant sugar in lignocellulosic hydrolysates besides glucose, 
thus  efficient  xylose  co- utilization  is  highly  demanded 
(Stephanopoulos, 2007). The 13C labeled xylose and acetate 
have  been  used  with  glucose  to  confirm  co- assimilation 
by the microorganisms, and further elucidate the pathway 
activity (Table 6).

Another  important  engineering  objective  is  the  de-
velopment  of  conversion  processes  that  assimilate  CO2, 
motivated by the goal of developing C- neutral microbes. 
Tracing 13CO2 can be used to assess how much fixed CO2 
is used for bioproduction compared to glucose (Figure 4b). 
Non- photosynthetic organisms cannot live on CO2 as the  T
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only C source (autotrophy), hence CO2 is often co- utilized 
with  simple  sugars  (mixotrophy).  In  Clostridium ljung-
dahlii, a non- photosynthetic mixotrophy, CO2 can be as-
similated  through  the  native  Wood- Ljungdahl  pathway 
(Jones  et  al.,  2016). This  occurs  in  parallel  with  glucose 
catabolism, and both processes make acetate as the final 
product.  In  this case, 13CO2  tracing was used  to confirm 
active  CO2  assimilation,  and  reveal  that  CO2  has  major 
contribution  to  acetate.  It  was  further  shown  that  co- 
utilization  of  CO2  improves  the  mass  yield  compared  to 
glucose  alone.  Besides  monitoring  a  native  pathway  in 
mixotrophs,  CO2  assimilation  has  also  been  achieved 
through  a  non- native  Calvin- Benson  cycle  (CBC)  in 
E.coli, as revealed by 13C tracing into biomass components 
(Antonovsky et al., 2016; Gleizer et al., 2019). Similar  to 
CO2, 1C chemicals such as methanol and formate are also 
promising renewable C sources as they can be effectively 
obtained by electrochemical reduction of CO2. Therefore, 
monitoring 1C assimilation with isotope tracing can guide 
pathway  design  and  optimization  (Meyer  et  al.,  2018; 
Yishai et al., 2017).

4.3  |  Use of stable isotopes to overcome 
metabolic bottlenecks

4.3.1  |  Use of C stable isotopes to overcome 
metabolic bottlenecks

Stable isotopes can also be used to reveal pathway mech-
anisms  and  overcome  metabolic  bottlenecks  (i.e.,  key 
reactions  that  limit  conversion  efficiency)  (Figure  4c). 
Production of  the desired engineered chemical often  in-
volves many metabolic or  transport  reactions, and path-
way flux is often limited by suboptimal operation of one 
or  a  few  enzymatic  steps  (Figure  4c).  Pre- steady- state 
isotope tracing, such as kinetic profiling or nonstationary 
metabolic  flux analysis,  is often applied to resolve meta-
bolic  flux  when  steady- state  labeling  is  not  informative, 
such  as  CO2  tracing  in  autotrophic  organisms  (McAtee 
et al., 2015; Young, 2014). The core concept is simple: all 
else being equal, fast labeling means high flux. By follow-
ing labeling kinetics through a pathway, one could poten-
tially identify where flux is blocked. An important caveat 
is  that  labeling  into  large  pools  is  slow,  and  therefore  it 
is important to figure out if apparent bottlenecks are due 
to  actual  flux  impairment  or  just  large  metabolite  pool 
size. Despite this complication, the approach has proven 
valuable for metabolic engineering. For example, kinetic 
13CO2 labeling with nonstationary 13C flux analysis in wild 
type cyanobacteria reveals a bifurcated tricarboxylic acid 
(TCA)  cycle  (Young  et  al.,  2011),  with  low  flux  mainly 
serving the purpose of biosynthesis. To draw C from the 

TCA pathways, Xiong et al., 2015 introduced an ethylene 
forming  enzyme  that  also  converts  oxoglutarate  to  suc-
cinate,  effectively producing ethylene and activating  the 
TCA cycle as confirmed by kinetic 13CO2 labeling. Kinetic 
13C  labeling  has  also  been  applied  to  reveal  potential 
metabolic channeling, where metabolites are transferred 
between  enzymes  without  mixing  with  the  bulk  pool, 
and pulse 13C labeling can also be used to reveal shift in 
pathway activity in the course of fermentation (Abernathy 
et al., 2019). For example, in an engineered strain that pro-
duces α- Ionone, the production is driven by glucose in the 
early phase of  fermentation and shifts  to  re- assimilation 
of an overflow metabolite, mevalonate, in the later phase 
(Czajka et al., 2020).

4.3.2  |  Use of non- C stable isotopes to 
overcome metabolic bottlenecks

We have  focused our conversion efficiency section on C 
stable isotopes. However, isotopes other than C have also 
been  used  to  enhance  the  conversion  efficiency  of  mi-
crobes. For example, deuterium isotopes are useful to re-
veal the metabolic sources of the key reductive cofactors, 
NADH and NADPH (Chen et al., 2019; Fan et al., 2014). 
Deuterium tracers are also well suited to quantify reaction 
reversibility, and thereby thermodynamics. For metabolic 
pathways to run efficiently, it is desirable for most steps to 
be moderately (e.g. 2– 10 kJ/mol) thermodynamically for-
ward driven. Smaller driving force may translate into high 
enzyme requirements and hence the cost of sustaining the 
desired  forward  flux.  Canonical  glycolysis  contains  sev-
eral steps operating near thermodynamic equilibrium, but 
this  is  tolerated because  those steps  involve  intrinsically 
very fast enzymes, while the Entner– Doudoroff pathway 
is a more thermodynamically favored glucose catabolism 
branch  (Jacobson  et  al.,  2019;  Park  et  al.,  2019).  Larger 
driving  force  disadvantageously  wastes  energy,  and  iso-
tope tracers can be used to diagnose engineered pathway 
energetics and thereby optimize them.

5   |   CROSS - DISCIPLINARY 
RESEARCH ACROSS 
ENVIRONMENTAL 
SUSTAINABILITY, FEEDSTOCK 
DEVELOPMENT, AND BIOLOGICAL 
CONVERSION

The grand challenge of achieving a robust bioenergy econ-
omy will only be possible with a shift towards an integra-
tive framework that encompasses simultaneous advances 
to enhance the environmental sustainability of bioenergy 
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crops  while  developing  highly  productive,  resilient  and 
resource- efficient feedstock crops and optimizing biologi-
cal conversion processes (Figure 1). We have shown that 
stable  isotopes  contribute  feedstock  development  in  the 
provision of plant- generated products, whereas new sys-
tems biology and synthetic biology approaches draw from 
isotopic tracing to inform developments in conversion ef-
ficiency. Further, stable isotope methods in biological con-
version guide feedstock engineering targeting high- value 
molecules  and  inform  land  requirements  for  bioenergy 
deployment based on the assessments of bioconversion ef-
ficiencies of plant biomass into biofuels and bioproducts, 
and  subsequent  environmental  evaluation  (Figure  1). 
Finally,  stable  isotopes  provide  invaluable  insight  into 
the bioenergy interactions with the environment, identify 
critical  tradeoffs  and  guide  new  avenues  of  research  in 
feedstock development and conversion designs (Figure 1).

6   |   OUTLOOK AND FUTURE 
DIRECTIONS

Stable  isotopes  have  generated  crucial  discoveries  ur-
gently needed for the effective incorporation of bioenergy 
into global developmental schemes. They have been used 
to  generate  mechanistic  understanding  to  evaluate  the 
role  of  bioenergy  crops  as  climate  mitigation  strategies, 
to  assess  the  potential  impacts  of  a  large- scale  deploy-
ment  in  the  use  of  our  already  scarce  natural  resources 
(i.e.,  nutrients,  water)  and  to  identify  research  priorities 
that  guide  the  development  of  a  sustainable  bioenergy 
and bioproducts portfolio. These powerful tools have also 
facilitated  the  development  of  optimized  crops  and  spe-
cialty bio- products, for instance by engineering C alloca-
tion patterns to produce energy- dense lipids or increasing 
resource  use  efficiency  at  the  plant  level.  Stable  isotope 
tracing  has  also  found  broad  applications  in  numerous 
non- model organisms and has inspired pathway design to 
enhance the microbial metabolic conversion process.

Challenges remain in the path toward a robust bioeco-
nomy. There is an urgent need for in situ and undisturbed 
determination of  the regulatory mechanisms behind  the 
impacts of changes in crop choice, management practices, 
and climate on process rates (e.g., gross production, BNF), 
flux  partition  (e.g.,  evaporation  vs.  transpiration,  nitri-
fication  vs.  denitrification)  and  the  fate  of  key  elements 
in sustainability research (C, N, and water). With contin-
uous  high- frequency  technology  and  improved  instru-
mentation  becoming  more  available,  stable  isotopes  are 
deemed to continue playing a prominent role in the devel-
opment of a sustainable bioenergy portfolio. Our current 
interpretation of the primary metabolism of plants is still 
constrained by technical difficulties and future advances 

using  a  combination  of  stable  isotopes  and  other  tech-
niques  will  expedite  the  development  of  higher- yielding 
bioenergy crops. Future research using stable isotopes will 
allow  rapidly  refining  engineering  strategies  to  re- route 
C  in  bioenergy  crops  to  produce  higher- value  bioenergy 
products (e.g., TAG) and higher- nutrient and water use ef-
ficient crops. As more high- throughput engineering tools 
are made available, we envision a rapid development for 
isotope  tracing  techniques  adapted  for  high- throughput 
analysis,  thus  accelerating  the  design- build- test- learn 
cycle.  Finally,  the  advances  that  can  be  made  for  a  ro-
bust bioeconomy by integrating the use of stable isotopes 
within  a  cross- disciplinary  environmental  sustainability, 
feedstock development, and microbial conversion frame-
work are auspicious and deserve further attention.

ACKNOWLEDGMENTS
This work was funded by the DOE Center for Advanced 
Bioenergy and Bioproducts Innovation (U.S. Department 
of  Energy,  Office  of  Science,  Office  of  Biological  and 
Environmental  Research  under  Award  Number  DE- 
SC0018420).  Any  opinions,  findings,  and  conclusions  or 
recommendations expressed in this publication are those 
of the author(s) and do not necessarily reflect the views of 
the U.S. Department of Energy.

CONFLICT OF INTEREST STATEMENT
The authors declare no competing interests.

ORCID
Elena Blanc- Betes   https://orcid.
org/0000-0002-2049-4613 
Nuria Gomez- Casanovas   https://orcid.
org/0000-0003-4784-3585 
Wendy H. Yang   https://orcid.org/0000-0002-2104-4796 
Janith Chandrasoma   https://orcid.
org/0000-0002-6357-500X 
Evan H. De Lucia   https://orcid.
org/0000-0003-3400-6286 
Angela D. Kent   https://orcid.org/0000-0003-1837-2382 
Sierra S. Raglin   https://orcid.org/0000-0001-9580-5714 
Adam C. von Haden   https://orcid.
org/0000-0003-3817-9352 

REFERENCES
Abernathy,  M.,  Wan,  N.,  Shui,  W.,  &  Tang,  Y.  J.  (2019).  Dynamic 

13C  labeling  of  Fast  turnover  metabolites  for  analysis  of 
metabolic  fluxes  and  metabolite  channeling.  Methods in 
Molecular Biology (Clifton, N.J.),  1859,  301– 316.  https://doi.
org/10.1007/978- 1- 4939- 8757- 3_18

Adkins, J., Jastrow, J. D., Morris, G. P., Six, J., & de Graaff, M.- A. (2016). 
Effects  of  switchgrass  cultivars  and  intraspecific  differences  in 
root structure on soil carbon inputs and accumulation. Geoderma, 
262, 147– 154. https://doi.org/10.1016/j.geode rma.2015.08.019

 17571707, 2023, 7, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/gcbb.13056 by R

eadcube (L
abtiva Inc.), W

iley O
nline L

ibrary on [13/06/2023]. 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/0000-0002-2049-4613
https://orcid.org/0000-0002-2049-4613
https://orcid.org/0000-0002-2049-4613
https://orcid.org/0000-0003-4784-3585
https://orcid.org/0000-0003-4784-3585
https://orcid.org/0000-0003-4784-3585
https://orcid.org/0000-0002-2104-4796
https://orcid.org/0000-0002-2104-4796
https://orcid.org/0000-0002-6357-500X
https://orcid.org/0000-0002-6357-500X
https://orcid.org/0000-0002-6357-500X
https://orcid.org/0000-0003-3400-6286
https://orcid.org/0000-0003-3400-6286
https://orcid.org/0000-0003-3400-6286
https://orcid.org/0000-0003-1837-2382
https://orcid.org/0000-0003-1837-2382
https://orcid.org/0000-0001-9580-5714
https://orcid.org/0000-0001-9580-5714
https://orcid.org/0000-0003-3817-9352
https://orcid.org/0000-0003-3817-9352
https://orcid.org/0000-0003-3817-9352
https://doi.org/10.1007/978-1-4939-8757-3_18
https://doi.org/10.1007/978-1-4939-8757-3_18
https://doi.org/10.1016/j.geoderma.2015.08.019


858 |   BLANC-BETESetal.

Allen, D. K., & Young, J. D. (2020). Tracing metabolic flux through 
time  and  space  with  isotope  labeling  experiments.  Current 
Opinion in Biotechnology, 64, 92– 100. https://doi.org/10.1016/j.
copbio.2019.11.003

Almaraz, M., Wong, M. Y., & Yang, W. H.  (2020). Looking back to 
look ahead: A vision for soil denitrification research. Ecology, 
101(1), e02917. https://doi.org/10.1002/ecy.2917

Amthor, J. S., Bar- Even, A., Hanson, A. D., Millar, A. H., Stitt, M., 
Sweetlove, L.  J., & Tyerman, S. D.  (2019). Engineering strate-
gies  to  boost  crop  productivity  by  cutting  respiratory  carbon 
loss.  The Plant Cell,  31(2),  297– 314.  https://doi.org/10.1105/
tpc.18.00743

An, N., Chen, X., Sheng, H., Wang, J., Sun, X., Yan, Y., Shen, X., & 
Yuan,  Q.  (2021).  Rewiring  the  microbial  metabolic  network 
for  efficient  utilization  of  mixed  carbon  sources.  Journal of 
Industrial Microbiology and Biotechnology, 48(9– 10), kuab040. 
https://doi.org/10.1093/jimb/kuab040

Antoniewicz,  M.  R.  (2021).  A  guide  to  metabolic  flux  analysis 
in  metabolic  engineering:  Methods,  tools  and  applications. 
Metabolic Engineering,  63,  2– 12.  https://doi.org/10.1016/j.
ymben.2020.11.002

Antoniewicz,  M.  R.,  Kelleher,  J.  K.,  &  Stephanopoulos,  G.  (2007). 
Elementary  metabolite  units  (EMU):  A  novel  framework  for 
modeling  isotopic  distributions.  Metabolic Engineering,  9(1), 
68– 86. https://doi.org/10.1016/j.ymben.2006.09.001

Antonovsky, N., Gleizer, S., Noor, E., Zohar, Y., Herz, E., Barenholz, 
U.,  Zelcbuch,  L.,  Amram,  S.,  Wides,  A.,  Tepper,  N.,  Davidi, 
D.,  Bar- On, Y.,  Bareia, T., Wernick,  D.  G.,  Shani,  I.,  Malitsky, 
S.,  Jona,  G.,  Bar- Even,  A.,  &  Milo,  R.  (2016).  Sugar  synthesis 
from CO2 in Escherichia coli. Cell, 166(1), 115– 125. https://doi.
org/10.1016/j.cell.2016.05.064

Aristilde,  L.,  Lewis,  I.  A.,  Park,  J.  O.,  &  Rabinowitz,  J.  D.  (2015). 
Hierarchy in pentose sugar metabolism in clostridium acetobu-
tylicum. Applied and Environmental Microbiology, 81(4), 1452– 
1462. https://doi.org/10.1128/AEM.03199 - 14

Arrivault,  S.,  Obata,  T.,  Szecówka,  M.,  Mengin,  V.,  Guenther, 
M.,  Hoehne,  M.,  Fernie,  A.  R.,  &  Stitt,  M.  (2017).  Metabolite 
pools  and  carbon  flow  during  C4  photosynthesis  in  maize: 
13CO2 labeling kinetics and cell type fractionation. Journal of 
Experimental Botany,  68(2),  283– 298.  https://doi.org/10.1093/
jxb/erw414

Austin,  E.  E.,  Wickings,  K.,  McDaniel,  M.  D.,  Robertson,  G.  P.,  & 
Grandy, A. S. (2017). Cover crop root contributions to soil car-
bon in a no- till corn bioenergy cropping system. GCB Bioenergy, 
9(7), 1252– 1263. https://doi.org/10.1111/gcbb.12428

Baligar, V. C., Fageria, N. K., & He, Z. L. (2001). Nutrient use effi-
ciency  in  plants.  Communications in Soil Science and Plant 
Analysis, 32(7– 8), 921– 950. https://doi.org/10.1081/CSS- 10010 
4098

Banger,  K.,  Tian,  H.,  &  Lu,  C.  (2012).  Do  nitrogen  fertilizers 
stimulate  or  inhibit  methane  emissions  from  rice  fields? 
Global Change Biology,  18(10),  3259– 3267.  https://doi.
org/10.1111/j.1365- 2486.2012.02762.x

Beatty, P. H., Klein, M. S., Fischer, J. J., Lewis, I. A., Muench, D. G., & 
Good, A. G. (2016). Understanding plant nitrogen metabolism 
through metabolomics and computational approaches. Plants, 
5(4), 39. https://doi.org/10.3390/plant s5040039

Berhongaray,  G.,  Cotrufo,  F.  M.,  Janssens,  I.  A.,  &  Ceulemans,  R. 
(2019).  Below- ground  carbon  inputs  contribute  more  than 
above- ground  inputs  to  soil  carbon  accrual  in  a  bioenergy 

poplar plantation. Plant and Soil, 434(1), 363– 378. https://doi.
org/10.1007/s1110 4- 018- 3850- z

Bernacchi, C. J., & VanLoocke, A. (2015). Terrestrial ecosystems in 
a  changing  environment:  A  dominant  role  for  water.  Annual 
Review of Plant Biology, 66(1), 599– 622. https://doi.org/10.1146/
annur ev- arpla nt- 04301 4- 114834

Blagodatskaya,  E.,  Yuyukina,  T.,  Blagodatsky,  S.,  &  Kuzyakov,  Y. 
(2011).  Three- source- partitioning  of  microbial  biomass  and 
of CO2 efflux from soil to evaluate mechanisms of priming ef-
fects. Soil Biology and Biochemistry, 43(4), 778– 786. https://doi.
org/10.1016/j.soilb io.2010.12.011

Blanc- Betes,  E.,  Kantola,  I.  B.,  Gomez- Casanovas,  N.,  Masters,  M. 
D., Hartman, M. D., Beerling, D.  J., & DeLucia, E. H.  (2020). 
In silico assessment of the potential of basalt amendments to 
ameliorate yields and reduce the N2O emission factor of agri-
culture. Global Change Biology. Bioenergy, 13, 224– 241. https://
doi.org/10.1111/gcbb.12757

Blanc- Betes,  E.,  Welker,  J.  M.,  Sturchio,  N.  C.,  Chanton,  J.  P.,  & 
Gonzalez- Meler, M. A. (2016). Winter precipitation and snow 
accumulation  drive  the  methane  sink  or  source  strength  of 
Arctic  tussock  tundra.  Global Change Biology,  22(8),  2818– 
2833. https://doi.org/10.1111/gcb.13242

Blank, L. M., Kuepfer, L., & Sauer, U. (2005). Large- scale 13C- flux 
analysis  reveals  mechanistic  principles  of  metabolic  network 
robustness  to  null  mutations  in  yeast.  Genome Biology,  6(6), 
R49. https://doi.org/10.1186/gb- 2005- 6- 6- r49

Boddey,  R.  M.,  Urquiaga,  S.,  Neves,  M.  C.  P.,  Suhet,  A.  R.,  & 
Peres,  J.  (1990).  Quantification  of  the  contribution  of  N2 
fixation  to  field- grown  grain  legumes— A  strategy  for  the 
practical  application  of  the  15N  isotope  dilution  technique. 
Soil Biology and Biochemistry,  22(5),  649– 655.  https://doi.
org/10.1016/0038- 0717(90)90011 - N

Boughton, B. A., Thinagaran, D., Sarabia, D., Bacic, A., & Roessner, 
U.  (2016).  Mass  spectrometry  imaging  for  plant  biology:  A 
review.  Phytochemistry Reviews,  15(3),  445– 488.  https://doi.
org/10.1007/s1110 1- 015- 9440- 2

Bridgham,  S.  D.,  Cadillo- Quiroz,  H.,  Keller,  J.  K.,  &  Zhuang,  Q. 
(2013).  Methane  emissions  from  wetlands:  Biogeochemical, 
microbial,  and  modeling  perspectives  from  local  to  global 
scales.  Global Change Biology,  19(5),  1325– 1346.  https://doi.
org/10.1111/gcb.12131

Briones, M. J. I., Elias, D. M. O., Grant, H. K., & McNamara, N. P. 
(2019). Plant identity control on soil food web structure and C 
transfers  under  perennial  bioenergy  plantations.  Soil Biology 
and Biochemistry,  138,  107603.  https://doi.org/10.1016/j.soilb 
io.2019.107603

Brundtland,  G.  (1987).  Our common future: Report of the world 
commission on environment and development.  UN- Dokument 
A/42/427.

Burgard, A. P., Pharkya, P., & Maranas, C. D. (2003). Optknock: A 
bilevel  programming  framework  for  identifying  gene  knock-
out strategies  for microbial  strain optimization. Biotechnology 
and Bioengineering,  84(6),  647– 657.  https://doi.org/10.1002/
bit.10803

Calvin,  K.,  Cowie,  A.,  Berndes,  G.,  Arneth,  A.,  Cherubini,  F., 
Portugal- Pereira, J., Grassi, G., House, J., Johnson, F. X., Popp, 
A.,  Rounsevell,  M.,  Slade,  R.,  &  Smith,  P.  (2021).  Bioenergy 
for  climate  change  mitigation:  Scale  and  sustainability. 
GCB Bioenergy,  13(9),  1346– 1371.  https://doi.org/10.1111/
gcbb.12863

 17571707, 2023, 7, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/gcbb.13056 by R

eadcube (L
abtiva Inc.), W

iley O
nline L

ibrary on [13/06/2023]. 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.copbio.2019.11.003
https://doi.org/10.1016/j.copbio.2019.11.003
https://doi.org/10.1002/ecy.2917
https://doi.org/10.1105/tpc.18.00743
https://doi.org/10.1105/tpc.18.00743
https://doi.org/10.1093/jimb/kuab040
https://doi.org/10.1016/j.ymben.2020.11.002
https://doi.org/10.1016/j.ymben.2020.11.002
https://doi.org/10.1016/j.ymben.2006.09.001
https://doi.org/10.1016/j.cell.2016.05.064
https://doi.org/10.1016/j.cell.2016.05.064
https://doi.org/10.1128/AEM.03199-14
https://doi.org/10.1093/jxb/erw414
https://doi.org/10.1093/jxb/erw414
https://doi.org/10.1111/gcbb.12428
https://doi.org/10.1081/CSS-100104098
https://doi.org/10.1081/CSS-100104098
https://doi.org/10.1111/j.1365-2486.2012.02762.x
https://doi.org/10.1111/j.1365-2486.2012.02762.x
https://doi.org/10.3390/plants5040039
https://doi.org/10.1007/s11104-018-3850-z
https://doi.org/10.1007/s11104-018-3850-z
https://doi.org/10.1146/annurev-arplant-043014-114834
https://doi.org/10.1146/annurev-arplant-043014-114834
https://doi.org/10.1016/j.soilbio.2010.12.011
https://doi.org/10.1016/j.soilbio.2010.12.011
https://doi.org/10.1111/gcbb.12757
https://doi.org/10.1111/gcbb.12757
https://doi.org/10.1111/gcb.13242
https://doi.org/10.1186/gb-2005-6-6-r49
https://doi.org/10.1016/0038-0717(90)90011-N
https://doi.org/10.1016/0038-0717(90)90011-N
https://doi.org/10.1007/s11101-015-9440-2
https://doi.org/10.1007/s11101-015-9440-2
https://doi.org/10.1111/gcb.12131
https://doi.org/10.1111/gcb.12131
https://doi.org/10.1016/j.soilbio.2019.107603
https://doi.org/10.1016/j.soilbio.2019.107603
https://doi.org/10.1002/bit.10803
https://doi.org/10.1002/bit.10803
https://doi.org/10.1111/gcbb.12863
https://doi.org/10.1111/gcbb.12863


   | 859BLANC-BETESetal.

Calvo,  P.,  Watts,  D.  B.,  Kloepper,  J.  W.,  &  Torbert,  H.  A.  (2016). 
The  influence  of  microbial- based  inoculants  on  N2O  emis-
sions from soil planted with corn (Zea mays L.) under green-
house  conditions  with  different  nitrogen  fertilizer  regimens. 
Canadian Journal of Microbiology, 62(12), 1041– 1056. https://
doi.org/10.1139/cjm- 2016- 0122

Camino- Serrano, M., Tifafi, M., Balesdent, J., Hatté, C., Peñuelas, J., 
Cornu, S., & Guenet, B. (2019). Including stable carbon isotopes 
to  evaluate  the  dynamics  of  soil  carbon  in  the  land- surface 
model  ORCHIDEE.  Journal of Advances in Modeling Earth 
Systems,  11(11),  3650– 3669.  https://doi.org/10.1029/2018M 
S001392

Chalk,  P.  M.  (2016).  The  strategic  role  of  15N  in  quantifying  the 
contribution  of  endophytic  N2  fixation  to  the  N  nutrition  of 
non- legumes. Symbiosis, 69(2), 63– 80. https://doi.org/10.1007/
s1319 9- 016- 0397- 8

Chalk, P. M., & Craswell, E. T. (2018). An overview of the role and sig-
nificance of 15N methodologies in quantifying biological N2 fix-
ation (BNF) and BNF dynamics in agro- ecosystems. Symbiosis, 
75(1), 1– 16. https://doi.org/10.1007/s1319 9- 017- 0526- z

Chapman, K. D., Dyer, J. M., & Mullen, R. T. (2013). Commentary: 
Why don't plant leaves get fat? Plant Science: An International 
Journal of Experimental Plant Biology,  207,  128– 134.  https://
doi.org/10.1016/j.plant sci.2013.03.003

Chen, J., Chang, S. X., & Anyia, A. O. (2011). Gene discovery in ce-
reals through quantitative trait loci and expression analysis in 
water- use  efficiency  measured  by  carbon  isotope  discrimina-
tion. Plant, Cell & Environment, 34(12), 2009– 2023. https://doi.
org/10.1111/j.1365- 3040.2011.02397.x

Chen, L., Zhang, Z., Hoshino, A., Zheng, H. D., Morley, M., Arany, 
Z., & Rabinowitz, J. D. (2019). NADPH production by the oxi-
dative pentose- phosphate pathway supports folate metabolism. 
Nature Metabolism,  1(3),  404– 415.  https://doi.org/10.1038/
s4225 5- 019- 0043- x

Chu,  K.  L.,  Koley,  S.,  Jenkins,  L.  M.,  Bailey,  S.  R.,  Kambhampati, 
S.,  Foley,  K.,  Arp,  J.  J.,  Morley,  S.  A.,  Czymmek,  K.  J.,  Bates, 
P.  D.,  &  Allen,  D.  K.  (2022).  Metabolic  flux  analysis  of  the 
non-transitory  starch  tradeoff  for  lipid  production  in  mature 
tobacco leaves. Metabolic Engineering, 69, 231– 248. https://doi.
org/10.1016/j.ymben.2021.12.003

Clark,  T.  J.,  &  Schwender,  J.  (2022).  Elucidation  of  triacylglycerol 
overproduction  in  the C4 bioenergy crop Sorghum bicolor by 
constraint- based analysis. Frontiers in Plant Science, 13, 787265. 
https://doi.org/10.3389/fpls.2022.787265

Collins,  H.  P.,  Smith,  J.  I.,  Fransen,  S.,  Alva,  A.  K.,  Kruger,  C.  E., 
&  Granatstein,  D.  M.  (2010).  Carbon  sequestration  under  ir-
rigated  switchgrass  (Panicum virgatum  L.)  production.  Soil 
Science Society of America Journal,  74(6),  2049– 2058.  https://
doi.org/10.2136/sssaj 2010.0020

Condon,  A.  G.  (2020).  Drying  times:  Plant  traits  to  improve  crop 
water use efficiency and yield. Journal of Experimental Botany, 
71(7), 2239– 2252. https://doi.org/10.1093/jxb/eraa002

Czajka,  J.  J.,  Kambhampati,  S.,  Tang,  Y.  J.,  Wang,  Y.,  &  Allen,  D. 
K.  (2020).  Application  of  stable  isotope  tracing  to  elucidate 
metabolic  dynamics  during  Yarrowia lipolytica  α- ionone  fer-
mentation.  iScience,  23(2),  100854.  https://doi.org/10.1016/j.
isci.2020.100854

Davies- Barnard, T., & Friedlingstein, P. (2020). The global distribution 
of biological nitrogen fixation in terrestrial natural ecosystems. 

Global Biogeochemical Cycles,  34(3),  e2019GB006387.  https://
doi.org/10.1029/2019G B006387

Davis, S. C., Parton, W.  J., Dohleman, F. G., Smith, C. M., Grosso, 
S. D., Kent, A. D., & DeLucia, E. H. (2010). Comparative bio-
geochemical cycles of bioenergy crops reveal nitrogen- fixation 
and low greenhouse gas emissions in a Miscanthus × giganteus 
agro- ecosystem. Ecosystems, 13(1), 144– 156.

Dawson,  T.  E.,  Mambelli,  S.,  Plamboeck,  A.  H.,  Templer,  P.  H.,  & 
Tu,  K.  P.  (2002).  Stable  isotopes  in  plant  ecology.  Annual 
Review of Ecology and Systematics, 33(1), 507– 559. https://doi.
org/10.1146/annur ev.ecols ys.33.020602.095451

de Graaff, M.- A., Jastrow, J. D., Gillette, S., Johns, A., & Wullschleger, 
S. D. (2014). Differential priming of soil carbon driven by soil 
depth  and  root  impacts  on  carbon  availability.  Soil Biology 
and Biochemistry,  69,  147– 156.  https://doi.org/10.1016/j.soilb 
io.2013.10.047

Denmead,  O.  T.,  Macdonald,  B.  C.  T.,  Bryant,  G.,  Naylor,  T., 
Wilson,  S.,  Griffith,  D.  W.  T.,  Wang,  W.  J.,  Salter,  B.,  White, 
I., & Moody, P. W.  (2010). Emissions of methane and nitrous 
oxide from Australian sugarcane soils. Agricultural and Forest 
Meteorology,  150(6),  748– 756.  https://doi.org/10.1016/j.agrfo 
rmet.2009.06.018

Dersch, L. M., Beckers, V., Rasch, D., Melzer, G., Bolten, C., Kiep, K., 
Becker, H., Bläsing, O. E., Fuchs, R., Ehrhardt, T., & Wittmann, 
C.  (2016).  Novel  approach  for  high- throughput  metabolic 
screening of whole plants by stable isotopes. Plant Physiology, 
171(1), 25– 41. https://doi.org/10.1104/pp.15.01217

D'Odorico,  P.,  Chiarelli,  D.  D.,  Rosa,  L.,  Bini,  A.,  Zilberman,  D., 
&  Rulli,  M.  C.  (2020).  The  global  value  of  water  in  agricul-
ture.  Proceedings of the National Academy of Sciences of the 
United States of America,  117(36),  21985– 21993.  https://doi.
org/10.1073/pnas.20058 35117

Dohleman, F. G., & Long, S. P. (2009). More productive than maize 
in the Midwest: How does Miscanthus do it? Plant Physiology, 
150(4), 2104– 2115. https://doi.org/10.1104/pp.109.139162

Drewer, J., Finch, J. W., Lloyd, C. R., Baggs, E. M., & Skiba, U. (2012). 
How do soil emissions of N2O, CH4 and CO2 from perennial bio-
energy crops differ from arable annual crops? GCB Bioenergy, 
4(4), 408– 419. https://doi.org/10.1111/j.1757- 1707.2011.01136.x

Ehleringer,  J.  R.,  &  Osmond,  C.  B.  (2000).  Stable  isotopes. 
In  R.  W.  Pearcy,  J.  R.  Ehleringer,  H.  A.  Mooney,  &  P.  W. 
Rundel  (Eds.),  Plant physiological ecology: Field methods 
and instrumentation  (pp.  281– 300).  Springer.  https://doi.
org/10.1007/978- 94- 010- 9013- 1_13

Elias, D. M. O., Rowe, R. L., Pereira, M. G., Stott, A. W., Barnes, C. J., 
Bending, G. D., & McNamara, N. P.  (2017). Functional differ-
ences  in  the microbial processing of  recent assimilates under 
two  contrasting  perennial  bioenergy  plantations.  Soil Biology 
and Biochemistry, 114, 248– 262. https://doi.org/10.1016/j.soilb 
io.2017.07.026

Ellsworth, P. Z., & Cousins, A. B. (2016). Carbon isotopes and water 
use efficiency in C4 plants. Current Opinion in Plant Biology, 31, 
155– 161. https://doi.org/10.1016/j.pbi.2016.04.006

Fan,  J.,  Ye,  J.,  Kamphorst,  J.  J.,  Shlomi,  T.,  Thompson,  C.  B.,  & 
Rabinowitz,  J.  D.  (2014).  Quantitative  flux  analysis  reveals 
folate- dependent  NADPH  production.  Nature,  510(7504), 
Article 7504– Article 7302. https://doi.org/10.1038/natur e13236

Farooq,  M.,  Hussain,  M.,  Ul- Allah,  S.,  &  Siddique,  K.  H.  M. 
(2019).  Physiological  and  agronomic  approaches  for 

 17571707, 2023, 7, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/gcbb.13056 by R

eadcube (L
abtiva Inc.), W

iley O
nline L

ibrary on [13/06/2023]. 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/10.1139/cjm-2016-0122
https://doi.org/10.1139/cjm-2016-0122
https://doi.org/10.1029/2018MS001392
https://doi.org/10.1029/2018MS001392
https://doi.org/10.1007/s13199-016-0397-8
https://doi.org/10.1007/s13199-016-0397-8
https://doi.org/10.1007/s13199-017-0526-z
https://doi.org/10.1016/j.plantsci.2013.03.003
https://doi.org/10.1016/j.plantsci.2013.03.003
https://doi.org/10.1111/j.1365-3040.2011.02397.x
https://doi.org/10.1111/j.1365-3040.2011.02397.x
https://doi.org/10.1038/s42255-019-0043-x
https://doi.org/10.1038/s42255-019-0043-x
https://doi.org/10.1016/j.ymben.2021.12.003
https://doi.org/10.1016/j.ymben.2021.12.003
https://doi.org/10.3389/fpls.2022.787265
https://doi.org/10.2136/sssaj2010.0020
https://doi.org/10.2136/sssaj2010.0020
https://doi.org/10.1093/jxb/eraa002
https://doi.org/10.1016/j.isci.2020.100854
https://doi.org/10.1016/j.isci.2020.100854
https://doi.org/10.1029/2019GB006387
https://doi.org/10.1029/2019GB006387
https://doi.org/10.1146/annurev.ecolsys.33.020602.095451
https://doi.org/10.1146/annurev.ecolsys.33.020602.095451
https://doi.org/10.1016/j.soilbio.2013.10.047
https://doi.org/10.1016/j.soilbio.2013.10.047
https://doi.org/10.1016/j.agrformet.2009.06.018
https://doi.org/10.1016/j.agrformet.2009.06.018
https://doi.org/10.1104/pp.15.01217
https://doi.org/10.1073/pnas.2005835117
https://doi.org/10.1073/pnas.2005835117
https://doi.org/10.1104/pp.109.139162
https://doi.org/10.1111/j.1757-1707.2011.01136.x
https://doi.org/10.1007/978-94-010-9013-1_13
https://doi.org/10.1007/978-94-010-9013-1_13
https://doi.org/10.1016/j.soilbio.2017.07.026
https://doi.org/10.1016/j.soilbio.2017.07.026
https://doi.org/10.1016/j.pbi.2016.04.006
https://doi.org/10.1038/nature13236


860 |   BLANC-BETESetal.

improving  water- use  efficiency  in  crop  plants.  Agricultural 
Water Management,  219,  95– 108.  https://doi.org/10.1016/j.
agwat.2019.04.010

Fassbinder,  J.  J.,  Griffis, T.  J.,  &  Baker,  J.  M.  (2012).  Evaluation  of 
carbon  isotope  flux  partitioning  theory  under  simplified  and 
controlled  environmental  conditions.  Agricultural and Forest 
Meteorology,  153,  154– 164.  https://doi.org/10.1016/j.agrfo 
rmet.2011.09.020

Fatma,  Z.,  Schultz,  J.  C.,  &  Zhao,  H.  (2020).  Recent  advances  in 
domesticating  non- model  microorganisms.  Biotechnology 
Progress, 36(5), e3008. https://doi.org/10.1002/btpr.3008

Ferchaud,  F., Vitte,  G.,  &  Mary,  B.  (2016).  Changes  in  soil  carbon 
stocks  under  perennial  and  annual  bioenergy  crops.  GCB 
Bioenergy, 8(2), 290– 306. https://doi.org/10.1111/gcbb.12249

Field, J. L., Richard, T. L., Smithwick, E. A. H., Cai, H., Laser, M. S., 
LeBauer, D. S., Long, S. P., Paustian, K., Qin, Z., Sheehan, J. J., 
Smith, P., Wang, M. Q., & Lynd, L. R. (2020). Robust paths to net 
greenhouse gas mitigation and negative emissions via advanced 
biofuels. Proceedings of the National Academy of Sciences of the 
United States of America,  117(36),  21968– 21977.  https://doi.
org/10.1073/pnas.19208 77117

Fuertes- Mendizábal,  T.,  Estavillo,  J.  M.,  Duñabeitia,  M.  K., 
Huérfano,  X.,  Castellón,  A.,  González- Murua,  C.,  Aizpurua, 
A., & González- Moro, M. B. (2018). 15N natural abundance ev-
idences a better use of N sources by late nitrogen application 
in bread wheat. Frontiers in Plant Science, 9,  853. https://doi.
org/10.3389/fpls.2018.00853

Fulton- Smith, S., & Cotrufo, M. F. (2019). Pathways of soil organic 
matter  formation  from  above  and  belowground  inputs  in  a 
Sorghum  bicolor  bioenergy  crop.  GCB Bioenergy,  11(8),  971– 
987. https://doi.org/10.1111/gcbb.12598

Fuss, S., Canadell, J. G., Peters, G. P., Tavoni, M., Andrew, R. M., Ciais, 
P., Jackson, R. B., Jones, C. D., Kraxner, F., Nakicenovic, N., Le 
Quéré, C., Raupach, M. R., Sharifi, A., Smith, P., & Yamagata, Y. 
(2014). Betting on negative emissions. Nature Climate Change, 
4(10), 850– 853. https://doi.org/10.1038/nclim ate2392

Gauder,  M.,  Butterbach- Bahl,  K.,  Graeff- Hönninger,  S.,  Claupein, 
W.,  &  Wiegel,  R.  (2012).  Soil- derived  trace  gas  fluxes  from 
different  energy  crops  –   Results  from  a  field  experiment  in 
Southwest Germany. GCB Bioenergy, 4(3), 289– 301. https://doi.
org/10.1111/j.1757- 1707.2011.01135.x

Gleizer, S., Ben- Nissan, R., Bar- On, Y. M., Antonovsky, N., Noor, E., 
Zohar, Y., Jona, G., Krieger, E., Shamshoum, M., Bar- Even, A., 
& Milo, R. (2019). Conversion of Escherichia coli to generate all 
biomass carbon from CO2. Cell, 179(6), 1255– 1263.e12. https://
doi.org/10.1016/j.cell.2019.11.009

Gomez- Casanovas,  N.,  Blanc- Betes,  E.,  Gonzalez- Meler,  M.  A.,  & 
Azcon- Bieto,  J.  (2007).  Changes  in  respiratory  mitochondrial 
machinery  and  cytochrome  and  alternative  pathway  activi-
ties  in  response  to  energy  demand  underlie  the  acclimation 
of  respiration  to  elevated  CO2  in  the  invasive  Opuntia ficus- 
indica. Plant Physiology, 145(1), 49– 61. https://doi.org/10.1104/
pp.107.103911

Gomez- Casanovas, N., Blanc- Betes, E., Moore, C. E., Bernacchi, C. 
J., Kantola, I., & DeLucia, E. H. (2021). A review of transforma-
tive  strategies  for climate mitigation by grasslands. Science of 
the Total Environment,  799,  149466.  https://doi.org/10.1016/j.
scito tenv.2021.149466

Gomez- Casanovas, N., DeLucia, N. J., DeLucia, E. H., Blanc- Betes, 
E.,  Boughton,  E.  H.,  Sparks,  J.,  &  Bernacchi,  C.  J.  (2020). 

Seasonal  controls  of  CO2  and  CH4  dynamics  in  a  tempo-
rarily  flooded  subtropical  wetland.  Journal of Geophysical 
Research –  Biogeosciences, 125(3), e2019JG005257. https://doi.
org/10.1029/2019J G005257

Gomez- Casanovas, N., DeLucia, N. J., Hudiburg, T. W., Bernacchi, 
C. J., & DeLucia, E. H. (2018). Conversion of grazed pastures 
to  energy  cane  as  a  biofuel  feedstock  alters  the  emission  of 
GHGs  from  soils  in  southeastern  United  States.  Biomass and 
Bioenergy,  108,  312– 322.  https://doi.org/10.1016/j.biomb 
ioe.2017.11.020

Gomez- Casanovas,  N.,  Hudiburg,  T.  W.,  Bernacchi,  C.  J.,  Parton, 
W. J., & DeLucia, E. H. (2016). Nitrogen deposition and green-
house gas emissions from grasslands: Uncertainties and future 
directions.  Global Change Biology,  22(4),  1348– 1360.  https://
doi.org/10.1111/gcb.13187

Gopalakrishnan,  S.,  &  Maranas,  C.  D.  (2015).  13C  metabolic  flux 
analysis  at  a  genome- scale.  Metabolic Engineering,  32,  12– 22. 
https://doi.org/10.1016/j.ymben.2015.08.006

Gregory, A. S., Dungait, J. A. J., Shield, I. F., Macalpine, W. J., Cunniff, 
J., Durenkamp, M., White, R. P.,  Joynes, A., & Richter, G. M. 
(2018). Species and genotype effects of bioenergy crops on root 
production, carbon and nitrogen in temperate agricultural soil. 
Bioenergy Research,  11(2),  382– 397.  https://doi.org/10.1007/
s1215 5- 018- 9903- 6

Griffis, T.  J.  (2013). Tracing  the  flow  of  carbon  dioxide  and  water 
vapor between the biosphere and atmosphere: A review of op-
tical isotope techniques and their application. Agricultural and 
Forest Meteorology, 174– 175, 85– 109. https://doi.org/10.1016/j.
agrfo rmet.2013.02.009

Groffman,  P.  M.,  Altabet,  M.  A.,  Böhlke,  J.  K.,  Butterbach- Bahl, 
K., David, M. B., Firestone, M. K., Giblin, A. E., Kana, T. M., 
Nielsen,  L.  P.,  &  Voytek,  M.  A.  (2006).  Methods  for  measur-
ing  denitrification:  Diverse  approaches  to  a  difficult  prob-
lem.  Ecological Applications,  16(6),  2091– 2122.  https://doi.
org/10.1890/1051- 0761(2006)016[2091:MFMDD A]2.0.CO;2

Hall, S.  J., Russell, A. E., & Moore, A. R.  (2019). Do corn- soybean 
rotations enhance decomposition of soil organic matter? Plant 
and Soil, 444(1), 427– 442. https://doi.org/10.1007/s1110 4- 019- 
04292 - 7

Hanssen, S. V., Daioglou, V., Steinmann, Z. J. N., Doelman, J. C., Van 
Vuuren, D. P., & Huijbregts, M. A. J. (2020). The climate change 
mitigation potential of bioenergy with carbon capture and stor-
age.  Nature Climate Change,  10(11),  1023– 1029.  https://doi.
org/10.1038/s4155 8- 020- 0885- y

Harris,  Z.  M.,  Spake,  R.,  &  Taylor,  G.  (2015).  Land  use  change  to 
bioenergy: A meta- analysis of soil carbon and GHG emissions. 
Biomass and Bioenergy,  82,  27– 39.  https://doi.org/10.1016/j.
biomb ioe.2015.05.008

Hatfield, J. L., & Dold, C. (2019). Water- use efficiency: Advances and 
challenges in a changing climate. Frontiers in Plant Science, 10, 
103. https://doi.org/10.3389/fpls.2019.00103

Heaton,  E.,  Voigt,  T.,  &  Long,  S.  P.  (2004).  A  quantitative  review 
comparing  the  yields  of  two  candidate  C4  perennial  biomass 
crops in relation to nitrogen, temperature and water. Biomass 
and Bioenergy,  27(1),  21– 30.  https://doi.org/10.1016/j.biomb 
ioe.2003.10.005

Heck, V., Gerten, D., Lucht, W., & Popp, A.  (2018). Biomass- based 
negative emissions difficult to reconcile with planetary bound-
aries.  Nature Climate Change,  8(2),  151– 155.  https://doi.
org/10.1038/s4155 8- 017- 0064- y

 17571707, 2023, 7, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/gcbb.13056 by R

eadcube (L
abtiva Inc.), W

iley O
nline L

ibrary on [13/06/2023]. 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.agwat.2019.04.010
https://doi.org/10.1016/j.agwat.2019.04.010
https://doi.org/10.1016/j.agrformet.2011.09.020
https://doi.org/10.1016/j.agrformet.2011.09.020
https://doi.org/10.1002/btpr.3008
https://doi.org/10.1111/gcbb.12249
https://doi.org/10.1073/pnas.1920877117
https://doi.org/10.1073/pnas.1920877117
https://doi.org/10.3389/fpls.2018.00853
https://doi.org/10.3389/fpls.2018.00853
https://doi.org/10.1111/gcbb.12598
https://doi.org/10.1038/nclimate2392
https://doi.org/10.1111/j.1757-1707.2011.01135.x
https://doi.org/10.1111/j.1757-1707.2011.01135.x
https://doi.org/10.1016/j.cell.2019.11.009
https://doi.org/10.1016/j.cell.2019.11.009
https://doi.org/10.1104/pp.107.103911
https://doi.org/10.1104/pp.107.103911
https://doi.org/10.1016/j.scitotenv.2021.149466
https://doi.org/10.1016/j.scitotenv.2021.149466
https://doi.org/10.1029/2019JG005257
https://doi.org/10.1029/2019JG005257
https://doi.org/10.1016/j.biombioe.2017.11.020
https://doi.org/10.1016/j.biombioe.2017.11.020
https://doi.org/10.1111/gcb.13187
https://doi.org/10.1111/gcb.13187
https://doi.org/10.1016/j.ymben.2015.08.006
https://doi.org/10.1007/s12155-018-9903-6
https://doi.org/10.1007/s12155-018-9903-6
https://doi.org/10.1016/j.agrformet.2013.02.009
https://doi.org/10.1016/j.agrformet.2013.02.009
https://doi.org/10.1890/1051-0761(2006)016%5B2091:MFMDDA%5D2.0.CO;2
https://doi.org/10.1890/1051-0761(2006)016%5B2091:MFMDDA%5D2.0.CO;2
https://doi.org/10.1007/s11104-019-04292-7
https://doi.org/10.1007/s11104-019-04292-7
https://doi.org/10.1038/s41558-020-0885-y
https://doi.org/10.1038/s41558-020-0885-y
https://doi.org/10.1016/j.biombioe.2015.05.008
https://doi.org/10.1016/j.biombioe.2015.05.008
https://doi.org/10.3389/fpls.2019.00103
https://doi.org/10.1016/j.biombioe.2003.10.005
https://doi.org/10.1016/j.biombioe.2003.10.005
https://doi.org/10.1038/s41558-017-0064-y
https://doi.org/10.1038/s41558-017-0064-y


   | 861BLANC-BETESetal.

Houngnandan, P., Yemadje, R. G. H., Oikeh, S. O., Djidohokpin, C. 
F.,  Boeckx,  P.,  & Van  Cleemput,  O.  (2008).  Improved  estima-
tion of biological nitrogen fixation of soybean cultivars (Glycine 
max L. Merril) using 15N natural abundance technique. Biology 
and Fertility of Soils,  45(2),  175– 183.  https://doi.org/10.1007/
s0037 4- 008- 0311- 5

Iniguez, A. L., Dong, Y., & Triplett, E. W. (2004). Nitrogen fixation 
in  wheat  provided  by  Klebsiella  pneumoniae  342.  Molecular 
Plant- Microbe Interactions,  17(10),  1078– 1085.  https://doi.
org/10.1094/MPMI.2004.17.10.1078

Jacobson,  T.  B.,  Adamczyk,  P.  A.,  Stevenson,  D.  M.,  Regner,  M., 
Ralph, J., Reed, J. L., & Amador- Noguez, D. (2019). 2H and 13C 
metabolic  flux analysis elucidates  in vivo  thermodynamics of 
the ED pathway in Zymomonas mobilis. Metabolic Engineering, 
54, 301– 316. https://doi.org/10.1016/j.ymben.2019.05.006

Jazmin, L.  J., O'Grady,  J. P., Ma, F., Allen, D. K., Morgan,  J. A., & 
Young,  J.  D.  (2014).  Isotopically  nonstationary  MFA  (INST- 
MFA) of autotrophic metabolism. Methods in Molecular Biology 
(Clifton, N.J.),  1090,  181– 210.  https://doi.org/10.1007/978- 
1- 62703 - 688- 7_12

Jones,  S.  W.,  Fast,  A.  G.,  Carlson,  E.  D.,  Wiedel,  C.  A.,  Au,  J., 
Antoniewicz,  M.  R.,  Papoutsakis,  E. T.,  & Tracy,  B.  P.  (2016). 
CO2 fixation by anaerobic non- photosynthetic mixotrophy for 
improved  carbon  conversion.  Nature Communications,  7(1), 
12800. https://doi.org/10.1038/ncomm s12800

Joo, E., Hussain, M. Z., Zeri, M., Masters, M. D., Miller, J. N., Gomez- 
Casanovas,  N.,  DeLucia,  E.  H.,  &  Bernacchi,  C.  J.  (2016).  The 
influence of drought and heat stress on long- term carbon fluxes 
of bioenergy crops grown in the Midwestern USA. Plant, Cell & 
Environment, 39(9), 1928– 1940. https://doi.org/10.1111/pce.12751

Juice, S. M., Walter, C. A., Allen, K. E., Berardi, D. M., Hudiburg, 
T. W., Sulman, B. N., & Brzostek, E. R.  (2022). A new bioen-
ergy  model  that  simulates  the  impacts  of  plant- microbial  in-
teractions,  soil  carbon  protection,  and  mechanistic  tillage  on 
soil carbon cycling. GCB Bioenergy, 14(3), 346– 363. https://doi.
org/10.1111/gcbb.12914

Jullesson, D., David, F., Pfleger, B., & Nielsen, J.  (2015).  Impact of 
synthetic biology and metabolic engineering on industrial pro-
duction of fine chemicals. Biotechnology Advances, 33(7), 1395– 
1402. https://doi.org/10.1016/j.biote chadv.2015.02.011

Kane,  J.  L.,  Robinson,  M.  C.,  Schartiger,  R.  G.,  Freedman,  Z.  B., 
McDonald,  L.  M.,  Skousen,  J.  G.,  &  Morrissey,  E.  M.  (2022). 
Nutrient management and bioaugmentation interactively shape 
plant– microbe  interactions  in  Miscanthus  ×  giganteus.  GCB 
Bioenergy, 14(11), 1235– 1249. https://doi.org/10.1111/gcbb.13000

Kantola,  I.  B.,  Masters,  M.  D.,  Blanc- Betes,  E.,  Gomez- Casanovas, 
N., & DeLucia, E. H. (2022). Long- term yields in annual and pe-
rennial bioenergy crops in the Midwestern United States. GCB 
Bioenergy, 14(6), 694– 706. https://doi.org/10.1111/gcbb.12940

Kato,  E.,  &  Yamagata,  Y.  (2014).  BECCS  capability  of  dedicated 
bioenergy  crops  under  a  future  land- use  scenario  targeting 
net  negative  carbon  emissions.  Earth's Future,  2(9),  421– 439. 
https://doi.org/10.1002/2014E F000249

Keasling, J., Garcia Martin, H., Lee, T. S., Mukhopadhyay, A., Singer, 
S.  W.,  &  Sundstrom,  E.  (2021).  Microbial  production  of  ad-
vanced biofuels. Nature Reviews Microbiology, 19(11), 701– 715. 
https://doi.org/10.1038/s4157 9- 021- 00577 - w

Keymer, D. P., & Kent, A. D. (2014). Contribution of nitrogen fixation 
to first year Miscanthus × giganteus. GCB Bioenergy, 6(5), 577– 
586. https://doi.org/10.1111/gcbb.12095

Klein, T., Lange, S., Wilhelm, N., Bureik, M., Yang, T.- H., Heinzle, 
E., & Schneider, K. (2014). Overcoming the metabolic burden 
of protein secretion in Schizosaccharomyces pombe— A quan-
titative  approach  using  13C- based  metabolic  flux  analysis. 
Metabolic Engineering,  21,  34– 45.  https://doi.org/10.1016/j.
ymben.2013.11.001

Koffas,  M.,  &  Stephanopoulos,  G.  (2005).  Strain  improvement  by 
metabolic  engineering:  Lysine  production  as  a  case  study  for 
systems biology. Current Opinion in Biotechnology, 16(3), 361– 
366. https://doi.org/10.1016/j.copbio.2005.04.010

Kool, D., Agam, N., Lazarovitch, N., Heitman, J. L., Sauer, T.  J., & 
Ben- Gal, A. (2014). A review of approaches for evapotranspira-
tion partitioning. Agricultural and Forest Meteorology, 184, 56– 
70. https://doi.org/10.1016/j.agrfo rmet.2013.09.003

Krichels, A., DeLucia, E. H., Sanford, R., Chee- Sanford, J., & Yang, 
W. H. (2019). Historical soil drainage mediates the response of 
soil greenhouse gas emissions  to  intense precipitation events. 
Biogeochemistry,  142(3),  425– 442.  https://doi.org/10.1007/
s1053 3- 019- 00544 - x

Kutschera,  E.,  Khalil,  A.,  Rice,  A.,  &  Rosenstiel,  T.  (2016). 
Mechanisms  of  methane  transport  through  Populus tricho-
carpa. Biogeosciences Discussions, 1– 17. https://doi.org/10.5194/
bg- 2016- 60

Lawrence, N. C., Tenesaca, C. G., VanLoocke, A., & Hall, S. J. (2021). 
Nitrous oxide emissions from agricultural soils challenge climate 
sustainability  in  the  US  Corn  Belt.  Proceedings of the National 
Academy of Sciences of the United States of America,  118(46), 
e2112108118. https://doi.org/10.1073/pnas.21121 08118

Leavitt, S. W., Cheng, L., Williams, D. G., Brooks, T., Kimball, B. A., 
Pinter, P. J., Wall, G. W., Ottman, M. J., Matthias, A. D., Paul, E. 
A., Thompson, T. L., & Adam, N. R. (2022). Soil organic carbon 
isotope tracing in sorghum under ambient CO2 and free- air CO2 
enrichment (FACE). Land, 11(2), 309. https://doi.org/10.3390/
land1 1020309

Ledo, A., Smith, P., Zerihun, A., Whitaker, J., Vicente- Vicente, J. L., 
Qin, Z., McNamara, N. P., Zinn, Y. L., Llorente, M., Liebig, M., 
Kuhnert, M., Dondini, M., Don, A., Diaz- Pines, E., Datta, A., 
Bakka,  H.,  Aguilera,  E.,  &  Hillier,  J.  (2020).  Changes  in  soil 
organic carbon under perennial crops. Global Change Biology, 
26(7), 4158– 4168. https://doi.org/10.1111/gcb.15120

Leifeld,  J.,  Alewell,  C.,  &  Paul,  S.  M.  (2021).  Accumulation  of 
C4- carbon  from  Miscanthus  in  organic- matter- rich  soils. 
GCB Bioenergy,  13(8),  1319– 1328.  https://doi.org/10.1111/
gcbb.12861

Li,  H.,  Bölscher,  T.,  Winnick,  M.,  Tfaily,  M.  M.,  Cardon,  Z.  G.,  & 
Keiluweit, M. (2021). Simple plant and microbial exudates de-
stabilize mineral- associated organic matter via multiple path-
ways.  Environmental Science & Technology,  55(5),  3389– 3398. 
https://doi.org/10.1021/acs.est.0c04592

Liu, L., Zhang, L., Tang, W., Gu, Y., Hua, Q., Yang, S., Jiang, W., & 
Yang,  C.  (2012).  Phosphoketolase  pathway  for  xylose  catab-
olism  in  clostridium  acetobutylicum  revealed  by  13C  meta-
bolic flux analysis. Journal of Bacteriology, 194(19), 5413– 5422. 
https://doi.org/10.1128/JB.00713 - 12

Liu, Z., Wu, X., Liu, W., Bian, R., Ge, T., Zhang, W., Zheng, J., Drosos, 
M.,  Liu,  X.,  Zhang,  X.,  Cheng,  K.,  Li,  L.,  &  Pan,  G.  (2020). 
Greater  microbial  carbon  use  efficiency  and  carbon  seques-
tration  in  soils:  Amendment  of  biochar  versus  crop  straws. 
GCB Bioenergy,  12(12),  1092– 1103.  https://doi.org/10.1111/
gcbb.12763

 17571707, 2023, 7, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/gcbb.13056 by R

eadcube (L
abtiva Inc.), W

iley O
nline L

ibrary on [13/06/2023]. 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/10.1007/s00374-008-0311-5
https://doi.org/10.1007/s00374-008-0311-5
https://doi.org/10.1094/MPMI.2004.17.10.1078
https://doi.org/10.1094/MPMI.2004.17.10.1078
https://doi.org/10.1016/j.ymben.2019.05.006
https://doi.org/10.1007/978-1-62703-688-7_12
https://doi.org/10.1007/978-1-62703-688-7_12
https://doi.org/10.1038/ncomms12800
https://doi.org/10.1111/pce.12751
https://doi.org/10.1111/gcbb.12914
https://doi.org/10.1111/gcbb.12914
https://doi.org/10.1016/j.biotechadv.2015.02.011
https://doi.org/10.1111/gcbb.13000
https://doi.org/10.1111/gcbb.12940
https://doi.org/10.1002/2014EF000249
https://doi.org/10.1038/s41579-021-00577-w
https://doi.org/10.1111/gcbb.12095
https://doi.org/10.1016/j.ymben.2013.11.001
https://doi.org/10.1016/j.ymben.2013.11.001
https://doi.org/10.1016/j.copbio.2005.04.010
https://doi.org/10.1016/j.agrformet.2013.09.003
https://doi.org/10.1007/s10533-019-00544-x
https://doi.org/10.1007/s10533-019-00544-x
https://doi.org/10.5194/bg-2016-60
https://doi.org/10.5194/bg-2016-60
https://doi.org/10.1073/pnas.2112108118
https://doi.org/10.3390/land11020309
https://doi.org/10.3390/land11020309
https://doi.org/10.1111/gcb.15120
https://doi.org/10.1111/gcbb.12861
https://doi.org/10.1111/gcbb.12861
https://doi.org/10.1021/acs.est.0c04592
https://doi.org/10.1128/JB.00713-12
https://doi.org/10.1111/gcbb.12763
https://doi.org/10.1111/gcbb.12763


862 |   BLANC-BETESetal.

Lu,  X.,  Liang,  L.  L.,  Wang,  L.,  Jenerette,  G.  D.,  McCabe,  M.  F.,  & 
Grantz, D. A. (2017). Partitioning of evapotranspiration using 
a stable isotope technique in an arid and high temperature ag-
ricultural production system. Agricultural Water Management, 
179, 103– 109. https://doi.org/10.1016/j.agwat.2016.08.012

Luo, J., Balvert, S. F., Wise, B., Welten, B., Ledgard, S. F., de Klein, C. 
A. M., Lindsey, S., & Judge, A. (2018). Using alternative forage 
species to reduce emissions of the greenhouse gas nitrous oxide 
from cattle urine deposited onto soil. The Science of the Total 
Environment,  610– 611,  1271– 1280.  https://doi.org/10.1016/j.
scito tenv.2017.08.186

Ma, F., Jazmin, L. J., Young, J. D., & Allen, D. K. (2014). Isotopically 
nonstationary 13C flux analysis of changes in Arabidopsis thali-
ana leaf metabolism due to high light acclimation. Proceedings of 
the National Academy of Sciences of the United States of America, 
111(47), 16967– 16972. https://doi.org/10.1073/pnas.13194 85111

Malagoli, P., Laine, P., Rossato, L., & Ourry, A. (2005). Dynamics of 
nitrogen uptake and mobilization in field- grown winter oilseed 
rape  (Brassica  napus)  from  stem  extension  to  harvest.  II.  An 
15N- labelling- based  simulation  model  of  N  partitioning  be-
tween  vegetative  and  reproductive  tissues.  Annals of Botany, 
95(7), 1187– 1198. https://doi.org/10.1093/aob/mci131

Martín,  H.  G.,  Kumar,  V.  S.,  Weaver,  D.,  Ghosh,  A.,  Chubukov, 
V.,  Mukhopadhyay,  A.,  Arkin,  A.,  &  Keasling,  J.  D.  (2015).  A 
method  to  constrain  genome- scale  models  with  13C  labeling 
data. PLoS Computational Biology, 11(9), e1004363. https://doi.
org/10.1371/journ al.pcbi.1004363

Mathias,  J. M., & Hudiburg, T. W.  (2022).  isocalcR: An R package 
to  streamline  and  standardize  stable  isotope  calculations  in 
ecological research. Global Change Biology, 28(24), 7428– 7436. 
https://doi.org/10.1111/gcb.16407

McAtee, A. G., Jazmin, L. J., & Young, J. D. (2015). Application of 
isotope labeling experiments and 13C flux analysis to enable ra-
tional pathway engineering. Current Opinion in Biotechnology, 
36, 50– 56. https://doi.org/10.1016/j.copbio.2015.08.004

Meyer, F., Keller, P., Hartl, J., Gröninger, O. G., Kiefer, P., & Vorholt, 
J.  A.  (2018).  Methanol- essential  growth  of  Escherichia  coli. 
Nature Communications,  9(1),  1508.  https://doi.org/10.1038/
s4146 7- 018- 03937 - y

Miller, S. B., Heuberger, A. L., Broeckling, C. D., & Jahn, C. E. (2019). 
Non- targeted  metabolomics  reveals  sorghum  rhizosphere- 
associated exudates are influenced by the belowground interac-
tion of substrate and sorghum genotype. International Journal 
of Molecular Sciences, 20(2), 431. https://doi.org/10.3390/ijms2 
0020431

Miranda, C. H. B., & Boddey, R. M. (1987). Estimation of biological 
nitrogen fixation associated with 11 ecotypes of Panicum max-
imum grown in Nitrogen- 15- labeled Soil1. Agronomy Journal, 
79(3),  558– 563.  https://doi.org/10.2134/agron j1987.00021 
96200 79000 30032x

Miranda, C. H. B., Urquiaga, S., & Boddey, R. M. (1990). Selection 
of  ecotypes  of  Panicum  maximum  for  associated  biological 
nitrogen  fixation  using  the  15N  isotope  dilution  technique. 
Soil Biology and Biochemistry,  22(5),  657– 663.  https://doi.
org/10.1016/0038- 0717(90)90012 - O

Morse, J. L., & Bernhardt, E. S. (2013). Using 15N tracers to estimate 
N2O and N2 emissions from nitrification and denitrification in 
coastal plain wetlands under contrasting land- uses. Soil Biology 
and Biochemistry,  57,  635– 643.  https://doi.org/10.1016/j.soilb 
io.2012.07.025

Nkebiwe,  P.  M.,  Weinmann,  M.,  Bar- Tal,  A.,  &  Müller,  T.  (2016). 
Fertilizer placement to improve crop nutrient acquisition and 
yield:  A  review  and  meta- analysis.  Field Crops Research,  196, 
389– 401. https://doi.org/10.1016/j.fcr.2016.07.018

Oates, L. G., Duncan, D. S., Gelfand, I., Millar, N., Robertson, G. P., & 
Jackson, R. D. (2016). Nitrous oxide emissions during establish-
ment of eight alternative cellulosic bioenergy cropping systems 
in the north Central United States. GCB Bioenergy, 8(3), 539– 
549. https://doi.org/10.1111/gcbb.12268

Ocko, I. B., Sun, T., Shindell, D., Oppenheimer, M., Hristov, A. N., 
Pacala, S. W., Mauzerall, D. L., Xu, Y., & Hamburg, S. P. (2021). 
Acting rapidly to deploy readily available methane mitigation 
measures  by  sector  can  immediately  slow  global  warming. 
Environmental Research Letters,  16(5),  054042.  https://doi.
org/10.1088/1748- 9326/abf9c8

Oertel,  C.,  Matschullat,  J.,  Zurba,  K.,  Zimmermann,  F.,  &  Erasmi, 
S.  (2016).  Greenhouse  gas  emissions  from  soils— A  review. 
Geochemistry,  76(3),  327– 352.  https://doi.org/10.1016/j.
chemer.2016.04.002

Oerter,  E.  J.,  Siebert,  G.,  Bowling,  D.  R.,  &  Bowen,  G.  (2019).  Soil 
water vapour isotopes identify missing water source for stream-
side trees. Ecohydrology, 12(4), e2083. https://doi.org/10.1002/
eco.2083

Ohlrogge,  J.,  &  Chapman,  K.  (2011). The  seeds  of  green  energy: 
Expanding  the  contribution  of  plant  oils  as  biofuels.  The 
Biochemist,  33(2),  34– 38.  https://doi.org/10.1042/BIO03 
302034

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 photosyn-
thesis 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

Ostrom, N. E., & Ostrom, P. H. (2017). Mining the isotopic complex-
ity of nitrous oxide: A review of challenges and opportunities. 
Biogeochemistry,  132(3),  359– 372.  https://doi.org/10.1007/
s1053 3- 017- 0301- 5

Ostrom, P. H., DeCamp, S., Gandhi, H., Haslun, J., & Ostrom, N. E. 
(2021). The  influence  of  tillage  and  fertilizer  on  the  flux  and 
source  of  nitrous  oxide  with  reference  to  atmospheric  varia-
tion using laser spectroscopy. Biogeochemistry, 152(2), 143– 159. 
https://doi.org/10.1007/s1053 3- 020- 00742 - y

Park, J. O., Tanner, L. B., Wei, M. H., Khana, D. B., Jacobson, T. B., 
Zhang, Z., Rubin, S. A., Li, S. H.- J., Higgins, M. B., Stevenson, 
D. M., Amador- Noguez, D., & Rabinowitz,  J. D.  (2019). Near- 
equilibrium glycolysis supports metabolic homeostasis and en-
ergy yield. Nature Chemical Biology, 15(10), 1001– 1008. https://
doi.org/10.1038/s4158 9- 019- 0364- 9

Patil, K. R., Rocha, I., Förster, J., & Nielsen, J. (2005). Evolutionary 
programming  as  a  platform  for  in  silico  metabolic  en-
gineering.  BMC Bioinformatics,  6(1),  308.  https://doi.
org/10.1186/1471- 2105- 6- 308

Paustian,  K.,  Lehmann,  J.,  Ogle,  S.,  Reay,  D.,  Robertson,  G.  P.,  & 
Smith, P. (2016). Climate- smart soils. Nature, 532(7597), 49– 57. 
https://doi.org/10.1038/natur e17174

Penna, D., Hopp, L., Scandellari, F., Allen, S. T., Benettin, P., Beyer, 
M.,  Geris,  J.,  Klaus,  J.,  Marshall,  J.  D.,  Schwendenmann,  L., 

 17571707, 2023, 7, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/gcbb.13056 by R

eadcube (L
abtiva Inc.), W

iley O
nline L

ibrary on [13/06/2023]. 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.agwat.2016.08.012
https://doi.org/10.1016/j.scitotenv.2017.08.186
https://doi.org/10.1016/j.scitotenv.2017.08.186
https://doi.org/10.1073/pnas.1319485111
https://doi.org/10.1093/aob/mci131
https://doi.org/10.1371/journal.pcbi.1004363
https://doi.org/10.1371/journal.pcbi.1004363
https://doi.org/10.1111/gcb.16407
https://doi.org/10.1016/j.copbio.2015.08.004
https://doi.org/10.1038/s41467-018-03937-y
https://doi.org/10.1038/s41467-018-03937-y
https://doi.org/10.3390/ijms20020431
https://doi.org/10.3390/ijms20020431
https://doi.org/10.2134/agronj1987.00021962007900030032x
https://doi.org/10.2134/agronj1987.00021962007900030032x
https://doi.org/10.1016/0038-0717(90)90012-O
https://doi.org/10.1016/0038-0717(90)90012-O
https://doi.org/10.1016/j.soilbio.2012.07.025
https://doi.org/10.1016/j.soilbio.2012.07.025
https://doi.org/10.1016/j.fcr.2016.07.018
https://doi.org/10.1111/gcbb.12268
https://doi.org/10.1088/1748-9326/abf9c8
https://doi.org/10.1088/1748-9326/abf9c8
https://doi.org/10.1016/j.chemer.2016.04.002
https://doi.org/10.1016/j.chemer.2016.04.002
https://doi.org/10.1002/eco.2083
https://doi.org/10.1002/eco.2083
https://doi.org/10.1042/BIO03302034
https://doi.org/10.1042/BIO03302034
https://doi.org/10.1073/pnas.1424031112
https://doi.org/10.1073/pnas.1424031112
https://doi.org/10.1007/s10533-017-0301-5
https://doi.org/10.1007/s10533-017-0301-5
https://doi.org/10.1007/s10533-020-00742-y
https://doi.org/10.1038/s41589-019-0364-9
https://doi.org/10.1038/s41589-019-0364-9
https://doi.org/10.1186/1471-2105-6-308
https://doi.org/10.1186/1471-2105-6-308
https://doi.org/10.1038/nature17174


   | 863BLANC-BETESetal.

Volkmann, T. H. M., von Freyberg, J., Amin, A., Ceperley, N., 
Engel,  M.,  Frentress,  J.,  Giambastiani,  Y.,  McDonnell,  J.  J., 
Zuecco,  G.,  …  Kirchner,  J.  W.  (2018).  Ideas  and  perspectives: 
Tracing terrestrial ecosystem water fluxes using hydrogen and 
oxygen  stable  isotopes  –   Challenges  and  opportunities  from 
an  interdisciplinary  perspective.  Biogeosciences,  15(21),  6399– 
6415. https://doi.org/10.5194/bg- 15- 6399- 2018

Ranganathan, S., Suthers, P. F., & Maranas, C. D. (2010). OptForce: 
An optimization procedure for identifying all genetic manipula-
tions leading to targeted overproductions. PLoS Computational 
Biology,  6(4),  e1000744.  https://doi.org/10.1371/journ 
al.pcbi.1000744

Reay, D. S., Davidson, E. A., Smith, K. A., Smith, P., Melillo, J. M., 
Dentener, F., & Crutzen, P. J. (2012). Global agriculture and ni-
trous oxide emissions. Nature Climate Change, 2(6), 410– 416. 
https://doi.org/10.1038/nclim ate1458

Reid, W. V., Ali, M. K., & Field, C. B. (2020). The future of bioenergy. 
Global Change Biology, 26(1), 274– 286. https://doi.org/10.1111/
gcb.14883

Rennie,  R.  J.  (1982).  Quantifying  dinitrogen  (N2)  fixation  in  soy-
beans by 15N isotope dilution: The question of  the nonfixing 
control  plant.  Canadian Journal of Botany,  60(6),  856– 861. 
https://doi.org/10.1139/b82- 110

Ridgeway,  J.,  Kane,  J.,  Morrissey,  E.,  Starcher,  H.,  &  Brzostek,  E. 
(2023).  Roots  prime  microbes  to  extract  nitrogen  and  stabi-
lize  soil  organic  matter.  Authorea.  https://doi.org/10.22541/ 
au.16802 8621.11350 497/v1

Robertson, A. D., Davies, C. A., Smith, P., Stott, A. W., Clark, E. L., 
&  McNamara,  N.  P.  (2017).  Carbon  inputs  from  Miscanthus 
displace  older  soil  organic  carbon  without  inducing  priming. 
Bioenergy Research,  10(1),  86– 101.  https://doi.org/10.1007/
s1215 5- 016- 9772- 9

Rocha,  I.,  Maia,  P.,  Evangelista,  P.,  Vilaça,  P.,  Soares,  S.,  Pinto,  J. 
P., Nielsen, J., Patil, K. R., Ferreira, E. C., & Rocha, M. (2010). 
OptFlux: An open- source software platform for in silico meta-
bolic  engineering.  BMC Systems Biology,  4(1),  45.  https://doi.
org/10.1186/1752- 0509- 4- 45

Rochette, P., Flanagan, L. B., & Gregorich, E. G. (1999). Separating 
soil respiration into plant and soil components using analyses 
of the natural abundance of Carbon- 13. Soil Science Society of 
America Journal,  63(5),  1207– 1213.  https://doi.org/10.2136/
sssaj 1999.6351207x

Roley, S. S., Duncan, D. S., Liang, D., Garoutte, A., Jackson, R. D., 
Tiedje,  J.  M.,  &  Robertson,  G.  P.  (2018).  Associative  nitrogen 
fixation (ANF) in switchgrass (Panicum virgatum) across a ni-
trogen input gradient. PLoS One, 13(6), e0197320. https://doi.
org/10.1371/journ al.pone.0197320

Roley, S. S., Xue, C., Hamilton, S. K., Tiedje, J. M., & Robertson, G. P. 
(2019). Isotopic evidence for episodic nitrogen fixation in switch-
grass (Panicum virgatum L.). Soil Biology and Biochemistry, 129, 
90– 98. https://doi.org/10.1016/j.soilb io.2018.11.006

Romsdahl, T. B., Kambhampati, S., Koley, S., Yadav, U. P., Alonso, 
A. P., Allen, D. K., & Chapman, K. D. (2021). Analyzing mass 
spectrometry  imaging  data  of  13C- labeled  phospholipids  in 
Camelina  sativa  and  Thlaspi  arvense  (pennycress)  embryos. 
Metabolites,  11(3),  148.  https://doi.org/10.3390/metab o1103 
0148

Roosendaal,  D.,  Stewart,  C.,  Denef,  K.,  Follett,  R.,  Pruessner,  E., 
Comas, L., Varvel, G., Saathoff, A., Palmer, N., Sarath, G., Jin, V., 
Schmer, M., & Soundararajan, M. (2016). Switchgrass ecotypes 

alter  microbial  contribution  to  deep- soil  C.  Publications from 
USDA- ARS/UNL Faculty.  https://digit alcom mons.unl.edu/
usdaa rsfac pub/2106, 2, 185– 197.

Rothfuss, Y., Quade, M., Brüggemann, N., Graf, A., Vereecken, H., 
& Dubbert, M. (2021). Reviews and syntheses: Gaining insights 
into evapotranspiration partitioning with novel isotopic moni-
toring methods. Biogeosciences, 18(12), 3701– 3732. https://doi.
org/10.5194/bg- 18- 3701- 2021

Ruan, L., Bhardwaj, A. K., Hamilton, S. K., & Robertson, G. P. (2016). 
Nitrogen  fertilization  challenges  the  climate  benefit  of  cellu-
losic  biofuels.  Environmental Research Letters,  11(6),  064007. 
https://doi.org/10.1088/1748- 9326/11/6/064007

Sanderman, J., Hengl, T., & Fiske, G. J. (2017). Soil carbon debt of 
12,000 years  of  human  land  use.  Proceedings of the National 
Academy of Sciences of the United States of America,  114(36), 
9575– 9580. https://doi.org/10.1073/pnas.17061 03114

Seibt, U., Rajabi, A., Griffiths, H., & Berry, J. A. (2008). Carbon iso-
topes and water use efficiency: Sense and sensitivity. Oecologia, 
155(3), 441– 454. https://doi.org/10.1007/s0044 2- 007- 0932- 7

Shan, J., Sanford, R. A., Chee- Sanford,  J., Ooi, S. K., Löffler, F. E., 
Konstantinidis, K. T., & Yang, W. H. (2021). Beyond denitrifica-
tion: The role of microbial diversity in controlling nitrous oxide 
reduction  and  soil  nitrous  oxide  emissions.  Global Change 
Biology, 27(12), 2669– 2683. https://doi.org/10.1111/gcb.15545

Sharkey, T. D., & Weise, S. E. (2016). The glucose 6- phosphate shunt 
around  the  Calvin– Benson  cycle.  Journal of Experimental 
Botany, 67(14), 4067– 4077. https://doi.org/10.1093/jxb/erv484

Sharma, B. P., Zhang, N., Lee, D., Heaton, E., Delucia, E. H., Sacks, 
E. J., Kantola, I. B., Boersma, N. N., Long, S. P., Voigt, T. B., & 
Khanna, M. (2022). Responsiveness of miscanthus and switch-
grass  yields  to  stand  age  and  nitrogen  fertilization:  A  meta- 
regression analysis. GCB Bioenergy, 14(5), 539– 557. https://doi.
org/10.1111/gcbb.12929

Sher,  Y.,  Baker,  N.  R.,  Herman,  D.,  Fossum,  C.,  Hale,  L.,  Zhang, 
X., Nuccio, E., Saha, M., Zhou,  J., Pett- Ridge,  J., & Firestone, 
M.  (2020).  Microbial  extracellular  polysaccharide  production 
and  aggregate  stability  controlled  by  switchgrass  (Panicum 
virgatum)  root  biomass  and  soil  water  potential.  Soil Biology 
and Biochemistry,  143,  107742.  https://doi.org/10.1016/j.soilb 
io.2020.107742

Shoji,  S.,  Delgado,  J.,  Mosier,  A.,  &  Miura,  Y.  (2001).  Use  of  con-
trolled release fertilizers and nitrification inhibitors to increase 
nitrogen use efficiency and to conserve air and water quality. 
Communications in Soil Science and Plant Analysis,  32(7– 8), 
1051– 1070. https://doi.org/10.1081/CSS- 10010 4103

Siebers, M. H., Gomez- Casanovas, N., Fu, P., Meacham- Hensold, K., 
Moore, C. E., & Bernacchi, C. J. (2021). Emerging approaches 
to  measure  photosynthesis  from  the  leaf  to  the  ecosystem. 
Emerging Topics in Life Sciences,  5(2),  261– 274.  https://doi.
org/10.1042/ETLS2 0200292

Silveira,  M.  L.,  Brandani,  C.  B.,  Kohmann,  M.  M.,  Erickson,  J.  E., 
Reyes- Cabrera,  J.,  Leon,  R.  G.,  Sollenberger,  L.  E.,  Piotto,  V., 
Quadros, D. G., & Mello, S. Q. S. (2020). Short- term effects of 
bioenergy cropping on soil carbon and nitrogen dynamics in a 
Florida Ultisol. Soil Science Society of America Journal, 84(4), 
1233– 1246. https://doi.org/10.1002/saj2.20081

Slessarev, E. W., Nuccio, E. E., McFarlane, K. J., Ramon, C. E., Saha, 
M.,  Firestone,  M.  K.,  &  Pett- Ridge,  J.  (2020).  Quantifying  the 
effects of  switchgrass  (Panicum virgatum) on deep organic C 
stocks  using  natural  abundance  14C  in  three  marginal  soils. 

 17571707, 2023, 7, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/gcbb.13056 by R

eadcube (L
abtiva Inc.), W

iley O
nline L

ibrary on [13/06/2023]. 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/10.5194/bg-15-6399-2018
https://doi.org/10.1371/journal.pcbi.1000744
https://doi.org/10.1371/journal.pcbi.1000744
https://doi.org/10.1038/nclimate1458
https://doi.org/10.1111/gcb.14883
https://doi.org/10.1111/gcb.14883
https://doi.org/10.1139/b82-110
https://doi.org/10.22541/au.168028621.11350497/v1
https://doi.org/10.22541/au.168028621.11350497/v1
https://doi.org/10.1007/s12155-016-9772-9
https://doi.org/10.1007/s12155-016-9772-9
https://doi.org/10.1186/1752-0509-4-45
https://doi.org/10.1186/1752-0509-4-45
https://doi.org/10.2136/sssaj1999.6351207x
https://doi.org/10.2136/sssaj1999.6351207x
https://doi.org/10.1371/journal.pone.0197320
https://doi.org/10.1371/journal.pone.0197320
https://doi.org/10.1016/j.soilbio.2018.11.006
https://doi.org/10.3390/metabo11030148
https://doi.org/10.3390/metabo11030148
https://digitalcommons.unl.edu/usdaarsfacpub/2106
https://digitalcommons.unl.edu/usdaarsfacpub/2106
https://doi.org/10.5194/bg-18-3701-2021
https://doi.org/10.5194/bg-18-3701-2021
https://doi.org/10.1088/1748-9326/11/6/064007
https://doi.org/10.1073/pnas.1706103114
https://doi.org/10.1007/s00442-007-0932-7
https://doi.org/10.1111/gcb.15545
https://doi.org/10.1093/jxb/erv484
https://doi.org/10.1111/gcbb.12929
https://doi.org/10.1111/gcbb.12929
https://doi.org/10.1016/j.soilbio.2020.107742
https://doi.org/10.1016/j.soilbio.2020.107742
https://doi.org/10.1081/CSS-100104103
https://doi.org/10.1042/ETLS20200292
https://doi.org/10.1042/ETLS20200292
https://doi.org/10.1002/saj2.20081


864 |   BLANC-BETESetal.

GCB Bioenergy,  12(10),  834– 847.  https://doi.org/10.1111/
gcbb.12729

Smith, C. M., David, M. B., Mitchell, C. A., Masters, M. D., Anderson- 
Teixeira, K. J., Bernacchi, C. J., & Delucia, E. H. (2013). Reduced 
nitrogen losses after conversion of row crop agriculture to pe-
rennial biofuel crops. Journal of Environmental Quality, 42(1), 
219– 228. https://doi.org/10.2134/jeq20 12.0210

Smith,  P.,  Davis,  S.  J.,  Creutzig,  F.,  Fuss,  S.,  Minx,  J.,  Gabrielle,  B., 
Kato, E., Jackson, R. B., Cowie, A., Kriegler, E., van Vuuren, D. P., 
Rogelj, J., Ciais, P., Milne, J., Canadell, J. G., McCollum, D., Peters, 
G.,  Andrew,  R.,  Krey,  V.,  …  Yongsung,  C.  (2016).  Biophysical 
and economic limits to negative CO2 emissions. Nature Climate 
Change, 6(1), 42– 50. https://doi.org/10.1038/nclim ate2870

Stenzel,  F.,  Greve,  P.,  Lucht,  W.,  Tramberend,  S.,  Wada,  Y.,  & 
Gerten, D. (2021). Irrigation of biomass plantations may glob-
ally  increase  water  stress  more  than  climate  change.  Nature 
Communications,  12(1),  1512.  https://doi.org/10.1038/s4146 
7- 021- 21640 - 3

Stephanopoulos, G. (2007). Challenges in engineering microbes for 
biofuels production. Science (New York, N.Y.), 315(5813), 801– 
804. https://doi.org/10.1126/scien ce.1139612

Subbarao,  G.  V.,  Kishii,  M.,  Bozal- Leorri,  A.,  Ortiz- Monasterio, 
I.,  Gao,  X.,  Ibba,  M.  I.,  Karwat,  H.,  Gonzalez- Moro,  M.  B., 
Gonzalez- Murua, C., Yoshihashi, T., Tobita, S., Kommerell, V., 
Braun, H.- J., & Iwanaga, M. (2021). Enlisting wild grass genes 
to combat nitrification in wheat farming: A nature- based solu-
tion.  Proceedings of the National Academy of Sciences of the 
United States of America,  118(35),  e2106595118.  https://doi.
org/10.1073/pnas.21065 95118

Suthers, P. F., Burgard, A. P., Dasika, M. S., Nowroozi, F., Van Dien, 
S.,  Keasling,  J.  D.,  &  Maranas,  C.  D.  (2007).  Metabolic  flux 
elucidation for large- scale models using 13C labeled isotopes. 
Metabolic Engineering, 9(5), 387– 405. https://doi.org/10.1016/j.
ymben.2007.05.005

Szecowka,  M.,  Heise,  R.,  Tohge,  T.,  Nunes- Nesi,  A.,  Vosloh,  D., 
Huege, J., Feil, R., Lunn, J., Nikoloski, Z., Stitt, M., Fernie, A. 
R.,  &  Arrivault,  S.  (2013).  Metabolic  fluxes  in  an  illuminated 
Arabidopsis rosette. The Plant Cell, 25(2), 694– 714. https://doi.
org/10.1105/tpc.112.106989

Tian, H., Xu, R., Canadell, J. G., Thompson, R. L., Winiwarter, W., 
Suntharalingam, P., Davidson, E. A., Ciais, P.,  Jackson, R. B., 
Janssens- Maenhout,  G.,  Prather,  M.  J.,  Regnier,  P.,  Pan,  N., 
Pan, S., Peters, G. P., Shi, H., Tubiello, F. N., Zaehle, S., Zhou, 
F., … Yao, Y. (2020). A comprehensive quantification of global 
nitrous  oxide  sources  and  sinks.  Nature,  586(7828),  248– 256. 
https://doi.org/10.1038/s4158 6- 020- 2780- 0

Tilman,  D.,  Balzer,  C.,  Hill,  J.,  &  Befort,  B.  L.  (2011).  Global  food 
demand  and  the  sustainable  intensification  of  agricul-
ture.  Proceedings of the National Academy of Sciences of the 
United States of America,  108(50),  20260– 20264.  https://doi.
org/10.1073/pnas.11164 37108

Toma,  Y.,  Armstrong,  K.,  Ryan  Stewart,  J.,  Yamada,  T., 
Nishiwaki,  A.,  &  Fernández,  F.  G.  (2012).  Carbon  seques-
tration  in  soil  in  a  semi- natural  Miscanthus sinensis  grass-
land  and  Cryptomeria japonica  forest  plantation  in  Aso, 
Kumamoto, Japan. GCB Bioenergy, 4(5), 566– 575. https://doi.
org/10.1111/j.1757- 1707.2012.01160.x

Toma, Y., Fernández, F. G., Sato, S., Izumi, M., Hatano, R., Yamada, 
T., Nishiwaki, A., Bollero, G., & Stewart,  J. R.  (2011). Carbon 
budget  and  methane  and  nitrous  oxide  emissions  over 

the  growing  season  in  a  Miscanthus sinensis  grassland  in 
Tomakomai,  Hokkaido,  Japan.  GCB Bioenergy,  3(2),  116– 134. 
https://doi.org/10.1111/j.1757- 1707.2010.01070.x

Urquiaga, S., Xavier, R. P., de Morais, R. F., Batista, R. B., Schultz, 
N.,  Leite,  J.  M.,  Maia  e  Sá,  J.,  Barbosa,  K.  P.,  de  Resende,  A. 
S., Alves, B. J. R., & Boddey, R. M. (2012). Evidence from field 
nitrogen balance and 15N natural abundance data for the con-
tribution of biological N2 fixation to Brazilian sugarcane variet-
ies. Plant and Soil, 356(1), 5– 21. https://doi.org/10.1007/s1110 
4- 011- 1016- 3

Usyskin- Tonne,  A.,  Hadar,  Y.,  &  Minz,  D.  (2019).  Altering  N2O 
emissions  by  manipulating  wheat  root  bacterial  community. 
Scientific Reports,  9(1),  7613.  https://doi.org/10.1038/s4159 8- 
019- 44124 - 3

Vadez,  V.,  Kholova,  J.,  Medina,  S.,  Kakkera,  A.,  &  Anderberg,  H. 
(2014). Transpiration efficiency: New insights into an old story. 
Journal of Experimental Botany, 65(21), 6141– 6153. https://doi.
org/10.1093/jxb/eru040

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

Venterea,  R.  T.,  Halvorson,  A.  D.,  Kitchen,  N.,  Liebig,  M.  A., 
Cavigelli,  M.  A.,  Grosso,  S.  J.  D.,  Motavalli,  P.  P.,  Nelson,  K. 
A., Spokas, K. A., Singh, B. P., Stewart, C. E., Ranaivoson, A., 
Strock,  J., & Collins, H.  (2012). Challenges and opportunities 
for mitigating nitrous oxide emissions from fertilized cropping 
systems. Frontiers in Ecology and the Environment, 10(10), 562– 
570. https://doi.org/10.1890/120062

Vergara Sosa, M., Lehndorff, E., Rodionov, A., Gocke, M., Sandhage- 
Hofmann,  A.,  &  Amelung,  W.  (2021).  Micro- scale  resolution 
of  carbon  turnover  in  soil— Insights  from  laser  ablation  iso-
tope ratio mass spectrometry on water- glass embedded aggre-
gates.  Soil Biology and Biochemistry,  159,  108279.  https://doi.
org/10.1016/j.soilb io.2021.108279

Vitousek, P. M., Naylor, R., Crews, T., David, M. B., Drinkwater, L. 
E., Holland, E., Johnes, P. J., Katzenberger, J., Martinelli, L. A., 
Matson, P. A., Nziguheba, G., Ojima, D., Palm, C. A., Robertson, 
G. P., Sanchez, P. A., Townsend, A. R., & Zhang, F. S.  (2009). 
Nutrient  imbalances  in  agricultural  development.  Science, 
324(5934), 1519– 1520. https://doi.org/10.1126/scien ce.1170261

Voglar, G. E., Zavadlav, S., Levanič, T., & Ferlan, M. (2019). Measuring 
techniques for concentration and stable  isotopologues of CO2 
in a terrestrial ecosystem: A review. Earth- Science Reviews, 199, 
102978. https://doi.org/10.1016/j.earsc irev.2019.102978

von Freyberg, J., Allen, S. T., Grossiord, C., & Dawson, T. E. (2020). 
Plant and root- zone water isotopes are difficult to measure, ex-
plain, and predict: Some practical recommendations for deter-
mining plant water sources. Methods in Ecology and Evolution, 
11(11), 1352– 1367. https://doi.org/10.1111/2041- 210X.13461

Wasylenko,  T.  M.,  Ahn,  W.  S.,  &  Stephanopoulos,  G.  (2015).  The 
oxidative  pentose  phosphate  pathway  is  the  primary  source 
of NADPH for lipid overproduction from glucose in Yarrowia 
lipolytica.  Metabolic Engineering,  30,  27– 39.  https://doi.
org/10.1016/j.ymben.2015.02.007

Wehr,  R.,  &  Saleska,  S.  R.  (2015).  An  improved  isotopic  method 
for  partitioning  net  ecosystem– atmosphere  CO2  exchange. 
Agricultural and Forest Meteorology, 214– 215, 515– 531. https://
doi.org/10.1016/j.agrfo rmet.2015.09.009

 17571707, 2023, 7, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/gcbb.13056 by R

eadcube (L
abtiva Inc.), W

iley O
nline L

ibrary on [13/06/2023]. 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/10.1111/gcbb.12729
https://doi.org/10.1111/gcbb.12729
https://doi.org/10.2134/jeq2012.0210
https://doi.org/10.1038/nclimate2870
https://doi.org/10.1038/s41467-021-21640-3
https://doi.org/10.1038/s41467-021-21640-3
https://doi.org/10.1126/science.1139612
https://doi.org/10.1073/pnas.2106595118
https://doi.org/10.1073/pnas.2106595118
https://doi.org/10.1016/j.ymben.2007.05.005
https://doi.org/10.1016/j.ymben.2007.05.005
https://doi.org/10.1105/tpc.112.106989
https://doi.org/10.1105/tpc.112.106989
https://doi.org/10.1038/s41586-020-2780-0
https://doi.org/10.1073/pnas.1116437108
https://doi.org/10.1073/pnas.1116437108
https://doi.org/10.1111/j.1757-1707.2012.01160.x
https://doi.org/10.1111/j.1757-1707.2012.01160.x
https://doi.org/10.1111/j.1757-1707.2010.01070.x
https://doi.org/10.1007/s11104-011-1016-3
https://doi.org/10.1007/s11104-011-1016-3
https://doi.org/10.1038/s41598-019-44124-3
https://doi.org/10.1038/s41598-019-44124-3
https://doi.org/10.1093/jxb/eru040
https://doi.org/10.1093/jxb/eru040
https://doi.org/10.1016/j.plipres.2019.02.002
https://doi.org/10.1016/j.plipres.2019.02.002
https://doi.org/10.1890/120062
https://doi.org/10.1016/j.soilbio.2021.108279
https://doi.org/10.1016/j.soilbio.2021.108279
https://doi.org/10.1126/science.1170261
https://doi.org/10.1016/j.earscirev.2019.102978
https://doi.org/10.1111/2041-210X.13461
https://doi.org/10.1016/j.ymben.2015.02.007
https://doi.org/10.1016/j.ymben.2015.02.007
https://doi.org/10.1016/j.agrformet.2015.09.009
https://doi.org/10.1016/j.agrformet.2015.09.009


   | 865BLANC-BETESetal.

Wei,  N.,  Quarterman,  J.,  Kim,  S.  R.,  Cate,  J.  H.  D.,  &  Jin,  Y.- S. 
(2013).  Enhanced  biofuel  production  through  coupled  ace-
tic  acid  and  xylose  consumption  by  engineered  yeast.  Nature 
Communications,  4(1),  2580.  https://doi.org/10.1038/ncomm 
s3580

Weier, K. L. (1999). N2O and CH4 emission and CH4 consumption in 
a sugarcane soil after variation in nitrogen and water applica-
tion. Soil Biology and Biochemistry, 31(14), 1931– 1941. https://
doi.org/10.1016/S0038 - 0717(99)00111 - X

Weng, Z. (. H.)., Liu, X., Eldridge, S., Wang, H., Rose, T., Rose, M., 
Rust,  J.,  Singh,  B.  P.,  Tavakkoli,  E.,  Tang,  C.,  Ou,  H.,  &  Van 
Zwieten, L. (2020). Priming of soil organic carbon induced by 
sugarcane residues and its biochar control the source of nitro-
gen for plant uptake: A dual 13C and 15N isotope three- source- 
partitioning study. Soil Biology and Biochemistry, 146, 107792. 
https://doi.org/10.1016/j.soilb io.2020.107792

Wewalwela, J. J., Tian, Y., Donaldson, J. R., Baldwin, B. S., Varco, J. 
J., Rushing, B., Lu, H., & Williams, M. A.  (2020). Associative 
nitrogen fixation linked with three perennial bioenergy grasses 
in  field  and  greenhouse  experiments.  GCB Bioenergy,  12(12), 
1104– 1117. https://doi.org/10.1111/gcbb.12744

Whitaker, J., Field, J. L., Bernacchi, C. J., Cerri, C. E. P., Ceulemans, R., 
Davies, C. A., DeLucia, E. H., Donnison, I. S., McCalmont, J. P., 
Paustian, K., Rowe, R. L., Smith, P., Thornley, P., & McNamara, 
N.  P.  (2018).  Consensus,  uncertainties  and  challenges  for  pe-
rennial bioenergy crops and  land use. Global Change Biology. 
Bioenergy, 10(3), 150– 164. https://doi.org/10.1111/gcbb.12488

Wiechert,  W.  (2001).  13C  metabolic  flux  analysis.  Metabolic 
Engineering,  3(3),  195– 206.  https://doi.org/10.1006/
mben.2001.0187

Witty,  J.  F.  (1983).  Estimating  N2- fixation  in  the  field  using 
15N- labelled  fertilizer:  Some  problems  and  solutions. 
Soil Biology and Biochemistry,  15(6),  631– 639.  https://doi.
org/10.1016/0038- 0717(83)90026 - 3

Wu,  B.,  Tian,  F.,  Zhang,  M.,  Piao,  S.,  Zeng,  H.,  Zhu,  W.,  Liu,  J., 
Elnashar, A., & Lu, Y.  (2022). Quantifying global agricultural 
water  appropriation  with  data  derived  from  earth  observa-
tions. Journal of Cleaner Production, 358, 131891. https://doi.
org/10.1016/j.jclep ro.2022.131891

Xiao, W., Wei, Z., & Wen, X. (2018). Evapotranspiration partitioning 
at the ecosystem scale using the stable isotope method— A re-
view. Agricultural and Forest Meteorology, 263, 346– 361. https://
doi.org/10.1016/j.agrfo rmet.2018.09.005

Xiong,  W.,  Lee,  T.- C.,  Rommelfanger,  S.,  Gjersing,  E.,  Cano,  M., 
Maness, P.- C., Ghirardi, M., & Yu,  J.  (2015). Phosphoketolase 
pathway  contributes  to  carbon  metabolism  in  cyanobacte-
ria.  Nature Plants,  2(1),  15187.  https://doi.org/10.1038/nplan 
ts.2015.187

Xu, C., & Shanklin, J. (2016). Triacylglycerol metabolism, function, 
and accumulation in plant vegetative tissues. Annual Review of 
Plant Biology,  67,  179– 206.  https://doi.org/10.1146/annur ev- 
arpla nt- 04301 5- 111641

Xu,  Y.,  Fu,  X.,  Sharkey,  T.  D.,  Shachar- Hill,  Y.,  &  Walker,  A.  B.  J. 
(2021). The metabolic origins of non- photorespiratory CO2 re-
lease  during  photosynthesis:  A  metabolic  flux  analysis.  Plant 
Physiology,  186(1),  297– 314.  https://doi.org/10.1093/plphy s/
kiab076

Xu,  Y.,  Zhou,  J.,  Feng,  W.,  Jia,  R.,  Liu,  C.,  Fu,  T.,  Xue,  S.,  Yi,  Z., 
Guillaume,  T.,  Yang,  Y.,  Peixoto,  L.,  Zeng,  Z.,  &  Zang,  H. 
(2022).  Marginal  land  conversion  to  perennial  energy  crops 

with  biomass  removal  enhances  soil  carbon  sequestration. 
GCB Bioenergy,  14(10),  1117– 1127.  https://doi.org/10.1111/
gcbb.12990

Yang, W. H., McDowell, A. C., Brooks, P. D., & Silver, W. L. (2014). 
New high precision approach for measuring 15N– N2 gas fluxes 
from terrestrial ecosystems. Soil Biology and Biochemistry, 69, 
234– 241. https://doi.org/10.1016/j.soilb io.2013.11.009

Yang, W. H., & Silver, W. L. (2016). Net soil– atmosphere fluxes mask 
patterns in gross production and consumption of nitrous oxide 
and  methane  in  a  managed  ecosystem.  Biogeosciences,  13(5), 
1705– 1715. https://doi.org/10.5194/bg- 13- 1705- 2016

Yang, W. H., Teh, Y. A., & Silver, W. L. (2011). A test of a field- based 
15N– nitrous  oxide  pool  dilution  technique  to  measure  gross 
N2O  production  in  soil.  Global Change Biology,  17(12),  3577– 
3588. https://doi.org/10.1111/j.1365- 2486.2011.02481.x

Ye, C., & Hall, S. J. (2020). Mechanisms underlying limited soil car-
bon  gains  in  perennial  and  cover- cropped  bioenergy  systems 
revealed  by  stable  isotopes.  GCB Bioenergy,  12(1),  101– 117. 
https://doi.org/10.1111/gcbb.12657

Yeung, L. Y., Haslun, J. A., Ostrom, N. E., Sun, T., Young, E. D., van 
Kessel, M. A. H. J., Lücker, S., & Jetten, M. S. M. (2019). In situ 
quantification of biological N2 production using naturally oc-
curring  15N15N.  Environmental Science & Technology,  53(9), 
5168– 5175. https://doi.org/10.1021/acs.est.9b00812

Yishai, O., Goldbach, L., Tenenboim, H., Lindner, S. N., & Bar- Even, 
A. (2017). Engineered assimilation of exogenous and endoge-
nous Formate in Escherichia coli. ACS Synthetic Biology, 6(9), 
1722– 1731. https://doi.org/10.1021/acssy nbio.7b00086

York, L. M., Cumming, J. R., Trusiak, A., Bonito, G., von Haden, A. 
C.,  Kalluri,  U.  C., Tiemann,  L.  K.,  Andeer,  P.  F.,  Blanc- Betes, 
E., Diab, J. H., Favela, A., Germon, A., Gomez- Casanovas, N., 
Hyde, C. A., Kent, A. D., Ko, D. K., Lamb, A., Missaoui, A. M., 
Northen, T. R., … Yang, W. H. (2022). Bioenergy underground: 
Challenges  and  opportunities  for  phenotyping  roots  and  the 
microbiome  for  sustainable  bioenergy  crop  production.  The 
Plant Phenome Journal,  5(1),  e20028.  https://doi.org/10.1002/
ppj2.20028

Young, J. D. (2014). INCA: A computational platform for isotopically 
non- stationary metabolic flux analysis. Bioinformatics (Oxford, 
England),  30(9),  1333– 1335.  https://doi.org/10.1093/bioin 
forma tics/btu015

Young,  J.  D.,  Shastri,  A.  A.,  Stephanopoulos,  G.,  &  Morgan,  J.  A. 
(2011).  Mapping  photoautotrophic  metabolism  with  isotopi-
cally nonstationary (13)C flux analysis. Metabolic Engineering, 
13(6), 656– 665. https://doi.org/10.1016/j.ymben.2011.08.002

Yu,  L.,  Harris,  E.,  Lewicka- Szczebak,  D.,  Barthel,  M.,  Blomberg,  M. 
R. A., Harris, S. J., Johnson, M. S., Lehmann, M. F., Liisberg, J., 
Müller, C., Ostrom, N. E., Six, J., Toyoda, S., Yoshida, N., & Mohn, 
J. (2020). What can we learn from N2O isotope data? –  Analytics, 
processes  and  modelling.  Rapid Communications in Mass 
Spectrometry, 34(20), e8858. https://doi.org/10.1002/rcm.8858

Yuan,  J.,  Bennett,  B.  D.,  &  Rabinowitz,  J.  D.  (2008).  Kinetic 
flux  profiling  for  quantitation  of  cellular  metabolic  fluxes. 
Nature Protocols,  3(8),  1328– 1340.  https://doi.org/10.1038/
nprot.2008.131

Zatta,  A.,  Clifton- Brown,  J.,  Robson,  P.,  Hastings,  A.,  &  Monti,  A. 
(2014). Land use change from C3 grassland to C4 Miscanthus: 
Effects  on  soil  carbon  content  and  estimated  mitigation  ben-
efit  after  six  years.  GCB Bioenergy,  6(4),  360– 370.  https://doi.
org/10.1111/gcbb.12054

 17571707, 2023, 7, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/gcbb.13056 by R

eadcube (L
abtiva Inc.), W

iley O
nline L

ibrary on [13/06/2023]. 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/ncomms3580
https://doi.org/10.1038/ncomms3580
https://doi.org/10.1016/S0038-0717(99)00111-X
https://doi.org/10.1016/S0038-0717(99)00111-X
https://doi.org/10.1016/j.soilbio.2020.107792
https://doi.org/10.1111/gcbb.12744
https://doi.org/10.1111/gcbb.12488
https://doi.org/10.1006/mben.2001.0187
https://doi.org/10.1006/mben.2001.0187
https://doi.org/10.1016/0038-0717(83)90026-3
https://doi.org/10.1016/0038-0717(83)90026-3
https://doi.org/10.1016/j.jclepro.2022.131891
https://doi.org/10.1016/j.jclepro.2022.131891
https://doi.org/10.1016/j.agrformet.2018.09.005
https://doi.org/10.1016/j.agrformet.2018.09.005
https://doi.org/10.1038/nplants.2015.187
https://doi.org/10.1038/nplants.2015.187
https://doi.org/10.1146/annurev-arplant-043015-111641
https://doi.org/10.1146/annurev-arplant-043015-111641
https://doi.org/10.1093/plphys/kiab076
https://doi.org/10.1093/plphys/kiab076
https://doi.org/10.1111/gcbb.12990
https://doi.org/10.1111/gcbb.12990
https://doi.org/10.1016/j.soilbio.2013.11.009
https://doi.org/10.5194/bg-13-1705-2016
https://doi.org/10.1111/j.1365-2486.2011.02481.x
https://doi.org/10.1111/gcbb.12657
https://doi.org/10.1021/acs.est.9b00812
https://doi.org/10.1021/acssynbio.7b00086
https://doi.org/10.1002/ppj2.20028
https://doi.org/10.1002/ppj2.20028
https://doi.org/10.1093/bioinformatics/btu015
https://doi.org/10.1093/bioinformatics/btu015
https://doi.org/10.1016/j.ymben.2011.08.002
https://doi.org/10.1002/rcm.8858
https://doi.org/10.1038/nprot.2008.131
https://doi.org/10.1038/nprot.2008.131
https://doi.org/10.1111/gcbb.12054
https://doi.org/10.1111/gcbb.12054


866 |   BLANC-BETESetal.

Zegada- Lizarazu, W., Zanetti, F., Di Virgilio, N., & Monti, A. (2022). 
Is  switchgrass  good  for  carbon  savings?  Long- term  results  in 
marginal  land.  GCB Bioenergy,  14(7),  814– 823.  https://doi.
org/10.1111/gcbb.12944

Zhang,  H.,  Tuittila,  E.- S.,  Korrensalo,  A.,  Laine,  A.  M.,  Uljas,  S., 
Welti,  N.,  Kerttula,  J.,  Maljanen,  M.,  Elliott,  D.,  Vesala,  T.,  & 
Lohila, A. (2021). Methane production and oxidation potentials 
along a fen- bog gradient from southern boreal to subarctic peat-
lands  in  Finland.  Global Change Biology,  27(18),  4449– 4464. 
https://doi.org/10.1111/gcb.15740

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- 
04280 9- 112206

Zhu- Barker,  X.,  Cavazos,  A.  R.,  Ostrom,  N.  E.,  Horwath, W.  R.,  & 
Glass,  J.  B.  (2015).  The  importance  of  abiotic  reactions  for 
nitrous  oxide  production.  Biogeochemistry,  126(3),  251– 267. 
https://doi.org/10.1007/s1053 3- 015- 0166- 4

SUPPORTING INFORMATION
Additional supporting information can be found online in 
the Supporting Information section at the end of this article.

How to cite this article: Blanc- Betes, E., Gomez- 
Casanovas, N., Yang, W. H., Chandrasoma, J., Clark, 
T. J., De Lucia, E. H., Hyde, C. A., Kent, A. D., 
Pett- Ridge, J., Rabinowitz, J., Raglin, S. S., 
Schwender, J., Shen, Y., Van Allen, R., & von Haden, 
A. C. (2023). Accelerating the development of a 
sustainable bioenergy portfolio through stable 
isotopes. GCB Bioenergy, 15, 840–866. https://doi.
org/10.1111/gcbb.13056

 17571707, 2023, 7, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/gcbb.13056 by R

eadcube (L
abtiva Inc.), W

iley O
nline L

ibrary on [13/06/2023]. 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/10.1111/gcbb.12944
https://doi.org/10.1111/gcbb.12944
https://doi.org/10.1111/gcb.15740
https://doi.org/10.1146/annurev-arplant-042809-112206
https://doi.org/10.1146/annurev-arplant-042809-112206
https://doi.org/10.1007/s10533-015-0166-4
https://doi.org/10.1111/gcbb.13056
https://doi.org/10.1111/gcbb.13056

	Accelerating the development of a sustainable bioenergy portfolio through stable isotopes
	Abstract
	1|INTRODUCTION
	2|ENVIRONMENTAL SUSTAINABILITY
	2.1|Use of isotopes to investigate C capture, stabilization, and persistence processes
	2.2|Use of isotopes to explore the regulation of non-CO2 GHG (i.e. CH4 and N2O) emissions
	2.3|Use of isotopes to examine the use of water and nutrient resources at the ecosystem scale
	2.3.1|Use of isotopes to investigate the use of water resources
	2.3.2|Use of isotopes to investigate the use of nutrient resources


	3|FEEDSTOCK DEVELOPMENT
	3.1|Use of isotopes to explore plant primary metabolism
	3.2|Use of stable isotopes to assess the production of high-value biofuel products
	3.3|Use of stable isotopes to investigate water and nutrient use efficiency at the plant level

	4|BIOLOGICAL CONVERSION
	4.1|Use of stable isotopes to infer metabolic microbial flux
	4.2|Use of stable isotopes to enable the utilization of alternative C sources
	4.3|Use of stable isotopes to overcome metabolic bottlenecks
	4.3.1|Use of C stable isotopes to overcome metabolic bottlenecks
	4.3.2|Use of non-C stable isotopes to overcome metabolic bottlenecks


	5|CROSS-DISCIPLINARY RESEARCH ACROSS ENVIRONMENTAL SUSTAINABILITY, FEEDSTOCK DEVELOPMENT, AND BIOLOGICAL CONVERSION
	6|OUTLOOK AND FUTURE DIRECTIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	REFERENCES


