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In  1928,  Mason  and  Maskell  first  introduced  the  "source-sink  theory",  a
foundational  concept  aimed  to  elucidate  the  production  and  allocation  of
photosynthetic  products  throughout  plant  growth  and  development.  In  this
framework,  the  source  primarily  refers  to  organs  like  mature  leaves  that
capture  CO2 through photosynthesis,  producing carbon assimilates  such as
sucrose  (Figure  1).  Conversely,  the  sink  refers  to  organs  that  consume  or
store photoassimilates, such as young leaves, roots, flowers, fruits, and seeds
(Figure 1). The allocation of carbon assimilates from sources to sinks is facil-
itated  by  the  interconnected  structures  and  vascular  tissues  (Figure  1).  The
dynamic  balance  between  source  and  sink  directly  influences  both  plant
growth  and  development,  as  well  as  their  responses  to  various  abiotic  and
biotic  stresses,  ultimately  determining crop yield  and quality.  Optimizing the
source-sink relationships in crops could unleash 43-62% of the yield poten-
tial,1 providing  a  promising  solution  to  tackle  the  global  challenges  of  food
security  and  climate  change.  Most  approaches  primarily  depend  on  time-
consuming  screening  of  natural  variations  or  labor-intensive  cultivation

management  practices,  yielding  limited  success.  The  rational  design  of
source-sink relationships to endow plants with the capacity to automatically,
precisely, and timely self-optimize carbon partitioning in response to environ-
mental  changes  has  long  been  the  dream  of  breeders.  However,  achieving
this  aim  has  consistently  been  fraught  with  challenges  due  to  the  inherent
complexity of source-sink relationships.

In natural  ecosystems,  plants rewire carbon partitioning through multilay-
ered regulatory mechanisms to cope with various abiotic and biotic stresses,
such as drought, salinity, extreme temperatures, and pathogen invasion. The
stress-responsive reallocation of carbon assimilates often leads to the selec-
tive abortion of ovaries or grains.2 Unfortunately, this natural adaptive mecha-
nism has persisted during crop domestication. However, many overly sensi-
tive  adaptive  responses  that  are  vital  in  natural  ecosystems  are  not  always
necessary  in  agricultural  ecosystems,  where  human  interventions  can  be
swiftly implemented in farming practices. Particularly, overly sensitive adjust-
ments in source-sink relationships can lead to reproductive failure,  resulting

in  significant  crop  yield  losses  and  reduced
quality.

With the global population explosion and the
intensification  of  climate  change,  there  is  an
urgent  need  to  develop  climate-smart  crops
with  high  yields  under  favorable  conditions
and  stable  yields  under  adverse  conditions.
Optimizing  the  source-sink  relationship  offers
great  potential  for  improving  crop  yield  and
quality. However,  throughout  the  entire  lifecy-
cle  of  crops,  the  source-sink  relationships
serve  as  a  central  hub  for  balancing  growth
and  stress  resistance.  Any  alterations  in  the
source-sink  relationships  could  impact  all
aspects  of  the  plant.3 This  is  why  the  ectopic
expression  of  genes  related  to  source-sink
relations often fails to improve yields in many
crops.  Therefore,  fine-tuning carbon partition-
ing  is  key  to  solving  this  problem.  This  could
facilitate  the  development  of  climate-smart
crops,  which  is  a  pivotal  objective  for  future
precision crop breeding and food security.

Recent research published in Cell by Lou et
al.  reported  a  novel  and  effective  strategy
termed  climate-responsive  optimization  of
carbon  partitioning  to  sinks  (CROCS)  for
breeding climate-smart  crops (Figure  1).4 The
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Figure 1.  Schematic  diagram  of  CROCS  strategy
for  climate-smart  crops Global  climate change has
led  to  frequent  occurrences  of  extreme  weather
events  such  as  heat  waves,  resulting  in  great  yield
loss  and  posing  a  significant  threat  to  global  food
security.  Targeted  insertion  of  heat  shock  element
(HSE) in the promoters of cell-wall invertase (CWIN)
genes  through  prime  editing  presents  a  promising
strategy  to  engineer  source-sink  relationships.  This
approach  holds  significant  potential  for  developing
climate-smart crops.
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researchers  demonstrated  that  heat  stress-induced  yield  losses  and  poor
quality  in tomato are mainly caused by the disruptions in cell-wall  invertase
(CWIN)-mediated  carbon partitioning.  CWINs are  cytoplasmic  enzymes that
convert  sucrose  into  hexose,  including  glucose  and  fructose.2 Accordingly,
the  expression  of LIN5,  a  gene  encoding  CWIN  in  tomato,  was  significantly
downregulated under  heat  stress.  The stunted growth and low yield  pheno-
types of CR-lin5 mutant indicated that the loss or downregulation of LIN5 is a
major  reason  for  the  heat  stress-induced  repression  of  carbon  partitioning
and  subsequent  yield  loss  in  tomato.  Notably,  the 14C  pulse-chase  labeling
assay  illustrated  that  the  ectopic  overexpression  of LIN5 also  disrupts  the
balance of  carbon  partitioning,  resulting  in  yield  loss  in  tomato.  These  find-
ings suggest that fine-tuning CWINs is crucial for optimizing carbon assimi-
lates allocation.

Next, to uncouple the heat-induced repression of LIN5, researchers estab-
lished  the  method  for  screening  plant-derived  heat  shock  element  (HSE,
ATTCTAGAAT) cis-elements  and  selecting  appropriate  targeting  sites  in  the
chromatin  for  knock-in.  They  then  used  transient  dual-luciferase  reporter
assays  in  tobacco  leaves  to  quickly  test  whether  the  chimerism of  a  10-bp
HSE can indeed confer  a  heat-responsive upregulation capacity  to  the LIN5
promoter.  To  efficiently  and  precisely  knock  in  the  HSE  element  into  the
desired site  in  the promoter  of LIN5 in  the tomato genome,  the researchers
developed  a  high-efficiency  prime  editing  (PE)  system  named  Cys4-PE  by
optimizing  codons  and  incorporating  efficient  functional  elements.  The
precise insertion of HSE in different tomato varieties not only increased fruit
yield by 14-47% under normal conditions, but also reduced heat-induced yield
losses by  56-100%,  signifying the  successful  implementation of  the  CROCS
strategy.

Research  on  tomatoes  has  established  advanced  breeding  technologies
for climate-smart crop, including the design of specific cis-element, targeted
insertion  site,  transient  confirmation  system,  modification  of  prime  editors
and evaluation of agronomic traits. Considering that source-sink relationship
is  a  fundamental  physiology  concept  and  regulatory  mechanism  is  highly
conserved in different plant species, the authors applied the CROCS strategy
in  monocotyledons.  Using  the  pCAM-PE  system,  the  authors  successfully
inserted the HSE element into the promoter of the rice CWIN gene GIF1. The
precision insertion of HSE in various rice varieties can increase grain size and
number,  thus  enhancing  grain  yield  by  7-13%  under  normal  conditions  and
salvaging approximately 40% of heat-induced yield losses.

Lou et al’s study represents a breakthrough in crop design and molecular
breeding, exemplifying an innovative combination of revisiting classical theo-
ries, utilizing modern biotechnology, and tweaking complex agronomic traits.
By  knocking  in  a  temperature  responsive cis-element  in  the  source-sink
related  central-hub  genes,  crops  can  automatically  adjust  their  carbon
assimilates distribution in response to elevated environmental temperatures.
This approach holds immense potential for addressing the challenges posed
by  heat  stress  response  on  crop  yield,  paving  the  way  for  rapidly  breeding
climate-smart crops for sustainable and resilient food production.

Given  that  CWINs  are  enzymes,  enhancing  their  endogenous  activity  of
CWINs by artificial intelligence (AI)-based direct evolution could be integrated
into CROCS strategy to further enhance the effectiveness of carbon partition-
ing.  In  addition  to  CWINs,  the  sugar  transporters,  such as  SWEETs (SUGAR
WILL  EVENTUALLY  BE  EXPORTED  TRANSPORTERS),  SUGCAR1  (Sucrose
and  Glucose  Carrier  1),  SUT  and  MST/STP,  are  also  central-hub  genes  in
source-sink relations associated with the yield of various crops.2 By precisely
inserting  specific cis-elements  into  the  promoters  of  these  genes,  it  is  also

feasible to optimize the source-sink relations, providing more possibilities for
the breeding of climate-smart crops.

In  plants,  numerous cis-elements  responsive  to  different  environmental
signals,  including drought,  low temperatures, salinity,  hypoxia,  light,  nutrition,
wounding and disease, have been identified. The CROCS strategy opens the
door  to  using these plant-derived cis-elements to  revisit  other  classic  theo-
ries  that  play  crucial  roles in  the regulation of  key agronomic traits  in  crops
and  stress  tolerance.  To  cope  with  complex  climate  changes,  future  efforts
should  prioritize  the  discovery  of cis-elements with  multifaceted  environ-
mental  responsiveness.  In  recent  years,  extensive  datasets  including
genomic,  transcriptomic,  chromatin  immunoprecipitation  sequencing  (ChIP-
seq)  and  DNA  affinity  purification  sequencing  (DAP-seq) have  been  gener-
ated across various species. The advent of artificial intelligence (AI), particu-
larly  deep-learning algorithms,  has made it  possible  to  integrate  and exploit
these  datasets.  This  integration  allows  the  systemic  screening  of  effective
plant derived cis-elements and the training of models for the de novo design
of cis-elements.  AI-driven cis-element  identification  and de  novo design
enable  researchers  not  only  to  optimize  gene  functions  in  sink  organs  but
also to enhance the responsiveness of stress-related genes in source organs,
such  as  leaves  and  roots,  which  are  the  primary  stress-sensing  organs  in
plants. With the growing integration of AI in life sciences and the comprehen-
sive elucidation of crop developmental mechanisms,5 ideal central-hub genes
capable of coordinating the yield-stress resistance trade-off are expected to
be designed. These “ideal genes” hold the potential to overcome bottlenecks
in crop yield improvement and mitigate yield losses caused by global climate
change.
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