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Abstract
Although molecular biology and artificial intelligence are currently prominent research directions in rice (Oryza sativa) breeding, the traditional breeding

knowledge  developed  through  decades  of  field  practice  remains  underutilized  and  infrequently  documented.  We  conducted  extensive  long-term  field

investigations  in  collaboration  with  experienced  breeders  in  southern  China,  systematically  recording  and  synthesizing  their  selection  criteria  and  trait

prioritizations to select high-yield and high-quality rice varieties. Agronomic traits that have remained insufficiently characterized in molecular studies were

identified, and the strategies breeders apply to integrate these traits to define ideotypes were evaluated. In addition, we assessed the capability of large

language models (LLMs) to address breeding inquiries based on practical experience and tested their suitability for applications in the field. Our findings

indicated that the current LLMs tend to focus on breeding workflows but do not adequately represent the "art of breeding", including the intuitive inference

and  prior  knowledge  that  are  essential  for  optimal  performance  under  field  conditions.  By  integrating  traditional  breeding  knowledge  with  emerging

foundation  models,  this  study  provides  rare  documentation  of  the  practices  and  priorities  of  traditional  breeders,  providing  new  directions  for  both

foundational research and applied breeding, while elucidating how LLMs may be further developed to effectively support agricultural innovation.
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 Introduction
Rice  (Oryza  sativa)  is  a  major  staple  crop  worldwide  and  is  an

important  model  plant[1].  Breeding  high-yielding  and  high-quality
rice  varieties  remains  the  primary  objective  of  crop  improvement
programs,  and  elucidating  the  molecular  mechanisms  underlying
key  agronomic  traits  provides  a  critical  foundation  for  advancing
rice breeding strategies[2−6]. Over the past 20 years, numerous studies
have  reported  that  modifying  one  or  a  few  genes  can  notably
increase  crop  yields,  with  increases  ranging  from  10%  to  68%  in
crops such as rice and maize (Zea mays)[7−10]. Although these findings
have  provided  valuable  insights  into  molecular  biology  and  gene
discovery, most have been evaluated in greenhouse experiments or
small-scale  field  trials,  with  limited  validation  in  real-world  agricul-
tural  environments[11].  For  instance,  studies  have  evaluated  the
effects of 1,671 genes from 47 species on the yield, nitrogen utiliza-
tion, water efficiency, and other traits of maize.  However,  following
numerous rounds of field trials, only a single gene increased yield by
approximately 2%[11,12].  Major rice research countries such as China
and  Japan  have  invested  considerable  research  funds  into  the
exploration  and  identification  of  high-yield  gene  resources[13−16].
However, despite extensive efforts over the past 20 years, rice yields
in these countries have remained stagnant[17]. These results highlight
the  considerable  disconnect  between  basic  research  and  practical
rice breeding applications.

Although rice has been cultivated for approximately 10 millennia,
systematic  breeding  efforts  did  not  commence  until  the  1920s.
Almost  all  rice  varieties  currently  cultivated  on  >  666,700  ha  in
China  were  developed  using  conventional  experience-based
breeding[18,19]. Traditional breeders are often overlooked field practi-
tioners,  with  few  records  of  their  practices  being  preserved.  Even
without detailed molecular knowledge, they succeeded in breeding
breakthrough varieties. A notable example is the semidwarf varieties
of  the  1960s,  which triggered the Green Revolution before  the key
role  of  SD1  was  identified  in  2002[20,21].  Therefore,  a  systematic
record of traditional breeding practices and agronomic traits,  espe-
cially those that have received little attention at the molecular level,
can  provide  valuable  input  for  basic  research  and  support  the
assessment of candidate traits and genes for breeding application.

Attaining  expertise  as  a  traditional  breeder  requires  comprehen-
sive  agronomic  knowledge  coupled  with  substantial  field  experi-
ence, making it challenging for researchers aiming to rapidly transi-
tion  into  applied  breeding[22].  Thus,  the  efficient  integration  and
extraction  of  relevant  information  from  extensive  datasets  are
urgently  needed.  Recent  advances in  artificial  intelligence (AI),  par-
ticularly  large  language  models  (LLMs),  present  potential  tools  for
aggregating  agricultural  knowledge  and  providing  comprehensive
solutions[23−26].  Through  prompt-based  queries,  researchers  can
rapidly  acquire  specialized  knowledge[27].  However,  most  of  the
knowledge  accumulated  by  traditional  breeders  is  transmitted
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orally,  with limited written documentation, introducing uncertainty
regarding  the  ability  of  LLMs  to  accurately  capture  and  reproduce
this experiential expertise.

In this study, we systematically compiled and analyzed the selec-
tion criteria and ideotypes that traditional rice breeders in southern
China  have  accumulated  through  decades  of  experience,  many  of
which have rarely been formally recorded. Subsequently,  we evalu-
ated  the  representation  of  these  same  concepts  by  prompt-based
foundation  models.  By  combining  breeders'  empirically  derived
heuristics  with  the  models'  outputs,  we  aimed  to  (1)  identify  agro-
nomic traits and breeder practices that require further molecular or
phenomic investigation, and (2) evaluate the current limitations and
potential utility of LLMs for organizing knowledge related to breeding
and supporting breeding decisions.

 Materials and methods

 Field investigations and breeder tracking
We  conducted  longitudinal  field  investigations  with  nine  experi-

enced  rice  breeders  at  the  Rice  Research  Institute  of  Guangdong
Academy  of  Agricultural  Sciences.  The  participating  breeders  were
38–64 years old, all  had long-term experience (10 years or more) in
field selection of rice, and all worked within southern China's indica
rice breeding system. In addition, the author visited regions such as
Hunan, Hubei, Jiangxi, Guangxi, and Anhui to investigate and collect
insights from local markets, farmers, and enterprises. To summarize
breeders'  knowledge,  we  focused  on  traits  and  decision  rules  that
were  repeatedly  observed  in  the  field,  confirmed  by  breeders,  and
supported  by  examples  from  local  varieties  or  breeding  materials.
Field  investigations  and  data  collection  were  conducted  over  six
consecutive growing seasons at  several  experimental  stations from
2022  to  2024,  and  the  observations  were  synchronized  with  key
crop growth stages. During routine selection activities, we accompa-
nied  the  breeders  in  the  field,  recorded  their  decision  processes  in
real  time,  and collected both qualitative descriptions and quantita-
tive  measurements  of  breeders'  assessments.  Field  notes  and
measurements captured the crop attributes highlighted by breeders
during  selection,  including  indicators  of  the  vegetative  and  repro-
ductive stage such as  leaf,  panicle,  and stem characteristics.  Where
possible, we supplemented the narrative records with photographs
to preserve the visual context for later analysis.

 Evaluation of prompt-based foundation models
To  assess  whether  contemporary  LLMs  can  represent  breeders'

knowledge, we evaluated three publicly available models: SeedLLM-
Rice[24],  DeepSeek  (V4  pro)[28],  and  ChatGPT  (GPT-5  Mini).  These
models  were selected to represent  two complementary  categories:
General LLMs that are widely used for scientific information retrieval
and  knowledge  querying,  including  DeepSeek  and  ChatGPT,  and
a  foundation  model  specific  to  rice,  SeedLLM-Rice,  which  has
been  developed  for  rice  research  and  breeding  applications.  We
constructed  a  small  benchmark  comprising  20  questions  related
to  breeding  experience  for  model  evaluation  (Supplementary
Tables  S1–S20).  These  questions  covered  five  task  categories:  (1)
Breeding workflow and scope,  (2)  field selection at  the organ level,
(3)  decision  tasks  involving  multiple  traits,  (4)  direct  questions  on
tacit  breeder  concepts,  and  (5)  a  practical  question  designed  to
compare how specialized prompts may improve the practical utility
of  foundation  models  in  breeding.  Model  testing  was  conducted
on  2  June  2026.  For  each  model  and  question,  we  used  the  same

prompt template:  "You are  an experienced rice  breeder  working in
southern China indica rice breeding. Answer the following question
based  on  established  rice  breeding  knowledge  and  practical  field-
selection  logic,  with  emphasis  on  practical  field  observation  and
selection decisions rather than textbook descriptions alone. If a con-
cept is uncertain, region-specific, or not well documented, explicitly
state  the uncertainty.  Avoid unsupported claims.  Provide a  concise
answer  within  300–500  words."  Other  generation  parameters  were
kept at the platform's default settings.  The models'  responses were
evaluated against breeder knowledge derived from the correspond-
ing  evidence  described  in  the  manuscript's  text.  The  evaluation
framework included six dimensions, each scored from 0 to 2:  Accu-
racy, regional specificity, tacit knowledge coverage, practicality, rele-
vance  to  field  selection  decisions,  and  clarity  (Supplementary
Table  S21).  Two  experienced  rice  breeders  jointly  evaluated  the
models'  responses  and  reached  a  consensus  on  the  scores.  The
scores  were  used  for  a  structured  qualitative  comparison  of  the
models'  performance.  Accuracy  evaluated  whether  the  response
was  consistent  with  the  breeder  knowledge  supported  by  the
manuscript.  Specificity  assessed  whether  the  response  reflected
the  ecological  and  production  context  of  southern  China's indica
rice  breeding.  Coverage  evaluated  whether  the  response  captured
experience-based traits.  Practicality  assessed whether  the response
could guide actual  field observations or breeders'  decision-making.
Relevance  assessed  whether  the  response  remained  focused  on
field selection rather than shifting to unrelated molecular or statistical
descriptions.  Clarity  assessed  whether  the  answer  was  sufficiently
structured and interpretable for comparison.

 Results
Traditional  breeders  focus  on  the  natural  laws  of  growth  and

development of  rice  from sowing to harvest,  and they analyze and
utilize  various  traits.  For  example,  early  assessment  of  plant  height
and  leaf  and  tiller  numbers  provides  a  basis  for  preliminary  yield
estimation,  supporting  efforts  to  enhance  grain  yield.  The  interval
from booting to maturity is the decisive period for yield and quality
formation.  This  period  is  characterized  by  the  greatest  differences
among breeding materials and represents a critical period whereby
breeders  should  focus  their  efforts  on  screening.  During  the  rice
ripening  period,  breeders  typically  perform  high-throughput,  time-
constrained screening,  for  example,  from about 70,000 plants,  only
approximately  400  of  the  best  strains  are  selected  within  3–7  d,
meaning that  merely  0.57% of  the breeding materials  are retained.
This  process  requires  the  rapid  screening  of  key  agronomic  traits
within  a  short  time.  Breeders  initially  observe  traits  such  as  tiller
number, ripe leaf color, and panicle curvature and length in the plot
population  to  evaluate  the  plots  with  better  yield  and  quality
according  to  their  experience.  Subsequently,  within  these  selected
plots,  the  yield  of  a  single  plant  is  assessed  by  hand  while  shaking
the  panicles  (Supplementary  Fig.  S1).  Traits  such  as  tiller  number,
stem  toughness  and  thickness,  panicle  length,  grain  density,  grain
length  and  width,  and  the  seed-setting  rate  of  a  single  plant  were
carefully  observed  and  selected.  These  combined  observations
established  a  practical  guideline  that  experienced  breeders  could
use to make fast, simple, and reliable decisions.

 Breeders' perspectives on leaf traits
As the primary organs for photosynthesis, the leaves are central to

determining rice yield and grain quality. Breeders in southern China
share a broad consensus on key leaf  traits,  including length,  width,
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number,  angle,  and  growth  dynamics.  Early  in  development,  suffi-
cient leaf production is required for the accumulation of photosyn-
thetic  products.  However,  excessive  numbers  or  overly  large  areas
of  leaves  during  the  later  reproductive  stage  reduce  the  canopy's
permeability  and  increase  susceptibility  to  diseases.  According  to
breeders' experience, an increased number of leaves does not inher-
ently result in higher yields. At maturity, maintaining only 3–4 func-
tional leaves is considered optimal,  as the other leaves, after aging,
can redistribute nutrients to the grains,  ensuring their  full  develop-
ment (Fig. 1a). Breeders describe this plant type as "clean" (Fig. 1b).

Among the last three or four leaves,  "ripe color" has long been a
defining  criterion  for  high-quality  rice  in  southern  China.  Breeders
select  leaves  that  age  slowly,  remain  physiologically  active,  and
exhibit a slight golden-yellow hue rather than drying up (Fig. 1c, d).
Since  the  1970s,  this  phenotype  has  been  an  important  standard
used  by  breeders  to  screen  and  evaluate  breeding  materials  and
may  involve  complex  biological  processes  such  as  senescence,
photosynthesis,  and  nitrogen  metabolism.  We  observed  that  this
trait  reduced  the  protein  content  of  the  grains,  thereby  improving
the eating quality of rice. For instance, 'Meixiangzhan2' has been the
most  widely  promoted  variety  in  Guangdong,  China,  for  the  past
9  years.  In  1994,  breeders  used  'Lemont'  as  parents  to  generate
>  20  hybrid  combinations.  Its  outstanding  ripe  color  has  attracted
the  interest  of  breeders,  who  have  also  determined  that  its  taste
quality is excellent. Additionally, certain breeders speculate that the
ripe color delays the senescence of leaves, thereby increasing yield.
Therefore, ripe color is regarded as a dual indicator of yield potential
and grain quality.  Notably,  although leaf chlorophyll  content corre-
lates positively with photosynthetic efficiency, which increases pro-
duction,  some breeders  have  observed that  excessively  dark  green
leaves  frequently  exhibit  poor  ripe  color,  which  requires  further
scientific investigation.

In  addition,  breeders  have  reached  several  consensus  points
regarding  leaf  traits.  (1)  Leaf  angle  is  of  practical  importance[29].
During  early  growth,  breeders  place  minimum  focus  on  the  angle
(Fig. 1e). However, after the booting stage, a reduced flag leaf angle
is  preferred  to  minimize  canopy  shading  and  maximize  photosyn-
thetic  efficiency  (Fig.  1f).  (2)  Leaf  length  and  width  segregate  sub-
stantially. In certain lines, leaves exceeding 1 m in length have been
observed (Supplementary Fig. S2). Excessive leaf length is avoided in
the  humid  and  typhoon-prone  environments  in  southern  China,
where long leaves are prone to breakage and bacterial blight. (3) A
moderate inward or  outward rolling of  the leaf  is  considered to be
beneficial, as it can increase structural rigidity (Fig. 1g). (4) Although
thicker  leaves  theoretically  enhance  photosynthesis,  these  variants
are rare and not widely used in production. Together, these practical
criteria form a nuanced framework whereby breeders can assess leaf
morphology to balance yield and grain quality.

 Breeders' perspectives on panicle traits
Panicle  traits  are  the  primary  determinants  of  yield  and  grain

quality.  Breeders  typically  divide  rice  plants  into  two  types:  The
multi-panicle  type,  characterized  by  numerous  panicles,  shorter
panicles,  and  fewer  grains  per  panicle  in  individual  plants,  and  the
large-panicle type, characterized by fewer panicles, longer panicles,
and  more  grains  per  panicle  in  individual  plants,  each  carrying
distinct agronomic trade-offs (Fig. 2a). Breeders have observed that
the multi-panicle type fills grains rapidly and achieves a good seed-
setting rate,  making it  suitable across  diverse ecological  conditions
and  cultivation  systems.  Under  extreme  weather  conditions,  poor
soils,  biotic  stress,  and  low-input  management,  the  multi-panicle
type  confers  increased  yield  stability.  For  instance,  'HuaZhan'  is  an
important  milestone  rice  variety  in  China's  hybrid  rice  breeding
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Fig. 1  Perspectives of breeders on leaf traits. (a), (b) Representative "clean" plant type at the maturity stage, characterized by the retention of only three
to four functional leaves, shown in (a) a single plant and (b) in the field (clean plant type on the top). (c), (d) Desirable "ripe color" phenotype defined by
delayed  senescence  and  a  golden-yellow  hue,  highlighted  in  the  red  dotted  line  boxes  in  both  (c)  individual  leaves  and  (d)  field  views.  (e)  Leaf  angle
during early growth, showing the side (left) and top (right) views. (f)  Optimal flag leaf angle after booting, showing the side (left) and top (right) views.
(g) Slight outward leaf orientation.
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QingZhi 
(Green panicle branch)

QingZhi 
(Green panicle branch)Control Control

fe h

Large-panicle type Multi-panicle type
Example variety JingLiangYou8612 WuShanSiMiao

Panicle length (cm) 24.3–26.3 21.7–22.5
Effective panicles 
(×10⁴ per 667 m ²)

15.4–16.6 20.9–21.3

Grains per panicle 178.1–206.2 143.6–149.5
Note: Under ideal conditions (e.g., pot cultivation), the author 

observed that the multi-panicle type typically produces 11–22 effective 
panicles per plant, whereas the large-panicle type produces 6–13 

effective panicles per plant.

Fig. 2  Breeders' evaluation of panicle-related traits. (a) Illustrations of single plants of the large- and multi-panicle types. The table on the right presents
key  phenotypic  contrasts  between  representative  varieties  corresponding  to  each  ideotype,  including  panicle  length,  effective  panicle  number,  and
grains  per  panicle.  (b)  Selection  for  within-plant  uniformity,  choosing  plants  with  a  similar  height  and  panicle  size  across  tillers.  (c)  The  "big  and  small
panicle"  pattern,  in  which  the  main  tiller  carries  a  larger  panicle  while  the  subsequent  tillers  remain  smaller.  (d)  The  green  panicle  branch  (QingZhi)
phenotype, defined by the delayed senescence of panicle branches that remain green during the grain-filling stage. Representative field images of this
phenotype are shown on the right. (e), (f) Poor seed-set phenotypes: (e) Skipped seeds and (f) two-stage filling that trigger elimination by the breeders.
Skipped grains represent the sporadic failure of spikelets to set or fill grains despite normal anthesis. It is characterized by irregularly distributed unfilled
spikelets  across  the  panicle  (e,  red  arrows  indicate  skipped  grains).  Two-stage  grain  filling  refers  to  a  discontinuous  grain  development  pattern
characterized  by  two  temporally  distinct  stages:  The  upper  spikelets  have  fully  matured,  although  the  basal  spikelets  have  not  completed  grain-filling
(f,  red dashed lines).  (g) Illustration of poor basal seed set.  Red dashed outlines highlight the basal region of the panicle, showing relatively good basal
seed set on the left and notably reduced basal fertility on the right. (h) Examples of incomplete glume senescence observed at harvest. Red dashed boxes
indicate representative incomplete glumes.
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history.  As  a  restorer  line,  it  has  been  combined  with  other  lines
to  produce  numerous  hybrid  rice  varieties.  During  the  breeding
process  of  'HuaZhan',  breeders  identified  that  the  most  prominent
advantages  were  its  strong  tillering  ability  and  large  number  of
panicles. The same traits are also observed in 'WushanSimiao (534)',
which  serves  as  the  parental  line  for  the  hybrid  varieties
'JingLiangYou534'  and  'LongLiangYou534'.  These  two  hybrids
together account for a substantial share of the hybrid rice cultivation
area in China. Large-panicle varieties exhibit long panicles with high
grain numbers per spike, which are traits that contribute strongly to
yield and make these lines visually distinct and preferred by certain
regions  and  breeders.  These  varieties,  such  as  the  typical  variety
'JingLiangYou8612',  have  become  popular  in  middle  rice  regions
such as Anhui and Hunan in China; however, they require increased
soil fertility and more intensive management to realize their poten-
tial.  Both  multi-panicle  and  large-panicle  types  require  further
market scientific investigation to determine their actual contributions
to yield improvement.

A  large  diversity  of  panicle  phenotypes  appears  in  the  segregat-
ing progeny of  breeding materials.  Breeders predominantly rely on
visual observation and tactile evaluation to discern subtle variations
in panicle length, 1,000-grain weight, grain density, panicle number,
length-to-width ratio, and branch number. Even in bulk populations,
experienced breeders can rapidly identify and select the single best
plant, whereas lay observers typically perceive no differences. There-
fore,  key  genes  or  molecular  markers  are  rarely  used  to  screen  for
panicle traits.

A single plant normally produces multiple tillers, and panicle size
typically  varies  substantially  among  them.  The  main  tiller  has  the
largest  panicle  but  subsequent  tillers  show  differing  panicle  sizes,
a  phenomenon that  breeders  commonly term "big and small  pani-
cles."  Using  simple  assessments  holding  the  rice  in  their  hand,
breeders  commonly  select  individual  plants  wherein  panicle  sizes
across  tillers  are  as  similar  as  possible  because  this  uniformity  is
believed to support yield stability or even increased yield (Fig. 2b, c,
and Supplementary Fig. S1). This trait is strongly influenced by both
genetics and environment, and studies on the molecular mechanisms
underlying  this  phenomenon  are  limited.  Breeders  believe  that
when a plant lacks "big and small panicles," the nutritional allocation
of the entire plant is balanced, and all the spikes are well developed,
which increases yield and quality.

The  panicle  branch  is  an  important  indicator  of  individual  plant
yield, frequently evaluated by breeders and basic researchers accord-
ing  to  the  number  of  primary  and  secondary  branches.  Breeders
have  summarized  a  trait  known  as  the  "QingZhi"  (green  panicle
branch)  phenotype,  which  refers  to  branches  that  exhibit  delayed
senescence  and  remain  green  during  the  late  grain-filling  stage
(Fig. 2d). Initially reported in 1987, breeders consider this trait to be
highly desirable. This trait facilitates the "flow" of nutrients through
the branches and stems toward the terminal transport node, ensuring
a consistent and robust supply to the grains. This process promotes
the  development  of  grains,  particularly  weak  grains,  and  improves
the processing quality of slender grains[30]. Additionally, this may be
beneficial  for  the  breeding  of  large-panicle  rice,  as  its  grain-filling
time  is  long,  and  weak  grains  are  prone  to  poor  development.
"QingZhi" has been promoted as a key feature of conventional and
hybrid rice varieties in southern China; however, further investigation
is needed to clarify the molecular regulatory mechanisms involved.

The  panicle  seed-setting  rate  is  an  important  selection  criterion
for  breeders.  Plants  with  "two-stage  grain  filling,"  "skipped  grains,"
or poor basal seed set are eliminated regardless of their other traits
(Fig.  2e–g),  since  seed-setting  defects,  whether  environmental  or

genetic,  are  considered  by  breeders  to  be  especially  difficult  to
correct.  Moreover,  the  growing  frequency  of  high-temperature
events,  notably  in  Hunan,  Hubei,  and  Hefei,  has  increasingly
impaired seed-setting in rice, making this a key breeding target.

Glumes,  which  protect  the  floral  organs,  supply  nutrients  to  the
seeds,  and  determine  grain  size,  have  also  drawn  breeders'  atten-
tion.  Although  most  glumes  have  typically  senesced  by  the  time
breeding materials are selected, certain glumes remain incompletely
dried  at  harvest,  a  trait  that  breeders  regard  as  desirable  (Fig.  2h).
Certain breeders have hypothesized that glume thickness influences
heat  tolerance.  Although  an  increasing  number  of  studies  have
investigated the development and photosynthetic activity of glumes,
the effects of glume traits on yield, grain quality, and stress resistance
require further scientific investigation.

In addition, breeders have pointed out novel directions for improv-
ing  rice  quality.  (1)  Chalkiness,  an  appearance  quality,  has  been
greatly  reduced  since  the  21st century.  However,  recent  frequent
high  temperatures  have  induced  chalkiness,  severely  affecting  rice
prices.  Its  frequent  occurrence  in indica–japonica hybrid  offspring
shows  that  chalkiness  remains  a  major  breeding  obstacle.  (2)  The
grain  length-to-width  ratio  is  an  easily  measurable  external  quality
trait  that  breeders  can  readily  distinguish.  Notably,  this  ratio  has
shown  an  increasing  trend  in  southern  China,  with  many  newly
approved  premium  varieties  currently  exceeding  4.0  and  several
reaching ≥ 4.5. This trend has even influenced japonica rice varieties
in  Northeast  China;  however,  the  increasing  length-to-width  ratio
may compromise processing quality and even hinder yield improve-
ment.  (3)  Regarding  eating  quality,  most  high-quality  rice  varieties
in southern China currently have a medium amylose content. How-
ever, eating quality varies significantly among these varieties. Some
breeders suggest that modestly reducing the grain protein content
while  preserving  varietal  aroma  could  be  an  effective  strategy  for
further improvement.

 Breeders' perspectives on stem-related traits
The  rice  stem  supports  the  plant's  architecture  and  mediates

nutrient  transport,  making  it  essential  for  an  ideal  plant  type  and
a  key  determinant  of  yield  potential.  Breeders  have  consistently
focused  on  lodging  resistance,  as  lodging  remains  a  major  con-
straint to high and stable yields.  In 1959, the Guangdong Academy
of  Agricultural  Sciences  initiated  rice  dwarfing  programs.  Yaoxiang
Huang  developed  'GuangChangAi',  China's  first  dwarf,  high-yield,
and  lodging-resistant indica variety,  7  years  earlier  than  'IR8'  from
the International Rice Research Institute, marking a global milestone
in  rice  breeding.  Breeders  in  Guangdong  Province  typically  select
lines with thinner, more flexible stems and more tillers on the basis
of  tactile  assessment  by  hand,  as  these  traits  are  considered  to
provide  both  lodging  resistance  and  yield  stability.  For  instance,
during  the  final  selection  of  'HuangHuaZhan',  16  individual  plants
were chosen, and the selected line exhibited reduced plant height,
increased stem elasticity, and more tillers. Although provincial trials
showed  only  a  modest  yield  increase  (0.5%–3.7%),  this  variety  has
strong  lodging  resistance  and  adapts  well  to  diverse  cultivation
systems,  including direct-seeded rice,  ratoon rice,  and rice–crayfish
farming.  Owing  to  its  broad  adaptability  to  various  climates,  it  is
currently  the  most  widely  grown indica rice  variety  in  China.  We
also found that although some breeders favor thick stems for lodg-
ing  resistance,  thicker  stems  do  not  always  ensure  better  lodging.
Currently,  breeders  frequently  use indica–japonica hybridization
strategies to take advantage of the robust stems of japonica materi-
als, a trend that is increasingly evident.
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The stem is composed of multiple nodes and internodes. Breeders
focus  on  the  neck-spike  internode,  which  refers  to  the  topmost
internode on the stems of cereal crops. The length of the internode
between the ears is a lodging resistance factor considered by breed-
ers.  Breeders suggest that an increased internode length can result
in  easier  lodging  (Fig.  3a).  Conversely,  excessively  short  internodes
may cover the rice spike, subsequently affecting grain development
(Supplementary Fig. S3). Breeders also consider internodes in stems
as key factors in lodging resistance. When the uppermost nodes do
not  remain  enclosed  within  the  sheath,  they  may  provide  weaker
support to the panicle, resulting in poor lodging resistance (Fig. 3b).
A limited number of breeders also focus on the length of the basal
internodes  (Fig.  3c, Supplementary  Fig.  S4),  because  ground-level
lodging  presents  the  greatest  yield  threat  (Supplementary  Fig.  S5).
According to cultivation experts,  the first  and second internodes at
the base notably affect lodging resistance. The plant exhibits strong
lodging  resistance  when  the  basal  internodes  are  short  and  thick;

otherwise,  the  resistance  tends  to  be  weaker.  Cultivation  experts
frequently  manipulate  the  basal  internode  length  through  the
timing  of  fertilization.  Although  the  relative  contributions  of  the
uppermost  and  basal  internodes  to  lodging  resistance  require  fur-
ther  scientific  investigation,  many  breeders  highlight  basal  intern-
odes as key screening criteria for lodging resistance.

The spatial arrangement of stems among tillers is also an important
component of an ideal plant type. Breeders commonly prefer a rela-
tively dispersed arrangement of tiller stems, a feature typical of most
modern  rice  varieties  in  southern  China  (Fig.  3d)  for  the  following
reasons.  First,  increased  spacing  between  stems  improves  light
penetration and canopy aeration, enhances leaf photosynthesis, and
reduces the incidence of pests and diseases. Second, some breeders
believe  that  dispersed  stems  may  facilitate  the  dispersal  of  panicle
weight  and  increase  lodging  resistance  across  rice  populations
(Supplementary  Fig.  S6).  However,  these  require  further  scientific
investigation.

 

a

c d e

b

Fig. 3  Evaluation of stem traits by breeders. (a) Optimal (left) and excessively elongated (right) neck-spike internode. (b) Uppermost node enclosed by the
sheath (left, indicated by the red dashed line) and failure of the uppermost node to remain enclosed within the sheath (middle and right, red dashed line).
(c)  A  red  dashed  box  highlights  the  basal  internode  length.  (d)  Dispersed  stem  arrangement  among  tillers.  A  red  dashed  line  indicates  the  stem
orientation. (e) Comparison between typical stems (right) and "lagao" stems (left).
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In  addition,  a  "lagao"  stem  phenotype—observed  30–40  d  after
flowering and characterized by a waxy yellow color, sustained func-
tion, and retained elasticity—has been described by South Chinese
breeders  since  the  1970s  (Fig.  3e).  To  date,  breeders  still  consider
this to be a good trait;  however, its effects on rice yield and quality
require further scientific investigation.

Briefly, as rice yield reaches a bottleneck, lodging resistance is crit-
ical  for  yield  breakthroughs,  and  many  high-yield  materials  are
eliminated  during  breeding  because  of  weak  stems.  In  particular,
the  ongoing  shift  toward  mechanized,  simplified  (e.g.,  direct  seed-
ing),  large-scale,  and  diversified  cultivation  systems  has  increased
the requirements for lodging resistance in rice varieties.

 Balancing leaf, panicle, and stem traits
Breeders evaluate panicle,  leaf,  and stem characteristics together

rather  than  separately  to  optimize  both  yield  and  quality.  When
presented with a substantial number of breeding materials, breeders
initially rely on their experience to select populations (plots) exhibit-
ing  superior  yield  and  quality.  Subsequently,  individual  plants  are
selected through a careful evaluation of comprehensive plant traits,
particularly the panicles, leaves, and stems. This pragmatic approach
is consistent with Mason and Maskell's source–sink–flow concept, in
which the "source" represents photosynthetic organs such as leaves;
the  "sink"  represents  organs  of  consumption  or  storage,  such  as
panicles  and  grains;  and  "flow"  represents  the  vascular  pathways,
primarily  stems,  that connect the source and sink.  The coordinated
function  and  interactions  among  source,  sink,  and  flow  determine
final  crop  yield.  Similarly,  traditional  breeders  infer  superior  perfor-
mance  by  observing  multiple  organ  level  traits  and  their  interac-
tions,  and  subsequently  selecting  individual  plants  that  best  inte-
grate these dynamics.

Two  plant  types  commonly  encountered  during  selection  are
those  with  panicles  above  the  flag  leaf  ("YeShangHe")  and  those
with panicles under the flag leaf ("YeXiaHe"; Fig. 4a, b). Novice selec-
tors tend to favor the YeShangHe type, as their panicle number and
size  are  readily  visible.  Experienced  breeders,  however,  prefer  the
YeXiaHe  type  despite  the  panicles  being  partially  obscured  by  the
leaves,  which  makes  visual  assessment  more  difficult.  Field  experi-
ence indicates that the latter type more frequently results in higher
yield,  and this  morphology predominates among widely  promoted
varieties in southern China. Breeders suggest the following possible
reasons. First, at maturity, two or three leaves typically remain physi-
ologically  active.  If  the  panicle  functions  in  photosynthesis,  more

than  half  of  its  tissues  undergo  complete  senescence  20–30  d
after  flowering  (Supplementary  Fig.  S7).  Therefore,  panicle  photo-
synthesis makes a minor contribution, and its functional duration is
relatively  short.  Consequently,  breeders  retain  erect,  active  flag
leaves  at  the  highest  position  to  sustain  the  photosynthate  supply
to  the  grain,  thereby  improving  both  yield  and  quality.  Second,  at
equal  plant  heights,  the  YeXiaHe  type  exhibits  a  lower  center  of
gravity,  reducing  the  lodging  risk.  Third,  certain  breeders  suggest
that YeXiaHe has a superior ripe color, although this requires further
validation.

In  summary,  southern China's indica plant  types  cluster  into  two
categories:  Multi- and large-panicle  types.  Multi-panicle  types  have
many effective panicles per plant and smaller panicles per tiller and
benefit  from  stem  elasticity  and  high  tiller  numbers.  Large-panicle
types  have  fewer  tillers  but  larger  panicles  and  therefore  require
thick stems. For both ideotypes, breeders commonly selected erect
flag leaves,  good ripe color,  uniform panicle size across tillers,  high
seed-setting rates, and green panicle branches. Simultaneously, the
right types of panicles under the flag leaf are required. Breeders also
use stem internode traits to improve lodging resistance. In terms of
grain  quality,  breeders  prioritize  low  chalkiness,  high  transparency,
fragrance,  and  an  increased  length-to-width  ratio.  Collectively,
these  field-based  selection  criteria  not  only  define  the  plant  types
preferred  by  breeders  but  also  highlight  traits  that  require  further
investigation. This prioritization reflects breeders' repeated observa-
tions,  field  relevance,  existing  evidence,  and  remaining  research
gaps. Some trait  functions are supported by scientific evidence but
require  deeper  genetic  characterization  and  breeding  evaluation,
whereas  other  proposed  effects  remain  to  be  rigorously  validated
(Supplementary  Table  S22).  Together,  these criteria  guide breeders
in  balancing  the  yield  potential,  quality,  and  resistance  of  South
Chinese rice varieties.

 Performance evaluation of LLMs in breeding
experience

To evaluate  whether  foundation models  guided by  prompts  can
represent  breeding  experience  rather  than  merely  reproduce  text-
book-based breeding knowledge, we constructed a small benchmark
comprising  20  questions  (Fig.  5, Supplementary  Tables  S1–S20).
These  questions  were  designed  to  assess  whether  ChatGPT,
DeepSeek,  and SeedLLM-Rice could respond to breeding tasks  in  a
manner  consistent  with  the  field  practices  and  decision-making  of
experienced  breeders  in  southern  China.  The  models'  responses

 

a

YeShangHe
Panicle above flag leaf 

YeShangHe
Panicle above flag leaf 

YeXiaHe
Panicle under flag leaf 

YeXiaHe
Panicle under flag leaf 

b

Fig. 4  Summary of leaf, panicle, and stem traits. (a) Comparative plant architectures illustrating panicles positioned above the flag leaf (YeShangHe) and
below the flag leaf (YeXiaHe). (b) YeShangHe and YeXiaHe under field conditions.
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were evaluated using six assessment criteria to examine their align-
ment  with  the  breeder  knowledge  described  above.  DeepSeek
achieved  the  highest  score,  with  ChatGPT  showing  comparable
overall  performance  (Fig.  5a).  We  therefore  further  examined  the
content of the models'  responses to identify how the three models
differed in their representation of breeder knowledge. For questions
related  to  breeding  workflow  and  scope  (Supplementary  Tables
S1–S2),  all  three  models  were  able  to  describe  the  general  logic  of
conventional  pedigree breeding.  DeepSeek showed stronger align-
ment  with  the  practical  scale  of  breeding  operations,  although  it
also  introduced  several  unsupported  numerical  or  operational
details. ChatGPT provided a clear and generally relevant description
of  the  workflow,  but  its  response  remained  more  conceptual  than
fully applicable to field practice. SeedLLM-Rice described a structured
workflow but provided more limited coverage of tacit field traits.

The  contrast  between  a  broadly  framed  question  on  leaf  traits
and a direct question on ripe color further revealed the difficulty of
eliciting  tacit  breeder  knowledge.  Though  the  question  broadly
asked how experienced breeders evaluate leaf traits without explic-
itly  mentioning  ripe  color  (Fig.  5b, Supplementary  Table  S3),  none
of  the  three  models  fully  reproduced  the  central  role  of  ripe  color
as a tacit selection criterion in southern China's rice breeding. When
ripe  color  was  queried  directly  (Fig.  5b, Supplementary  Table  S12),
both  ChatGPT  and  DeepSeek  recognized  it  as  a  traditional  field
trait. However, their responses expanded the concept beyond func-
tional  leaves  to  include  the  overall  visual  appearance  of  panicles,
stems, or grains. SeedLLM-Rice showed the strongest misinterpreta-
tion,  mainly  explaining  ripe  color  as  panicle  or  grain  color.  These
results  suggest  that  broadly  framed  prompts  may  fail  to  elicit  tacit
breeder  knowledge,  whereas  direct  questioning  can  recover  only
part  of  this  knowledge.  Although  explicit  prompting  enabled  the
models  to  partially  recognize  the  concept,  their  understanding
remained inconsistent, often shifting toward overly general or literal
interpretations.

To further assess integrated breeding judgment, we used a rank-
ing  task  involving  multiple  traits,  which  provided  the  clearest
evidence  that  the  models  could  approximate  integrated  breeding
decisions  when  key  traits  and  defects  were  explicitly  specified
(Fig.  5c, Supplementary  Table  S8).  All  three  models  recognized  the
need  to  balance  yield  potential,  grain  quality,  lodging  resistance,
ripe color, and seed-setting, rather than ranking materials according
to  a  single  attractive  trait.  Their  responses  generally  reflected  the
practical  breeding  principle  that  major  defects  can  outweigh  indi-
vidual  advantages.  These  results  indicate  that  in  structured  tasks
with explicit trait conflicts, the models can approximate the reasoning
used  by  breeders  to  integrate  multiple  traits.  We  next  evaluated
whether  the  models  could  identify  negative  traits  that  would  lead
breeders to eliminate a line, rather than treating all traits as neutral
descriptors  (Supplementary  Table  S17).  ChatGPT  and  DeepSeek
both  aligned  closely  with  the  elimination  logic.  SeedLLM-Rice  also
recognized  these  traits  as  undesirable  but  introduced  gene- or
omics-related explanations that were not central to the logic of field
selection.  This  result  suggests  that  the  models  performed  better
when traits associated with negative selection were explicitly speci-
fied, whereas SeedLLM-Rice was more likely to shift toward molecular
explanations.

Finally,  to  illustrate  how  specialized  prompts  may  improve  the
practical utility of foundation models in breeding, we designed two
semantically related prompts on phenomic workflows for quantifying
ripe  color  (Supplementary  Table  S20).  Under  the  generic  prompt,
ChatGPT  and  DeepSeek  generated  broad  but  relatively  balanced
phenomics  workflows.  When  the  prompt  explicitly  defined  ripe
color in the context of southern China's rice breeding, ChatGPT and
DeepSeek generated more complete  workflows with  stronger  rele-
vance to field practice. Under the specialized prompt, SeedLLM-Rice
improved from a grain-focused answer generated under the generic
prompt to a more appropriate framework based on leaf senescence,
although  its  workflow  remained  simpler  and  less  detailed.  These

 

Broadly framed question on leaf traits

Multiple traits ranking task

Q3
How should experienced rice breeders in southern China
evaluate leaf traits when selecting high-yield and
high-quality indica rice lines from booting to maturity?

Q8

Line A: good ripe color, moderate panicle size, uniform panicles, elastic stem, low chalkiness, moderate yield
Line B: very large panicle, dark-green leaves at maturity, poor ripe color, weak stem, high lodging risk, good grain length
Line C: many effective panicles, good seed setting, moderate grain quality, strong tillering, average stem strength
Line D: excellent fragrance and low chalkiness, but skipped grains and poor basal seed set
Line E: erect flag leaf, thick stem, long panicle, but two-stage grain filling and high chalkiness under heat

ChatGPT

No mention of
ripe color

DeepSeek

No mention of
ripe color

SeedLLM-Rice

No mention of
ripe color

Direct question on ripe color

Q12
Explain the concept of “ripe color” in southern China rice breeding.
How is it observed in the field, why do breeders value it, and
what physiological or quality-related processes might it reflect?

ChatGPT

Ranked from highest to lowest breeding priority

DeepSeek SeedLLM-Rice

Leaves

Panicles

Stems

Grains

Partial recognition,
but overgeneralized

Leaves

Panicles

Stems

Grains

Partial recognition,
but overgeneralized

Panicles

Grains

Mainly literal
misinterpretation

ChatGPT: A > C > E > D > B

DeepSeek: C > A > E > D > B

SeedLLM-Rice: C > A > E > B > D

a b

c

Fig.  5  Comparative  scoring  and  representative  responses  of  LLMs  across  rice  breeding  questions.  (a)  Radar  plots  summarizing  the  performance  of
ChatGPT, DeepSeek, and SeedLLM-Rice across rice breeding questions. Each radar plot includes six scoring criteria, namely accuracy (Acc.),  clarity (Cla.),
relevance (Rel.),  practicality  (Pra.),  coverage (Cov.),  and specificity  (Spe.),  with scores  ranging from 0 to  2.  Questions were grouped into five  categories.
(b) Representative LLM responses to a broadly framed question and a direct question on tacit breeder knowledge. (c) Representative LLM responses to a
ranking task involving multiple traits.
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results  suggest  that  specialized  prompt  design  can  help  convert
tacit breeder knowledge into more implementable phenomic evalu-
ation workflows.

Overall,  ChatGPT tended to provide a clearer structure and more
organized decision logic, DeepSeek tended to provide more detailed
and  operationally  framed  responses,  and  SeedLLM-Rice  tended  to
generate  rice-relevant  responses,  but  these  were  more  strongly
focused  on  molecular  explanations.  Current  foundation  models,
guided by prompts, can help summarize general knowledge on rice
breeding  and  generate  preliminary  checklists  for  field  selection.
However, their outputs should be validated against breeder knowl-
edge  before  being  used  to  support  breeding  decisions.  Therefore,
these  models  may  be  useful  as  tools  for  organizing  knowledge,
but  they  do  not  yet  fully  capture  the  "art  of  breeding,"  particularly
the  tacit  field  judgments  used  by  experienced  rice  breeders  in
southern China.

 Discussion
Rice  is  a  globally  important  staple,  and  developing  high-yield,

high-quality  varieties  is  key  to  food  security.  Breeders  have  always
been  central  to  this  effort,  and  understanding  their  methods  sup-
ports the exploration of gene function, technology innovation, and
breeding efficiency gains. Although recent omics advances, including
genomics,  transcriptomics,  and  proteomics,  have  uncovered  many
genes related to agronomic traits, traditional breeders still hold clear
advantages in practical variety development[15,16].

First, with respect to agronomic traits, breeders emphasize multi-
ple  traits  across  the  entire  rice  growth  cycle,  especially  from  grain
filling to maturity, rather than focusing on individual traits or genes,
with the goal of improving yield and quality[5]. Achieving an optimal
trait  balance  is  a  primary  objective.  For  instance,  although  1,000-
grain panicle  materials  were developed in the 1960s,  they failed to
translate  into  significant  yield  gains  under  field  conditions.  More-
over,  they  often  make  extensive  use  of  favorable  agronomic  traits
even when the underlying genes and mechanisms remain unclear.

Second, rather than being grown in pots or greenhouses, breeding
materials  are  planted  under  high-density  field  conditions  with  a
narrow row spacing, thereby subjecting them to the full complexity
of natural environmental stresses. Breeders focus on the population
rather than on individual plants, as individual yield does not correlate
strongly with population yield. Additionally, they not only prioritize
yield and quality under a given condition but also emphasize stable
performance across a range of ecological environments. The timing
and  frequency  of  irrigation  and  fertilizer  application  are  strictly
aligned  with  actual  production  requirements.  The  materials  then
undergo  2–3  additional  years  of  multi-location  field  trials  across
14–20 ecological sites. Most approved cultivars show a yield increase
of  3%–5%,  with  only  a  few  reaching  as  high  as  10%.  Even  after
approval,  however,  only  a  small  fraction  are  successfully  promoted
on a large scale.

Third,  breeders  maintain  a  distinct  advantage  in  the  continuous
improvement of the agronomic traits of rice, as varieties older than
15–20  years  are  rarely  retained  because  of  their  declining  perfor-
mance  in  terms  of  resistance,  yield,  and  quality.  Instead,  they
advance  breeding  by  pyramiding  superior  genes  and  traits  into
current  elite  cultivars[31].  Furthermore,  breeders  account  for  future
market demand and the potential for large-scale dissemination when
developing new varieties, thereby exhibiting foresight, adaptability,
and innovation. For instance, in regions where shorter growth peri-
ods are favored to mitigate extreme weather risks and facilitate crop

rotations, breeders have responded with targeted adaptations. This
is  an  important  factor  underlying  the  superior  yield,  quality,  and
resistance of modern rice varieties.

Additionally,  rice  is  a  model  plant,  with  '9311'  and  'Nipponbare'
(released in the 1990s and 1950s, respectively) serving as reference
materials  for  validating  genetic  effects  on  agronomic  traits.  Yet
these  old  varieties  show  considerable  gaps  in  yield,  quality,  and
resistance  relative  to  the  currently  dominant  cultivars.  As  a  result,
transgenic  validation  data,  especially  for  yield  and  some  quality
traits,  often  do  not  accurately  predict  the  practical  utility  of  target
genes[11,12,17]. Furthermore, genes cloned from such outdated mate-
rials may have already been deployed, discarded, or superseded by
superior  alleles  in  elite  breeding  lines.  Therefore,  gene  validation
using widely grown varieties across multiple ecological sites should
offer a more thorough evaluation of practical genetic value.

Breeders  currently  face  numerous  challenges.  First,  although
breeders  have  been  effective  in  breeding  materials  for  yield  and
quality,  changing  climatic  conditions  and  new  market  demands
have created additional requirements, such as tolerance to flooding,
high  temperature,  low  temperature,  low  cadmium,  and  herbicides,
as well as adaptation to diverse cultivation systems including direct
seeding and mechanization. However, for many of these traits, rele-
vant  germplasm  resources  and  genes  remain  insufficient.  Second,
despite the identification and development of numerous key genes
as  molecular  markers,  gene  pleiotropy  constrains  the  number  of
markers applicable in practice, resulting in limited uptake by breed-
ers.  They  therefore  continue  to  depend  on  long-standing  personal
expertise,  which  inevitably  introduces  some  uncertainty.  Third,  the
narrowing genetic base of rice breeding materials increasingly limits
further improvements in yield and quality. Expanding genetic diver-
sity,  especially  via indica–japonica hybridization,  is  therefore  a  key
breeding  strategy[32].  Over  decades  of  indirect  introgression,  many
current  varieties  have  come  to  carry  partial  ancestry  from  both
subspecies.  Our  observations  indicate  that  seed-setting  in indica–
japonica hybrids  is  no  longer  a  major  constraint;  instead,  the  main
challenges  involve  trade-offs  among  yield,  quality,  and  resistance.
Although  some  breeders  advocate  for  prioritizing  yield  while
enhancing quality and resistance, the development of novel methods
and resources, along with sustained effort, remains essential.

Prompt-based  foundation  models  provide  apparent  benefits
for  knowledge  dissemination[25,27].  With  well  constructed  prompts,
trainees  can  quickly  learn  breeding  theories  and  routine  methods
without an exhaustive literature review. However, foundation models
encounter  challenges  in  addressing  tacit,  sensory,  and  context-
dependent  knowledge  that  breeders  accumulate  over  the  years  of
fieldwork. In our comparisons, the models handled the conventional
theory well. However, they produced generic responses on selection
details,  and  certain  outputs  overemphasized  analytical  pipelines
such  as  genome-wide  association  studies  and  statistical  genetics
that  are  peripheral  to  frontline  phenotypic  selection.  Two  possible
explanations are that much breeder knowledge is transmitted orally
and  is  thus  underrepresented  in  training  corpora,  and  that  current
prompts  are  insufficient  to  elicit  detailed,  practice-oriented  guid-
ance. To address these limitations, at least three approaches should
be pursued. First, owing to the diversity of crop species and substan-
tial variation in climate and soil conditions across regions, universal
models are unlikely to be completely effective[24]. Dedicated region-
specific models and specialized modules are necessary. Second, the
current  application  of  foundation  models  in  agriculture  remains
confined  mainly  to  small-scale  trials  within  research  settings,  with
limited implementation in public services. To extend their utility to a
broader  range  of  users,  including  traditional  breeders  and  farmers,
models  must  provide  greater  interpretability  and  transparency
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so  that  users  can  understand  and  trust  their  output[25,27].  Finally,
the  development  of  more  specialized  and  comprehensive  prompt
libraries can improve the accuracy of model responses while reducing
entry barriers for the end users.

Future work should integrate basic research with practice, exploit
key genes of proven value, and use phenomics to quantify breeders'
experience,  thereby  enhancing  efficiency.  Prompt-based  models
can  support  knowledge  dissemination  but  must  be  trained  on
curated,  practice  relevant  data  and  validated  by  breeders  before
field application.

 Conclusions
This  study  systematically  documents  practical,  experience  based

selection criteria used by traditional rice breeders in southern China
and evaluates how these tacit breeding concepts are represented by
prompt-based foundation models.  Through long-term field  investi-
gations and breeder tracking, we identified a set of traits prioritized
by breeders. Although these traits are routinely used by experienced
breeders to balance yield potential, grain quality, lodging resistance,
and  field  adaptability,  many  remain  insufficiently  characterized  in
molecular and phenomic studies.
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