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Abstract
Direct seeding serves as a simple and efficient, labor-saving, and water-conserving cultivation method; thus, it is of significance to clarify the plastic changes in
root  architecture  under  different  direct  seeding  environments  to  ensure  high  and  stable  yields  of  direct-seeded  rice.  This  study  utilized  205  rice  varieties  as
materials,  applying  dry  direct-seeded  rice  (DDSR)  and  wet  direct-seeded  rice  (WDSR)  treatments  during  the  seedling  stage,  with  measurements  of  root
architectural traits and leaf fresh weight at the 3rd, 4th, and 5th leaf stages. The results showed that most root traits under DDSR were significantly better than under
WDSR, with rice developing a longer and thinner root architecture. Based on their significant positive correlations with leaf fresh weight, eight core phenotypic
indicators for the seedling stage were identified. Cluster heatmap analysis identified D2778, D2015, DHY615, and D3469 as rice varieties exhibiting superior root
phenotypes at the seedling stage under DDSR conditions. Rice roots respond to drought through coordinated plasticity of multiple traits, a pattern regulated by
water conditions. This study provides important phenomics data and core germplasm support for elucidating the regulatory mechanisms of root plasticity under
different direct seeding methods and for breeding rice varieties suitable for DDSR.
Keywords:  Direct-seeded rice, Root architecture, Root plasticity

Citation:  Yang Y, Lin G, Zhang H, Yang M, Jin N, et al. 2026. Effects of different direct seeding moisture conditions on seedling root plasticity in rice. Agrobiodiversity
3(3): 82−91 https://doi.org/10.48130/abd-0026-0007

 

 Introduction
Rice  is  one  of  the  most  important  food  crops  in  the  world,  providing
staple food for more than half of the global population[1]. Traditional rice
cultivation in China has long relied mainly on puddled transplanted rice
(PTR),  which  involved  high  labor  costs  and  significant  water
consumption[2].  Direct-seeded  rice  (DSR)  is  a  simplified  and  efficient
planting method that eliminates the complex procedures of PTR, offering
multiple  advantages  such  as  labor  and  cost  savings,  water  and  land
conservation,  reduced labor  intensity,  and improved planting efficiency.
It  is  gradually  becoming  a  preferred  model  for  rice  cultivation[3].
However,  the  transition  from  PTR  to  DSR  means  that  the  soil
environment  for  rice  growth  shifts  from  continuous  flooding  to  a  state
characterized  by  fluctuating  water  conditions  and  relatively  better
aeration, with roots being the key organ that first perceives this change.

The  root  system  serves  as  the  interface  between  the  plant  and  the
complex  soil  environment.  Root  architecture  is  a  comprehensive
manifestation  of  how  roots  perceive  changes  in  the  soil  environment
and  organize  themselves  spatially,  encompassing  various  aspects  of
root structure and morphology[3]. Root architecture is also a key factor
determining the efficiency of nutrient and water uptake by plants, as it
directly  influences  the  spatial  distribution  and  absorptive  function  of
roots in the soil[4−6].  However, root morphological traits are not fixed
and can adjust in response to environmental changes, a phenomenon
known as root plasticity. Root plasticity refers to the ability of roots to
sense  variations  in  the  soil  environment  and  actively  modify  their
morphological  characteristics,  including  length,  diameter,  density,

number,  and  root-to-shoot  ratio,  to  better  adapt  to  their
surroundings[7,8].  This adaptive capacity is a key trait for rice to with-
stand stress and maintain stable yield.

Rice  roots  possess  strong  plasticity.  Numerous  studies  have  shown
that  root  growth patterns  change in response to  variations  in  the  soil
environment.  Different  direct  seeding  methods  influence  rice  root
growth and architecture by altering factors such as soil moisture, aera-
tion, and nutrient distribution. Research has indicated that dry direct-
seeded  rice  (DDSR)  promotes  increases  in  root  length,  root  surface
area,  root  volume,  and  root  weight,  thereby  improving  water  use
efficiency[9].  Rice  root  length  and  volume  can  increase  significantly
within days in response to declining soil moisture[10,11]. The increase in
fine root  length,  in particular,  helps expand the contact  area with the
soil  and  enhances  water  acquisition  efficiency[12].  Furthermore,
changes in root branching and density are highly significant,  as more
branches  and  denser  roots  can  better  occupy  soil  space[13,14].  An
increase  in  the  number  of  lateral  roots  and  root  hairs  also  enhances
their ability to absorb water and nutrients[15].  Therefore, investigating
how  roots  adapt  to  different  direct  seeding  environments  through
plasticity is of great importance for DSR production.

To  explore  and  utilize  the  genetic  potential  of  rice  germplasm
resources  in  adapting  to  different  direct  seeding  methods,  this  study
conducted  quantification  of  root  traits  at  the  seedling  stage  under
DDSR and wet direct-seeded rice (WDSR),  with materials  of  205 rice
varieties, and measured leaf fresh weight above the soil. By integrating
aboveground and belowground phenotypic data, we analyzed the plas-
tic  responses  of  rice  roots  to  different  direct  seeding  methods  and
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elucidated  the  synergistic  relationship  between  root  plasticity  and
aboveground growth. Based on this, representative varieties exhibiting
typical  root  plasticity  and  extreme  phenotypes  under  DDSR  and
WDSR  conditions  were  screened  from  the  population  according  to
root-shoot  synergy.  This  study  provides  a  theoretical  foundation  for
further  elucidating  the  physiological  and  molecular  mechanisms  of
rice  root  plasticity  in  response  to  different  direct  seeding  methods,
identifying  key  regulatory  genes,  and  offering  material  support  for
breeding new rice varieties suitable for direct seeding cultivation.

 Materials and methods

 Plant materials
A  total  of  205  rice  accessions  were  used  in  this  study  (Supplementary
Table  S1),  comprising  111  Japonica  rice  and  94  Indica  rice  accessions.
The  accession  'Dianheyou  615'  was  provided  by  the  Rice  Research
Institute  of  Yunnan  Agricultural  University,  while  all  other  accessions
were  obtained  from  the  core  germplasm  within  the  6K  genome  by  the
Chinese Academy of Agricultural Sciences[16].

 Planting method and growth conditions
The  experiment  was  conducted  in  a  greenhouse  located  at  Yunnan
Agricultural  University,  with  the  temperature  constantly  maintained  at
28  °C  throughout  the  rice  growth  period.  The  tested  soil  was  red  soil
collected  from  the  0–20  cm  plow  layer,  with  the  following  physicoche-
mical  properties:  pH  6.25,  organic  matter  34.42  g/kg,  electrical
conductivity 180.73 μs/cm, alkaline hydrolyzable nitrogen 147.87 mg/kg,
available phosphorus 9.65 mg/kg, and available potassium 328.9 mg/kg. A
randomized  complete  block  design  was  adopted  in  this  study.  All
unsoaked and non-pregerminated dry seeds were directly sown at a depth
of 5 cm. This depth conforms to rice production practices in Southwest
China,  ensuring  stable  seedling  emergence  and  root  growth.  Planting
bags  (18  cm height,  16  cm diameter)  were  used  with  one  seed  per  bag,
and  30  biological  replicates  were  set  for  each  material.  After  seedling
emergence, moisture was controlled: WDSR was maintained at 100% soil
moisture,  while  DDSR  was  maintained  at  50%−55%  soil  moisture.  Soil
moisture  was  measured  daily  at  9:00  AM  using  a  digital  soil  moisture
tester  (LY-201).  When  the  soil  moisture  fell  below  the  required  level,
water  was  added  to  the  planting  bags  until  the  final  root  sampling  was
completed.

 Root sampling and trait data extraction
Rice  root  systems  were  sampled  at  the  3rd,  4th,  and  5th leaf  stages,  with
three  replicates  per  accession  per  treatment.  Due  to  uneven  seedling
emergence  and  low  emergence  rates  in  some  rice  varieties  under  direct
seeding  conditions,  the  number  of  varieties  from  which  roots  were
successfully collected under both treatments was 71 at the 3rd stage, 34 at

the 4th leaf stage, and 14 at the 5th stage. For root sampling, the rice plant
along with the soil was gently removed from the planting bag. It was then
placed in water and shaken lightly to dislodge most of the soil,  followed
by rinsing under running water. The cleaned root system was placed in a
black  tray  filled  with  water,  and  the  roots  were  carefully  separated  by
tweezers. The roots were photographed using a camera (Nikon Z7II with
a Z MC 50mm f/2.8 lens). The root images were subsequently uploaded
to  RhizoVision  Explorer  2.0.3  software  for  trait  data  extraction  (Fig.  1).
Root  fresh  weight  and  leaf  fresh  weight  were  measured  using  a  0.001  g
precision analytical balance. A total of 30 root traits and leaf fresh weight
data were obtained (Supplementary Table S2).

 Calculation of phenotypic plasticity
Phenotypic  plasticity  for  all  traits  was  calculated  using  the  following
formula,  representing  the  relative  changes  in  DDSR  compared  to
WDSR[17]:

Phenotypic Plasticity =
DDSR−WDSR

WDSR
To  distinguish  plasticity  values  from  the  original  trait  values,  all

plasticity abbreviations are prefixed with a lowercase letter 'r'.

 Data analysis
Microsoft  Excel  2019  was  used  for  preliminary  data  statistics  and
calculation  of  mean  values.  Subsequent  analyses  were  based  on  these
means.  Significance  testing  for  differences  in  the  same  root  trait  under
different  treatments  was  performed  using  SPSS  23.0.  GraphPad  Prism
10.3.0  was  utilized  to  visualize  traits  with  significant  differences  and  to
generate  quadrant  diagrams.  R  language  (v4.3.2)  was  employed  for  the
analysis  and  generation  of  root  trait  histograms,  correlation  heatmaps,
and cluster heatmaps. The 'readxl' package was used to import data, and
the 'dplyr' package was used to filter root trait data for each growth stage.
Data  were  grouped  by  DDSR  and  WDSR  to  calculate  means,  standard
deviations, sample sizes, and determine bin widths. The 'ggplot2' package
was  used  to  plot  histograms  overlaid  with  frequency-based  normal
distribution  curves,  with  group  mean  lines  added.  Pearson  correlation
analysis  was  performed  using  the  corr.test  function  from  the  'psych'
package to extract correlation coefficient matrices (r) and corresponding
p-value  matrices  (p).  Correlation  heatmaps  in  various  styles  were
generated  using  the  'corrplot'  package.  Data  wrangling  and
transformation were performed using the 'tidyverse' package, and cluster
heatmaps were generated using the 'pheatmap' package.

 Genotype-by-treatment interaction analysis
The observed variation in each phenotypic trait was partitioned into the
effects  of  genotype  (G),  treatment  (T),  and  their  interaction  (G × T).
Analysis  of  variance  (ANOVA)  was  performed  using  a  linear
mixed-effects model for each phenotypic trait in R, as defined by:

 

Fig. 1  Schematic diagram of this research.
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yijk = μ+Gi+Tj+(G×T)ij+ rk(j)+ eijk
where, yijk is the measured trait value, μ is the overall mean, Gi is the effect
of  the  ith genotype, Tj is  the  effect  of  the  jth  treatment,  (G × T)ij is  the
interaction between the ith genotype and the jth treatment, rk(j) is the effect
of the kth replication within the jth treatment, and eijk is the random error.
Genotypic,  treatment,  and  their  interaction  (G × T)  effects  were
considered as fixed effects in the model, while replications were treated as
random effects.

 Statistical power analysis
Given  that  the  sample  size  of  root  phenotypic  data  gradually  decreased
across  growth  stages,  post-hoc  statistical  power  analysis  was  performed
using the pwr package in R to scientifically evaluate the dynamic changes
in  statistical  power.  Since  each  rice  variety  was  set  with  three  biological
replicates, the mean value of each variety was used as the statistical unit.
Cohen's d (effect  size)  was  estimated  based  on  the  mean  differences
between  the  two  treatments  at  each  growth  stage,  and  statistical  power
was calculated under the framework of a two-sample t-test  (significance
level α = 0.05),  to verify the reliability  of  the experimental  design under
different sample sizes. Most core root traits achieved acceptable statistical
power  (≥  0.8)  at  the  late  rice  growth  stage,  whereas  several  root  traits
measured at the 5th leaf stage exhibited low statistical power values. Even
with  the  supplementary  post-hoc  power  validation  performed  in  this
study,  the  gradual  decline  in  sample  size  across  developmental  stages
remains  an  inherent  limitation of  the  present  work.  Detailed  results  are
presented in the Supplementary Table S3.

 Results

 Distribution of root architectural parameters under
different direct seeding methods
To  observe  the  distribution  of  each  root  trait  within  the  population,
histogram analysis  was  performed on rice  root  traits  under  both  DDSR
and WDSR conditions. The results showed that at the 3rd (Supplementary
Fig.  S1)  and  4th leaf  stages  (Supplementary  Fig.  S2),  most  root  traits
exhibited  a  normal  distribution,  while  a  few traits,  such  as  root  volume
(RV)  and  root  length  at  root  diameter  >  0.5  mm  (RL-DR4),  showed  a
skewed distribution. Water conditions exerted differential effects on root
architecture. DDSR shifted the overall distribution range and mean values
of most root traits towards higher numerical ranges, including total root
length  (TRL),  root  surface  area  (RSA),  and  RV.  Conversely,  WDSR
favored traits  related to fine roots,  such as root length in the 0−0.1 mm
diameter class (RL-DR1), root projected area in the 0−0.1 mm diameter
class (RPA-DR1), root surface area in the 0−0.1 mm diameter class (RSA-
DR1), root volume in the 0−0.1 mm diameter class (RV-DR1), root fresh
weight (RFW), root-shoot ratio (RSR), median of root number (MeRN),
and  maximum  of  root  number  (MaRN).  This  indicates  that  each
treatment  confers  adaptive  advantages  for  different  sets  of  root  traits;
DDSR advantages are concentrated in conventional core root traits, while
WDSR advantages  focus  on  fine  root-related  traits  and  biomass.  At  the
5th leaf  stage  (Supplementary  Fig.  S3),  all  traits  followed  a  normal
distribution.  For  11  root  traits,  the  overall  distribution  range  and  mean
values  were  shifted  towards  higher  numerical  ranges  under  WDSR;  for
the remaining root traits, this shift occurred under DDSR. Linear mixed-
effects model analysis revealed that significant genotype-by-treatment (G
× T) interactions were detected for most root traits at the 3rd, 4th, and 5th

leaf  stages.  Treatment  effects  were  significant  for  multiple  root  traits,
whereas no universal significant genotypic main effects were detected.

The  distribution  patterns  of  traits  changed  dynamically  with
advancing  periods.  Examining  the  average  root  diameter  (ARD)  and

TRL across the three stages revealed that under DDSR conditions, the
distribution of ARD gradually shifted towards lower values, while TRL
shifted towards higher values (Fig. 2). This clearly indicates that DDSR
guides rice roots towards a more plastic adaptation, leading to a thin-
ner and longer architectural configuration.

 Comparison of key root traits under different
seeding treatments
To  clarify  the  effects  of  DDSR  and  WDSR  on  root  architecture,  a
significance  analysis  of  root  traits  between  the  two  treatments  was
performed (Fig. 3). At the 3rd leaf stage, 17 root traits showed significant
differences;  except  for  MeRD,  all  other  traits  were  significantly  higher
under DDSR than under WDSR (Fig. 3a). At the 4th leaf stage, a total of
18  traits  exhibited  significant  differences,  all  of  which  were  significantly
higher under DDSR (Fig. 3b). Among the 17 significantly different traits
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Fig.  2  Histogram  of  root  trait  distribution  under  different  direct
seeding methods.
(a)  TRL  and  ARD  at  the  3rd leaf  stage;  (b)  TRL  and  ARD  at  the  4th leaf
stage;  (c)  TRL  and  ARD  at  the  5th leaf  stage.  Histograms  show  the
frequency  distribution  of  traits  under  each  treatment,  with  green  bars
representing  WDSR  and  orange  bars  representing  DDSR;  brown  bars
indicate  the  overlapping  range  between  the  two  treatments.  Overlaid
normal  distribution  curves  reflect  the  population  distribution
characteristics  for  WDSR  (green)  and  DDSR  (orange),  with  green  and
orange  dashed  lines  marking  the  population  means  of  the  respective
treatments.  The  significance  levels  from  linear  mixed-effects  models  are
indicated  in  the  top-right  corner  of  each  panel,  including  genotype  (G),
treatment (T), and genotype-by-treatment interaction (G × T) effects. * p <
0.05; ** p < 0.01; *** p < 0.001; ns, not significant.
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at  the  5th leaf  stage,  10  were  significantly  higher  under  DDSR,  while  7
showed  the  opposite  trend:  ARD,  median  root  diameter  (MeRD),
maximum  root  diameter  (MaRD),  RV,  root  projected  area  in  the  >
0.5  mm  diameter  class  (RPA-DR4),  root  surface  area  in  the  >  0.5  mm
diameter  class  (RSA-DR4),  and  root  volume  in  the  >  0.5  mm  diameter
class (RV-DR4) (Fig. 3c). Furthermore, three traits, RPA-DR4, RSA-DR4,
and  RV,  showed  significant  differences  across  all  three  stages  (Fig.  3d).
These three traits were significantly higher under DDSR at the 3rd and 4th

leaf  stages,  but  this  difference  gradually  diminished and reversed by the
5th leaf  stage,  becoming significantly  higher  under  WDSR.  In summary,
as  the  seedling  stage  progressed,  rice  roots  under  DDSR  exhibited  an
overall plastic trend toward a thinner and longer morphology compared
to  those  under  WDSR.  When  the  rice  varieties  at  the  three  stages  were

classified into Japonica and Indica subgroups for comparative analysis of
root traits, no significant differences were detected between the two types
under either treatment (Supplementary Fig. S4). However, this result may
be attributed to the relatively small number of Japonica varieties included
in the study.

 Correlation analysis among traits under different
treatments
To  elucidate  the  interactions  among  rice  traits  and  their  environmental
response characteristics under DDSR and WDSR conditions, correlation
analysis was performed for traits under both treatments (Fig. 4).  Results
from the 3rd leaf stage (Fig. 4a) showed that under both treatments, most
root  traits  exhibited  significant  positive  correlations  with  each  other,
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Fig. 3  Significant differences in root traits between DDSR and WDSR rice.
(a) Significantly different root traits at the 3rd leaf stage; (b) significantly different root traits at the 4th leaf stage; (c) significantly different root traits at the 5th

leaf stage; (d) significantly different root traits across the three stages. Significance levels: * p < 0.05, ** p < 0.01, *** p < 0.001.
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indicating generally coordinated root development. However, a few root
traits  showed  negative  correlations.  Specifically,  ARD  and  MeRD  were
negatively correlated with TRL, MeRN, MaRN, root perimeter (RP), RL-
DR1, root length in the 0.1−0.2 mm diameter class (RL-DR2), RPA-DR1,
root projected area in the 0.1−0.2 mm diameter class (RPA-DR2), RSA-
DR1, root surface area in the 0.1−0.2 mm diameter class (RSA-DR2), RV-
DR1,  and  root  volume  in  the  0.1−0.2  mm  diameter  class  (RV-DR2).
Furthermore,  the  strength  of  positive  correlations  was  greater  under
DDSR,  while  the  strength  of  negative  correlations  was  greater  under
WDSR. This suggests that DDSR enhances the synergistic effects among
root traits, whereas in the water-sufficient WDSR environment, reduced
environmental  constraints  allow antagonistic  relationships  between root
traits  to  become  more  prominent.  The  correlation  trends  at  the  4th leaf
(Fig.  4b) and 5th leaf  stages (Fig.  4c) were similar to those at  the 3rd leaf
stage,  indicating that  the response of  rice root traits  to water conditions
exhibits dynamic characteristics across developmental stages. This further
demonstrates  that  rice  roots  are  highly  plastic,  environment-responsive
organs whose developmental priorities and resource allocation strategies
are determined by water conditions.

From the 3rd to the 5th leaf stage under both treatments, the positive
correlation  between  aboveground  leaf  fresh  weight  (LFW)  and  most
root  traits  gradually  strengthened.  This  reflects  the  intensifying  root-
shoot  synergistic  growth  during  development  and  the  increasingly
significant  supporting  role  of  root  architecture  for  aboveground
growth  in  the  later  seedling  stages.  LFW  showed  significant  positive
correlations  with  RSA,  root  projected  area  (RPA),  lower  root  area
(LRA),  RV,  root  length  in  the  0.2−0.5  mm  diameter  class  (RL-DR3),
root projected area in the 0.2−0.5 mm diameter class (PRA-DR3), root
surface  area  in  the  0.2−0.5  mm  diameter  class  (RSA-DR3),  and  root
volume  in  the  0.2−0.5  mm  diameter  class  (RV-DR3)  across  all  three
stages.  These  eight  traits  exhibited  strong  stability  and  consistency
across different treatments,  being less affected by environmental fluc-
tuations,  and  can  thus  serve  as  core  phenotypic  indicators  for  root
development during the rice seedling stage.

 Differences in adaptive plasticity to DDSR among
rice varieties
Based  on  the  most  complete  phenotypic  dataset  from  the  3rd leaf  stage,
eight  core  root  traits  identified  through  correlation  analysis  and  the
aboveground leaf fresh weight (LFW) were selected. The plasticity index
for each trait was calculated, and a quadrant scatter plot was constructed
to  classify  the  rice  varieties  into  groups  (Fig.  5a).  The  results  showed
highly consistent classification outcomes for these eight root traits across
the  vast  majority  of  varieties,  indicating  significant  synergy  in  their
plasticity  performance.  Different  variety  groups  exhibited  distinct
clustering  characteristics  in  the  plot.  Group  1  demonstrated  strong
positive  plasticity  under  DDSR  for  both  LFW  and  root  traits  (i.e.,
phenotypes  were  superior  under  DDSR  compared  to  WDSR).  Group  2
showed  strong  positive  plasticity  under  DDSR  for  root  traits,  but  a
relatively  subdued  environmental  response  in  aboveground  growth.
Group 4 exhibited strong positive plasticity under WDSR for both roots
and  LFW.  Group  3  was  primarily  characterized  by  positive  plasticity
under WDSR for roots but positive plasticity under DDSR for LFW. Such
classification  reveals  the  diverse  adaptation  types  within  the  population
based  on  varying  root-shoot  coordination  strategies.  Notably,  DHY615
belongs  to  Group  1,  exhibiting  strong  plasticity  in  both  aboveground
LFW  and  core  root  traits  under  DDSR  conditions,  indicating  that  this
variety  achieves  superior  phenotypes  in  the  DDSR  environment
and  demonstrating  its  strategy  of  responding  to  water  stress  through
root-shoot coordination.

Based on the plasticity indices of LFW and the eight core root traits,
cluster analysis was performed on the rice varieties to clarify population

differentiation  characteristics  regarding  root-shoot  coordinated
plasticity  patterns  (Fig.  5b).  The  clustering  results  divided the  71  rice
varieties  into  groups  with  distinct  features.  These  included  a  high-
plasticity group under DDSR, represented by varieties such as D2778,
D2015,  DHY615,  and  D3469;  a  high-plasticity  group  under  WDSR,
represented by varieties such as D3398, D2977, and D2550; and a low-
plasticity  group,  represented  by  varieties  such  as  D3295,  D2131,  and
D3594.

 Discussion

 Adaptation of different direct seeding methods on
root phenotypes
Root  traits  such  as  length,  diameter,  number,  branching,  and  growth
angle are influenced by factors including water and nutrient availability,
soil  physicochemical  properties,  and  cultivation  methods.  These
indicators reflect morphological changes in rice roots during growth and
development[3]. In this study, by comparing the distribution of root traits
under  DDSR  and  WDSR  conditions,  it  is  found  that  root  development
differed  between  the  two  direct  seeding  methods,  with  most  root  traits
being higher under DDSR than under WDSR. This may be attributed to
the  reallocation  of  assimilates  in  rice  under  DDSR  conditions,  where
more photosynthetic products are preferentially allocated to the roots to
support  their  growth  and  expansion[18−21].  Notably,  the  increase  in  root
surface area (RSA) is particularly significant. Uddin et al.[22] reported that
root absorption rate depends on RSA. Numerous studies have shown that
an  increase  in  RSA  implies  greater  root  hair  density  and  length,  which
expands  the  root-soil  contact  area  and  enhances  the  efficiency  of  water
and nutrient uptake[23−25].

Furthermore, root architecture also dynamically alters with seedling
growth. From the 3rd to the 5th leaf stage, average root diameter (ARD)
declined  while  total  root  length  (TRL)  rose  under  DDSR,  consistent
with previous research[8]. Slender roots serve as an economical growth
strategy  under  limited  dry  matter  accumulation[26].  Reduced  root
diameter  improves  water  capture  capacity  and  crop  performance
under  water  deficit[27].  It  elevates  specific  root  length  at  equivalent
biomass  and  raises  surface-to-volume  ratio,  further  boosting  the
absorption  of  water  and  minerals[28,29].  Most  previous  studies  only
observed  a  single  growth  stage.  This  study  continuously  tracked
dynamic root morphology changes across three periods,  offering new
insights into rice root responses to varied water conditions.

 Differential response of root plasticity to planting
environments
As a typical environment-responsive organ, the rice root system exhibits
high  architectural  plasticity  for  adapting  to  different  planting
environments.  In  this  study,  under  both  direct  seeding  methods,  most
root traits showed significant positive correlations with each other, while
a  few  showed  negative  correlations,  consistent  with  Shafi  et  al.[30].
Notably,  positive  correlations  among  root  traits  were  enhanced  under
DDSR,  whereas  negative  correlations  were  greater  under  WDSR.  This
difference  may  be  attributed  to  DDSR  conditions  prompting  rice  to
concentrate limited resources on constructing an efficient absorptive root
system,  thereby  strengthening  trait  synergy[31,32].  Under  WDSR,  relaxed
environmental  constraints  allow  more  pronounced  resource  allocation
changes.  As  Lynch[33] proposed,  plants  face  a  dilemma  in  allocating
carbon: under well-watered conditions, more resources may go to thicker
roots  at  the  expense  of  lateral  branching  and  elongation.  Dorlodot  et
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Fig. 4  Correlation analysis of root traits under DDSR and WDSR conditions.
(a) Correlation analysis of root traits at the 3rd leaf stage; (b) correlation analysis of root traits at the 4th leaf stage; (c) correlation analysis of root traits at the 5th

leaf stage. Significance levels: * p < 0.05, ** p < 0.01, *** p < 0.001.
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Fig. 5  Population distribution and clustering of rice varieties at the 3rd leaf stage.
(a) Quadrant scatter diagram showing population distribution based on root-shoot plasticity; (b) hierarchical clustering dendrogram of tested rice varieties; (c)
comparative  analysis  of  root  morphological  traits  between  varieties  with  high  and  low  root  plasticity.  All  indicators  starting  with  the  prefix  'r'  represent
plasticity values of corresponding phenotypic traits.
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al.[34] suggest  that  reduced  selective  pressure  in  favorable  environments
allows diverse phenotypic variations and developmental trade-offs. Thus,
root  plasticity  is  manifested  not  only  in  morphological  adjustments  but
also  in  the  dynamic  restructuring  of  trait  relationships,  with  resource
allocation determined by water conditions.

This  study also showed that  root  trait  correlations became increas-
ingly  pronounced  as  the  seedling  stage  progressed.  This  may  be
because early  root  development involves  cell  division and differentia-
tion, with traits developing independently[35], leading to weaker corre-
lations. At later stages, increased aboveground size and higher demand
for  water  and  nutrients[36] drive  the  formation  of  a  coordinated
root  network,  synchronizing  trait  development  and  strengthening
correlations.  DDSR-induced  root  plasticity  not  only  ensures  water
acquisition  but  also  maintains  aboveground  photosynthesis  through
root-shoot coordination.

 Variation in root plasticity intensity among
different rice varieties
The  intensity  of  root  plasticity  varies  among  different  rice  varieties,
representing  a  complex  trait  shaped  by  genetic  basis,  physiological
mechanisms, and environmental adaptation[17,37]. In this study, high root-
shoot  coordinated  plasticity  varieties,  such  as  D2778,  DHY615,  and
others,  may  carry  advantageous  alleles  related  to  root  development  and
stress response, including genes regulating primary root elongation such
as DRO1[38] and OsPINs[39],  genes  mediating  lateral  root  development
such as OsARFs[40], and genes involved in root-shoot resource allocation
such  as OsCKX2[41].  Under  DDSR  conditions,  these  varieties  rapidly
adjust  root  morphology (e.g.,  increased root  length and surface  area)  in
coordination  with  aboveground  growth  responses  (enhanced  leaf  fresh
weight), forming a strongly plastic phenotype characterized by root-shoot
synergistic  adaptation.  Low-plasticity  groups  may  lack  these
advantageous  genes  in  their  genetic  backgrounds  or  carry  genes  that
inhibit  root  development,  such  as RRS1[32],  which  regulates  root  length
and lateral root length and density, resulting in slow root adjustment and
weak  plasticity.  It  should  be  noted  that  the  above  hypotheses  regarding
the involvement of specific genes require direct validation through future
molecular experiments. In this study, rice varieties were further classified
into four types using quadrant analysis. Among them, varieties in Group
1  exhibited  strong  root-shoot  coordinated  plasticity.  It  is  hypothesized
that  this  may  be  due  to  rapid  ABA  synthesis  induced  by  the  DDSR
environment,  which  not  only  promotes  root  elongation  for  deep  water
and nutrient capture but also modulates IAA/CTK balance to coordinate
aboveground  leaf  area  expansion,  achieving  positive  root-shoot  growth
synergy[24,42].  Alternatively,  these  varieties  may  possess  more  active  root
antioxidant  systems  (SOD,  POD,  CAT  enzyme  activities)  and  energy
metabolism,  enabling  reduced  reactive  oxygen  species  damage  under
DDSR  and  ensuring  material  and  energy  supply  for  root-shoot
morphological adjustments[43].

 The importance of seedling emergence capacity for
DDSR
A  total  of  205  rice  accessions  were  sown,  yet  valid  samples  declined
sharply during seedling growth. Set at 5 cm, the fixed sowing depth led to
poor soil emergence in some germplasms, which failed to develop healthy
seedlings. Though emergence data were not statistically recorded, obvious
varietal  differences  in  DDSR  adaptability  were  observed.  Seedling
emergence capacity stands as a core trait determining yield performance
under  dry  direct  seeding,  which  features  deeper  sowing  compared  with
PTR.  Rice  emergence  ability  is  tightly  associated  with  mesocotyl
elongation  controlled  by  ethylene,  gibberellins,  and  brassinosteroids.
Screening  germplasm  with  favorable  mesocotyl  traits  helps  improve

seedling  emergence  and  benefits  DDSR  production[44−46].  Apart  from
genetics, soil temperature, moisture, and compaction also affect seedling
establishment.  Light  inhibits  mesocotyl  growth;  deeper  sowing  weakens
the  light  signal  and  facilitates  mesocotyl  elongation[47].  Thus,  screening
and  breeding  rice  germplasm  with  a  high  emergence  rate  based  on
mesocotyl traits is vital for DDSR cultivation.

 Conclusions
This study systematically analyzed the plastic adaptation of rice seedling
roots  to  different  direct  seeding  methods.  The  results  indicated  that
DDSR induced changes in root architecture, leading to the formation of a
thinner and longer root system to optimize water acquisition. Correlation
analysis  further  revealed  enhanced  synergies  among  root  traits  under
DDSR  conditions,  reflecting  the  environment-dependent  nature  of  the
root plasticity response mechanism. As the growth advanced, root-shoot
coordination  continuously  strengthened,  with  the  root  architecture
playing  an  increasingly  critical  role  in  supporting  aboveground  growth
during  the  later  stages.  Based  on  root-shoot  coordinated  plasticity
patterns,  71  rice  varieties  were  classified  into  four  adaptation  types:
efficient root-shoot coordinated type, root-prioritized type, aboveground-
compensatory  type,  and  sensitive  type.  This  classification  elucidates  the
diversity  of  adaptation  strategies  employed  by  rice  under  direct  seeding
conditions.  Among  them,  D2778,  D2015,  DHY615,  and  D3469  were
identified as highly plastic varieties under DDSR. Therefore, rice roots are
highly plastic organs that respond through multi-trait coordination, with
their  adaptation  patterns  influenced  by  water  conditions.  This  study
provides  a  theoretical  foundation  and  germplasm  resources  for
phenotypic screening and genetic improvement targeting different direct
seeding environments.

 Author contributions
The  authors  confirm  their  contributions  to  the  paper  as  follows:
conception and design of the experiments: Liu Y, Chen J,  He Q, Wu Q;
experiment  implementation,  data  collection  and  manuscript  drafting:
Yang  Y;  participation  in  experiments  and  data  collection:  Lin  G,  Jin  N;
data analysis: Zhang H, Yang M, Dong S. All authors reviewed the results
and approved the final version of the manuscript.

 Data availability
All  data  generated  or  analyzed  during  this  study  are  included  in  this
published article and its supplementary information files.

 Acknowledgments
This  work  was  supported  by  the  Yunnan  Provincial  Science  and
Technology Department's Science and Technology Plan Program (202402
AE090026),  the  Yunnan  Provincial  Grassroots  Expert  Workstation
Program (Liu Yixiang Expert  Workstation),  and the Yunnan High-level
Personnel  Training  Program  Young  and  Elite  Talents  Project  (YNWR-
QNBJ-2020-285).

 Conflict of interest
The authors declare that they have no conflict of interest.

 Supplementary information accompanies this  paper online at:
https://doi.org/10.48130/abd-0026-0007.

https://doi.org/10.48130/abd-0026-0007  

Yang et al. Agrobiodiversity 2026, 3(3): 82−91   Page 89 of 91

https://doi.org/10.48130/abd-0026-0007
https://doi.org/10.48130/abd-0026-0007
https://doi.org/10.48130/abd-0026-0007
https://doi.org/10.48130/abd-0026-0007
https://doi.org/10.48130/abd-0026-0007
https://doi.org/10.48130/abd-0026-0007
https://doi.org/10.48130/abd-0026-0007
https://doi.org/10.48130/abd-0026-0007
https://doi.org/10.48130/abd-0026-0007
https://doi.org/10.48130/abd-0026-0007


Dates
Received  4  May  2026; Revised  12  July  2026; Accepted  15  July  2026;
Published online 31 July 2026

References 

 Ahmadi  N,  Audebert  A,  Bennett  MJ,  Bishopp  A,  de  Oliveira  AC,  et  al.
2014. The roots of future rice harvests. Rice 7(1):29

[1]

 Su  X,  Zhan  J,  Wang  J,  Li  X,  Wei  Y,  et  al. 2022. Development  status  of
direct  seeding  Rice  and  study  on  response  mechanism of  submergence.
Open Access Library Journal 9:e8613

[2]

 Panda S,  Majhi  PK,  Anandan A,  Mahender A,  Veludandi  S,  et  al. 2021.
Proofing  direct-seeded  rice  with  better  root  plasticity  and  architecture.
International Journal of Molecular Sciences, 22(11):6058

[3]

 Carvalho P, Foulkes MJ. 2019. Roots and uptake of water and nutrients.
In Crop  Science,  eds.  Savin  R,  Slafer  GA.  New  York,  NY:  Springer.  pp.
107−130 doi: 10.1007/978-1-4939-8621-7_195

[4]

 Ghosh  D,  Xu  J. 2014. Abiotic  stress  responses  in  plant  roots:  a
proteomics perspective. Frontiers in Plant Science 5:6

[5]

 Gupta  A,  Rico-Medina  A,  Caño-Delgado  A. 2020. The  physiology  of
plant responses to drought. Science 368(6488):266−269

[6]

 Schneider HM, Lynch JP. 2020. Should root plasticity be a crop breeding
target? Frontiers in Plant Science 11:546

[7]

 Kadam NN, Tamilselvan A, Lawas LMF, Quinones C, Bahuguna RN, et
al. 2017. Genetic control of plasticity in root morphology and anatomy of
rice in response to water deficit. Plant Physiology 174(4):2302−2315

[8]

 Yamane K, Garcia R, Imayoshi K, Mabesa-Telosa RC, Banayo NPMC, et
al. 2018. Seed  vigour  contributes  to  yield  improvement  in  dry  direct-
seeded rainfed lowland rice. Annals of Applied Biology 172:100−110

[9]

 Kameoka  E,  Suralta  RR,  Mitsuya  S,  Yamauchi  A. 2016. Developmental
plasticity of rice root system grown under mild drought stress condition
with  shallow  soil  depth;  comparison  between  nodal  and  lateral  roots.
Plant Production Science 19(3):411−419

[10]

 Qu Y, Mu P,  Zhang H, Chen CY, Gao Y, et  al. 2008. Mapping QTLs of
root  morphological  traits  at  different  growth  stages  in  rice. Genetica
133(2):187−200

[11]

 Gu  D,  Zhen  F,  Hannaway  DB,  Zhu  Y,  Liu  L,  et  al. 2017. Quantitative
classification  of  rice  (Oryza  sativa L.)  root  length  and  diameter  using
image analysis. PLoS One 12(1):e0169968

[12]

 Hannan A, Hoque MN, Hassan L, Hasan Khan Robin A. 2020. Adaptive
mechanisms  of  root  system  of  rice  for  withstanding  osmotic  stress.  In
Recent  Advances  in  Rice  Research,  ed.  Ansari  MUR.  London,  UK:  Inte-
chOpen. doi: 10.5772/intechopen.93815

[13]

 Hazman  M,  Brown  KM. 2018. Progressive  drought  alters  architectural
and anatomical traits of rice roots. Rice 11(1):62

[14]

 Bochmann  H,  Klein  M,  Henry  A,  Faßbender  H,  De  Ocampo  M,  et  al.
2025. Rice  cycles  between  drought  and  well-watered-adapted  pheno-
types  by  changing  lateral  root  formation. Annals  of  Botany
136(5−6):1265−1277

[15]

 Ma X, Wang H, Yan S, Zhou C, Zhou K, et al. 2025. Large-scale genomic
and phenomic analyses of modern cultivars empower future rice breed-
ing design. Molecular Plant 18(4):651−668

[16]

 Sandhu  N,  Raman  KA,  Torres  RO,  Audebert  A,  Dardou  A,  et  al. 2016.
Rice root architectural plasticity traits and genetic regions for adaptabil-
ity  to  variable  cultivation  and  stress  conditions. Plant  Physiology
171(4):2562−2576

[17]

 Kim Y, Chung YS, Lee E, Tripathi P, Heo S, et al. 2020. Root response to
drought stress in rice (Oryza sativa L.). International Journal of Molecu-
lar Sciences 21(4):1513

[18]

 Siangliw JL,  Thunnom B,  Natividad MA,  Quintana MR,  Chebotarov D,
et  al. 2022. Response  of  Southeast  Asian  rice  root  architecture  and
anatomy  phenotypes  to  drought  stress. Frontiers  in  Plant  Science
13:1008954

[19]

 Zhou G,  Zhou X,  Nie  Y,  Bai  SH,  Zhou L,  et  al. 2018. Drought-induced
changes  in  root  biomass  largely  result  from  altered  root  morphological
traits: evidence from a synthesis of global field trials. Plant, Cell & Envi-
ronment 41(11):2589−2599

[20]

 Numajiri  Y,  Yoshida  S,  Hayashi  T,  Uga  Y. 2024. Three-dimensional
image  analysis  specifies  the  root  distribution  for  drought  avoidance  in
the early growth stage of rice. Annals of Botany 134(4):593−602

[21]

 Uddin MR, Wade LJ, Pyon JY, Mazid MA. 2009. Rooting behavior of rice
cultivars  under  different  planting  methods. Journal  of  Crop  Science  and
Biotechnology 12:17−23

[22]

 Holz M, Zarebanadkouki M, Kuzyakov Y,  Pausch J,  Carminati  A. 2018.
Root  hairs  increase  rhizosphere  extension  and  carbon  input  to  soil.
Annals of Botany 121(1):61−69

[23]

 Meng F,  Xiang D,  Zhu J,  Li  Y,  Mao C. 2019. Molecular  mechanisms of
root development in rice. Rice 12(1):1

[24]

 Rongsawat T, Peltier JB, Boyer JC, Véry AA, Sentenac H. 2021. Looking
for  root  hairs  to  overcome  poor  soils. Trends  in  Plant  Science
26(1):83−94

[25]

 Henry A, Cal  AJ,  Batoto TC, Torres RO, Serraj  R. 2012. Root attributes
affecting  water  uptake  of  rice  (Oryza  sativa)  under  drought. Journal  of
Experimental Botany 63(13):4751−4763

[26]

 Wasson  AP,  Richards  RA,  Chatrath  R,  Misra  SC,  Sai  Prasad  SV,  et  al.
2012. Traits  and  selection  strategies  to  improve  root  systems  and  water
uptake  in  water-limited  wheat  crops. Journal  of  Experimental  Botany
63(9):3485−3498

[27]

 Awad W,  Byrne  PF,  Reid  SD,  Comas  LH,  Haley  SD. 2018. Great  plains
winter  wheat  varies  for  root  length  and  diameter  under  drought  stress.
Agronomy Journal 110(1):226−235

[28]

 Comas  LH,  Becker  SR,  Cruz  VMV,  Byrne  PF,  Dierig  DA. 2013. Root
traits contributing to plant productivity under drought. Frontiers in Plant
Science 4:442

[29]

 Shafi  S,  Zaffar  A,  Riyaz  I,  Raj  M,  Jan  B,  et  al. 2024. Comprehensive
phenotyping of SKUAST-K released rice varieties reveals significant role
of root traits in drought resilience. Discover Agriculture 2:49

[30]

 Zhang Y, Wu X, Wang X, Dai M, Peng Y. 2025. Crop root system archi-
tecture  in  drought  response. Journal  of  Genetics  and  Genomics
52(1):4−13

[31]

 Gao J,  Zhao Y, Zhao Z, Liu W, Jiang C, et al. 2023. RRS1 shapes robust
root  system  to  enhance  drought  resistance  in  rice. The  New  Phytologist
238(3):1146−1162

[32]

 Lynch J. 1995. Root architecture and plant productivity. Plant Physiology
109(1):7−13

[33]

 de Dorlodot S, Forster B, Pagès L, Price A, Tuberosa R, et al. 2007. Root
system  architecture:  opportunities  and  constraints  for  genetic  improve-
ment of crops. Trends in Plant Science 12(10):474−481

[34]

 Jiang K,  Feldman LJ. 2005. Regulation of  root apical  meristem develop-
ment. Annual Review of Cell and Developmental Biology 21:485−509

[35]

 Manna M, Rengasamy B, Sinha AK. 2025. Nutrient and water availabil-
ity  influence  rice  physiology,  root  architecture  and ionomic  balance  via
auxin signalling. Plant, Cell & Environment 48(4):2691−2705

[36]

 Kano-Nakata  M,  Nakamura  T,  Mitsuya  S,  Yamauchi  A. 2019. Plasticity
in  root  system  architecture  of  rice  genotypes  exhibited  under  different
soil  water  distributions  in  soil  profile. Plant  Production  Science
22(4):501−509

[37]

 Uga Y, Sugimoto K, Ogawa S, Rane J, Ishitani M, et al. 2013. Control of
root  system  architecture  by  DEEPER  ROOTING  1  increases  rice  yield
under drought conditions. Nature Genetics 45(9):1097−1102

[38]

 Inahashi H, Shelley IJ, Yamauchi T, Nishiuchi S, Takahashi-Nosaka M, et
al. 2018. OsPIN2,  which  encodes  a  member  of  the  auxin  efflux  carrier
proteins,  is  involved  in  root  elongation  growth  and  lateral  root  forma-
tion patterns via the regulation of auxin distribution in rice. Physiologia
Plantarum 164(2):216−225

[39]

 Sun C,  Fan K,  Wang X,  Liu  H,  Guo N,  et  al. 2025. The  involvement  of
auxin response factor OsARF7 in positively regulating root development
by  mediating  the  expression  of OsCRL1 in  rice  (Oryza  sativa L.). Plant
Molecular Biology 115(2):38

[40]

 Yan H, Sun H, Jia X, Lv C, Li J,  et al. 2020. Phenotypic,  transcriptomic,
and  metabolomic  signatures  of  root-specifically  overexpressed OsCKX2
in rice. Frontiers in Plant Science 11:575304

[41]

 Qin H, Wang J, Zhou J, Qiao J, Li Y, et al. 2023. Abscisic acid promotes
auxin biosynthesis to inhibit primary root elongation in rice. Plant Physi-
ology 191(3):1953−1967

[42]

  https://doi.org/10.48130/abd-0026-0007

Page 90 of 91   Yang et al. Agrobiodiversity 2026, 3(3): 82−91

https://doi.org/10.1186/s12284-014-0029-y
https://doi.org/10.4236/oalib.1108613
https://doi.org/10.3390/ijms22116058
https://doi.org/10.1007/978-1-4939-8621-7_195
https://doi.org/10.1007/978-1-4939-8621-7_195
https://doi.org/10.1007/978-1-4939-8621-7_195
https://doi.org/10.1007/978-1-4939-8621-7_195
https://doi.org/10.1007/978-1-4939-8621-7_195
https://doi.org/10.1007/978-1-4939-8621-7_195
https://doi.org/10.1007/978-1-4939-8621-7_195
https://doi.org/10.1007/978-1-4939-8621-7_195
https://doi.org/10.1007/978-1-4939-8621-7_195
https://doi.org/10.3389/fpls.2014.00006
https://doi.org/10.1126/science.aaz7614
https://doi.org/10.3389/fpls.2020.00546
https://doi.org/10.1104/pp.17.00500
https://doi.org/10.1111/aab.12405
https://doi.org/10.1080/1343943X.2015.1128094
https://doi.org/10.1007/s10709-007-9199-5
https://doi.org/10.1371/journal.pone.0169968
http://dx. doi.org/10.5772/intechopen.93815
https://doi.org/10.1186/s12284-018-0252-z
https://doi.org/10.1093/aob/mcaf173
https://doi.org/10.1016/j.molp.2025.03.007
https://doi.org/10.1104/pp.16.00705
https://doi.org/10.3390/ijms21041513
https://doi.org/10.3390/ijms21041513
https://doi.org/10.3390/ijms21041513
https://doi.org/10.3389/fpls.2022.1008954
https://doi.org/10.1111/pce.13356
https://doi.org/10.1111/pce.13356
https://doi.org/10.1111/pce.13356
https://doi.org/10.1093/aob/mcae101
https://doi.org/10.1007/s12892-008-0057-5
https://doi.org/10.1007/s12892-008-0057-5
https://doi.org/10.1093/aob/mcx127
https://doi.org/10.1186/s12284-018-0262-x
https://doi.org/10.1016/j.tplants.2020.09.001
https://doi.org/10.1093/jxb/ers150
https://doi.org/10.1093/jxb/ers150
https://doi.org/10.1093/jxb/ers111
https://doi.org/10.2134/agronj2017.07.0377
https://doi.org/10.3389/fpls.2013.00442
https://doi.org/10.3389/fpls.2013.00442
https://doi.org/10.1007/s44279-024-00068-5
https://doi.org/10.1016/j.jgg.2024.05.001
https://doi.org/10.1111/nph.18775
https://doi.org/10.1104/pp.109.1.7
https://doi.org/10.1016/j.tplants.2007.08.012
https://doi.org/10.1146/annurev.cellbio.21.122303.114753
https://doi.org/10.1111/pce.15171
https://doi.org/10.1080/1343943X.2019.1608836
https://doi.org/10.1038/ng.2725
https://doi.org/10.1111/ppl.12707
https://doi.org/10.1111/ppl.12707
https://doi.org/10.1007/s11103-025-01570-0
https://doi.org/10.1007/s11103-025-01570-0
https://doi.org/10.3389/fpls.2020.641990
https://doi.org/10.1093/plphys/kiac586
https://doi.org/10.1093/plphys/kiac586
https://doi.org/10.1093/plphys/kiac586
https://doi.org/10.48130/abd-0026-0007
https://doi.org/10.48130/abd-0026-0007
https://doi.org/10.48130/abd-0026-0007
https://doi.org/10.48130/abd-0026-0007
https://doi.org/10.48130/abd-0026-0007


 Rajput VD, Harish, Singh RK, Verma KK, Sharma L, et al. 2021. Recent
developments  in  enzymatic  antioxidant  defence  mechanism  in  plants
with special reference to abiotic stress. Biology 10(4):267

[43]

 Sun  S,  Wang  T,  Wang  L,  Li  X,  Jia  Y,  et  al. 2018. Natural  selection  of  a
GSK3  determines  rice  mesocotyl  domestication  by  coordinating  strigo-
lactone and brassinosteroid signaling. Nature Communications 9(1):2523

[44]

 Xiong Q, Ma B, Lu X, Huang YH, He SJ, et al. 2017. Ethylene-inhibited
jasmonic  acid  biosynthesis  promotes  mesocotyl/coleoptile  elongation of
etiolated rice seedlings. The Plant Cell 29(5):1053−1072

[45]

 Lyu Y, Dong X, Niu S, Cao R, Shao G, et al. 2024. An orchestrated ethy-
lene-gibberellin  signaling  cascade  contributes  to  mesocotyl  elongation

[46]

and emergence of rice direct seeding. Journal of Integrative Plant Biology
66(7):1427−1439
 Nick  P,  Furuya  M. 1993. Phytochrome  dependent  decrease  of
gibberellin-sensitivity. Plant Growth Regulation 12:195−206

[47]

Copyright:  ©  2026  by  the  author(s).  Published  by
Maximum  Academic  Press  on  behalf  of  Yunnan

Agricultural  University.  This  article  is  an  open access  article  distributed
under  Creative  Commons  Attribution  License  (CC  BY  4.0),  visit
https://creativecommons.org/licenses/by/4.0/.

https://doi.org/10.48130/abd-0026-0007  

Yang et al. Agrobiodiversity 2026, 3(3): 82−91   Page 91 of 91

https://doi.org/10.3390/biology10040267
https://doi.org/10.1038/s41467-018-04952-9
https://doi.org/10.1105/tpc.16.00981
https://doi.org/10.1111/jipb.13671
https://doi.org/10.1007/BF00027199
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.48130/abd-0026-0007
https://doi.org/10.48130/abd-0026-0007
https://doi.org/10.48130/abd-0026-0007
https://doi.org/10.48130/abd-0026-0007
https://doi.org/10.48130/abd-0026-0007

	Introduction
	Materials and methods
	Plant materials
	Planting method and growth conditions
	Root sampling and trait data extraction
	Calculation of phenotypic plasticity
	Data analysis
	Genotype-by-treatment interaction analysis
	Statistical power analysis

	Results
	Distribution of root architectural parameters under different direct seeding methods
	Comparison of key root traits under different seeding treatments
	Correlation analysis among traits under different treatments
	Differences in adaptive plasticity to DDSR among rice varieties

	Discussion
	Adaptation of different direct seeding methods on root phenotypes
	Differential response of root plasticity to planting environments
	Variation in root plasticity intensity among different rice varieties
	The importance of seedling emergence capacity for DDSR

	Conclusions
	Author contributions
	Data availability
	Acknowledgments
	Conflict of interest
	Supplementary information
	References

