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ABSTRACT

Keywords: Understanding plant traits that contribute to maintenance of physiological activities under drought is crucial for
Rice sustainable rice production. Leaf morphological characters together with UAV-based HTP measurements of
irmfxght canopy temperature (CT) and NDVI, leaf water potential (y1eq), photosynthetic traits including A, g; E and Ci,
eal . . . . . .
Photosynthesis and drought response index (DRI) were collected from > 600 indica genotypes in two field dry seasons. This

3K rice genomes

Leaf water potential

GWAS

High throughput drone images

dataset from the 3 K rice sequenced genomes under well-watered (WW) and managed drought stress (MDS)
revealed drought-induced leaf morpho-functional interactive changes related to grain yield under drought. Onset
of drought caused ~14-20% reduction in Ci and 35 — 56% reduction in A causing serious loss in yield. Corre-
lation analyses from two years of field dry seasons revealed that the combination of initially broader leaves
capable of increasing leaf thickness in response to drought, as evidenced by changes in SLA, together with
maintenance of Y., supporting a higher Apet, can collectively drive a higher DRI. The SLA changes ranged up to
~50% in one of the best performing genotypes with high DRI values upon severe drought stress. GWAS identified
seven QTLs for DRI which include known drought-responsive aquaporin, dehydrin, and heat shock protein genes,
which coincide with the GWAS interval identified for CT on chromosome 7. This study identified a tentative
pathway linking genomic loci to water balance, leaf development, and photosynthesis-related traits under

Abbreviations: DAS, days after seeding; DAT, Days after transplanting; WW, well-watered; MDS, Managed drought stress; DS, dry season; GRWT, grain weight;

WUE, water use efficiency; Anet, leaf level net photosynthesis; SLA, specific leaf area; LWP, Leaf water potential.
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drought. Our results provide opportunities to select the best-performing rice genotypes and enhance under-
standing about how to improve grain yield of rice under drought by mechanistic exploration, to aid drought
breeding efforts by selecting optimal haplotype combinations or gene edits.

1. Introduction

Leaves are often known as the plant organ that exhibits 'early
warning’ signs of drought. Some of the most prominent drought-induced
above-ground responses of plants include leaf rolling, stunted growth,
and loss of green leaf pigmentation (reviewed by [1,2]). Plants typically
fail to maintain normal physiological activities under drought due to
hydrological imbalance, which severely reduces carbon assimilation. In
the case of monocots, leaves roll under drought to reduce water loss,
which disturbs both normal carbon assimilation and transpiration
function as those processes are linearly related [3-6]. Moreover, sto-
matal closure under drought drastically reduces stomatal conductance
(gs), a factor that determines the flux of gaseous carbon to be fixed
through photosynthesis [7-9]. Damage to photosynthetic machinery
eventually limits plant biomass, subsequently affecting grain yield.
Morphological components, including the leaf size, angle, and dry mass

a 1.2017

per unit leaf area are known to have profound effects on plant photo-
synthetic performance under well-watered conditions [10,11], but the
dynamics of these traits under drought have been explored to a lesser
extent [12-14]. A growing body of literature and our previous screening
efforts of large rice diversity panels support the concept that higher
photosynthetic rates can result in higher biomass and grain yield [10,15,
16]. However, as opposed to the attention given to root biology in
drought response [17-20], the relationships among leaf morphology,
photosynthesis-related traits, and genetics that result in delivering a
drought tolerant physiology for producing higher grain yield has not yet
been defined comprehensively.

Leaf morphological features are commonly known to affect gas ex-
change parameters, and transpiration-related traits [21] such as larger
or thicker leaves [22-24] are often used as selectable biomarkers to
improve rice yield potential [25]. The leaf hairs [26], leaf width [27], or
leaf thickness have been reported [28] to increase water use efficiency,
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Fig. 1. (a). Representative drone RGB images and thermal images of the 3 K indica rice panel grown under well-watered (WW) and managed drought stress (MDS)
fields in 2017DS (i) and 2019 DS (ii). Images were obtained at 85 DAS. (b) Canopy temperature: the Ismeans of CT, during peak drought stress, was extracted from the
thermal images from drone flights. Blue and red dots are the WW_CT and MDS_CT values, respectively, at different days during the peak drought stress. Connecting
lines show the canopy temperature of the best performing genotypes in our study (listed in Table S16).
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which might be advantageous for plant survival under drought. Some
reports identified genomic loci for rice leaf rolling (29], studied leaf
reflectance and physiology [30], and leaf morphology [31], or docu-
mented response of flag leaf traits [32] under drought. However,
whether altering such leaf morphological characteristics can translate
into higher yield under drought remains to be tested.

Drought is considered one of the major causes of global food short-
ages [33] with 600 million people worldwide being predicted to face
hunger in 2030; such climate change-related food security issues have
thus been targeted by the United Nations Sustainable Development
Goals (United Nations, 2015, https://sdgs.un.org/goals/goal5)
(Accessed: 10 June 2024). Rice is one of the main crops projected to be
at the highest risk of yield loss due to drought [34] especially when it
occurs during reproductive stage [35]. Furthermore, the yield of the
most popular drought tolerant rice varieties is still considerably low
[36]. With the increasing global population, demands for food are
increasing every year in both favorable and stress-prone environments.
Thus, improvement of rice yield under drought stress should be a pri-
ority for breeding programs aiming to address food security under
challenging climatic conditions, and an understanding of the physio-
logical mechanisms and genetic regions related to yield under drought
will aid those efforts.

Landraces often serve as potential donors in breeding to improve
drought resiliency. Currently, there is a growing interest in selecting
combined agro-morphological characters to complement selection for
grain yield [37]. In the current study, a large-scale field trial was con-
ducted using ~1000 rice genotypes from the sequenced 3000 Rice
Genome Panel (3 K panel [38,39]:, https://snp-seek.irri.org/), including
indica, aus, and admixed genotypes. This phenotypic diversity along
with the availability of genomic sequences of the 3 K panel gives the
opportunity to link genetics to drought responsive morphology and
physiology [39]. All genotypes were evaluated in field conditions over
two dry seasons for their grain yield, agronomic traits, leaf morpho-
logical traits, leaf water potential, leaf carbon assimilation, and other
photosynthesis-related traits. Drone-based high-throughput RGB, mul-
tispectral, and thermal imaging traits were recorded, and a
genome-wide SNP-to-trait association was performed to identify genetic
loci that were best associated with maintaining crop yield under
drought. In this study, we aimed 1) to understand if leaf functional traits
play a role in rice drought tolerance beyond dehydration response, and
2) to identify key leaf traits and their interactions, as well as candidate
genes crucial for rice drought tolerance. We hypothesized that the
conservation of leaf physiological processes under drought is mediated
by adaptive leaf structural changes in drought tolerant genotypes which
translates to greater yield under unfavorable conditions, and this study
indeed indicated that the adaptive nature of leaves was interconnected
to a drought tolerant physiology. Several QTLs were identified from this
study that were directly associated with higher yield under managed
drought stress field conditions, which may be a valuable resource for
rice drought tolerance breeding programs. Our approach using a large
number of genotypes, both labor-intensive and high-throughput mea-
surements, and the use of a field environment was intended to generate
physiological and genetic insights that would be highly relevant to
conditions in the target environment of drought-prone rice farmers’
fields.

2. Materials and Methods
2.1. Field experiments

Indica rice genotypes were grown during the dry seasons (Jan - April)
of 2017 (968 genotypes) and 2019 (578 genotypes) at the Zeigler
Experimental Station of the International Rice Research Institute (IRRI;
14°10°11.81” N, 121°15°39.22” E) under both well-watered (WW) and
managed drought stressed (MDS) conditions (Fig. 1a drone images). The
two treatments were planted in separate fields with the genotypes
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arranged in partially replicated (p-rep) designs, with 20% of the geno-
types replicated more than twice. Twenty-four plants of each genotype
were planted per plot (0.48 m? area) in the field with an interplant
spacing of 20 x 20 cm. The dry season drought experimental setup
consisted of plot grids of 16 rows x 56 columns in 2017 and 22 rows x 48
columns in 2019, respectively, with independently randomized designs
in each treatment. A detailed analysis of the well-watered component of
this study is described in a companion paper by Lin et al. [40]. Varieties
NSIC Rc222 (IRRI 154; high yielding), Dular (drought tolerant) and
Fedearroz (Colombian popular variety) were included as checks and
were randomly distributed in equal numbers across the four blocks in
the field. Details of the genotypes are listed in Table S1. Plants were first
raised in a seed bed nursery, followed by transplanting into the exper-
imental field after 21 days. Basal fertilizer (complete fertilizer
14-14-14) was applied at 7 days after transplanting (DAT) followed by
top dressing of urea (46—0—0) and potassium chloride (0—0—60) at
18-24 DAT. The well-watered fields were irrigated 2-3 times per week
throughout the season through surface flood irrigation to maintain
continuous flooding. Managed drought stress treatments were initiated
by draining the water and stopping irrigation at 41 DAS in 2017DS and
at 43 DAS in 2019DS. Re-watering was done after 21 days followed by a
second drought stress period that continued until maturity.

Soil moisture in the MDS treatment was measured at a depth of
5-10 cm and 25-30 cm by the gravimetric method using the formula:

Soil moisture (%) = ((Weight of fresh soil — Weight of dried soil) /
Weight of dried soil)*100

In 2019DS, soil moisture was additionally monitored using 6 tensi-
ometers (SoilMoisture equipment Co. CA, USA) installed at a depth of
30 cm to record soil water potential (¥so;). The amount of daily and
total rainfall during the experiments were recorded (Table S2 and
Table S3) and the soil characteristics are provided in Table S4.

2.2. Phenotyping data collection

2.2.1. High-throughput traits

Drone high-throughput phenotyping was conducted using a fixed-
wing Senesefly eBee drone in 2017 and a multirotor DJI Matrice
M100 drone in 2019. The eBee was flown separately using 3 different
cameras as follows: RGB (senesfly SODA), 4-band multispectral (Parrot
Sequoia), and Thermal (Sensefly Thermomapper). The Matrice was
fitted with the following 2 cameras: RGB (DJI X3) and a 5-band multi-
spectral (Micasense Rededge-M) capturing images simultaneously. The
drones were flown weekly and images were captured at altitudes
ranging from 30 to 40 m with high overlap (75-80%). Six ground con-
trol points (GCP) were placed around the perimeter of the fields for
geospatial correction of the imagery. GCPs were surveyed using a high
accuracy real time kinetic (RTK) GPS system (Leica Viva GS10 Base
station with GS15 Smart antenna as rover). Imagery was processed using
PIX4D Mapper Pro software using standard 3D mapping templates.
Processing incorporated GCP correction and radiometric calibration of
the multispectral imagery based on reflectance panel images taken
before each flight. Processing outputs included full resolution RGB
orthomosaics, digital surface models (DSM) and index maps for each
camera band (WGS84 UTM 51 N coordinate system). The plot layout
was digitized using ArcMap (Esri ArcGIS desktop) based on an early
season RGB orthomosaic image. Plot level pixel data was extracted using
R version 4.4.1 (The R Foundation for Statistical Computing, Vienna,
Austria) to calculate median plot values for each camera band, vegeta-
tion indices (i.e., NDVI), field elevation, canopy height base and canopy
temperature. The field elevation was based on a DSM of the field prior to
transplanting. The NDVI and canopy height were calculated as follows:

NDVI = (NIR — RED)/ (NIR + RED)

Canopy Height (m) = plot DSM elevation - field elevation
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Table 1
The agro-morphological and physiological traits studied under well-watered and
managed drought condition in two field seasons, 2017DS and 2019DS.

Category Trait Definition Units
abbreviations
Agronomic DRI Drought response index relative
unit
Agronomic DTF Days to 50% flowering count
Morphological ~ PLHT Height measured from base to cm
the tip of the plants
Agronomic GRY Grain yield, the GRWT taken at ~ gm / m?
14% moisture content per area
harvested
Agronomic BM Aboveground biomass gm / m>
Agronomic HI Harvest index (GRY / Biomass) relative
unit
Morphological ~ SLA Specific leaf area cm?/gm
Morphological LA Leaf area cm?
Morphological ~ LLT Leaf length cm
Morphological ~ LWD Leaf width cm
Morphological LT Unit leaf weight which mainly derived
corresponds to leaf thickness character
simulated as LA / SLA
Morphological ~ LDW Leaf dry weight oven dried gm
Physiological LWP (¥Leqp) Leaf water potential Mpa
Physiological A or Apet Net photosynthesis pmol CO, /
m?/s
Physiological E Transpiration mmol H,0
/m? /s
Physiological & Stomatal conductance to H,O pmol H,0 /
m?/s
Physiological Ci Intercellular CO, concentration ~ ppm
Physiological WUE or WUE; Instantaneous water use relative
efficiency measured as A/ E unit
Physiological AxLT Photosynthesis / leaf unit derived
volume character
Physiological A/gs Intrinsic water use efficiency, or  relative
iWUE unit
Physiological Ci/gs The conductance component relative
used for controlling CO5 in unit
intercellular spaces
Physiological E/g; The conductance component relative

used for transpiration unit

Physiological CT Canopy temperature obtained Celsius
from drone images
Morphological ~ NDVI Normalized difference of relative

vegetation index obtained from  unit
drone images

2.2.2. Agronomic and leaf morphological phenotyping

Among the agronomic traits (Table 1); Days to flowering (DTF), plant
height (PLHT), grain weight (GRWT) was measured in both seasons,
whereas the above-ground biomass was collected only in 2017DS. Days
to flowering for each genotype was recorded when 80% of the plants in a
plot were flowering. Grain weight was determined from the center
plants of the 12 hills per plot to avoid any border effect. Harvested grains
were dried at 40°C for three days followed by drying at 15°C for ~1
month at 15% RH. Final grain yield (GRY, g m-2) at 14% seed moisture
content (MC) was calculated as:

GRY at 14% MC = [grain weight (g) x (100-moisture content (%))/861/
area harvested (m?)

To calculate the Drought Response Index (DRI), we followed the
approach of Bidinger et al [17,41] in which a predicted value of grain
yield under drought was computed based on flowering time and yield
under well-watered conditions, and then compared to the actual yield
under drought. The grain yield under stress was converted to a predicted
value (GRY_MS_predicted) based on multiple regression of each geno-
type’s grain yield (GRY_WW) and time to flowering (DTF_WW) under
well-watered conditions, in which GRY stress_predicted =a +
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(bxGRYcontrol) + (cxDTFcontrol). Here, “a” is the intercept, “b” and
“c” are the coefficients of the linear regression model (using the Im
function in R). Next, the difference between this predicted grain yield
and the actual grain yield under drought stress was used to calculate
DRI:

DRI = (GRY_MS _actual - GRY_MS _predicted)/ S.E. of
GRY_MS predicted,

The R scripts and detailed description of the DRI calcuations are
shown in Table S6 and Table S7.

Biomass data was collected in 2017DS after drying the above ground
plant biomass (panicles-+straw) at 40°C for three days. The biomass data
and grain yield data were used to calculate harvest index (HI) as the
ratio of grain yield to total shoot dry matter as:

HI = GRY / Biomass

Morphological and agronomic traits were measured as described
previously in the phenotypic “data dictionary” for the rice 3 K genomes
panel (https://snp-seek.irri.org/phenotype_dict.pdf) [42,43]. Plant
height (PLHT) was defined as the distance from the base of the stem to
the tip of the flag leaf. Leaf water potential (LWP, ¥.q. was directly
measured in the field, consistently using the second fully-expanded leaf
after the flag leaf for each genotype. ¥1.qf was determined after pres-
surizing the leaf with compressed Ny at mid-day using a 3000HGBL
Plant Water Status Console (SoilMoisture Equipment Corp.) and
recording the minimum pressure at which outward sap flux could be
observed. The same leaf was used to measure leaf area (LA), leaf length
(LLT), and leaf width (LWD) with a leaf area meter (Li3100C; LI-COR,
Lincoln, NE, USA), and leaf dry weight (LDW), which were further
used to calculate the specific leaf area (SLA; leaf area / leaf dry weight).

Leaf rolling (LR) was scored by recording visual SES scores [44] in
2017 DS, and an HTP method to determine LR was calculated from the
difference in NDVI values (ANDVI) as previously conducted [45].
Higher positive SES scores reflect a greater degree of leaf rolling,
whereas a negative value of LR reflects the upward curling of the leaf.
Additionally, the ANDVI (NDVI before applying stress — NDVI value
after the stress treatment) obtained from drone multispectral images on
81 DAS vs. 84 DAS in 2017DS and 79 DAS vs. 112 DAS in 2019 DS, was
taken as a proxy for LR in both seasons.

2.2.3. Leaf gas-exchange measurement of instantaneous photosynthesis

Leaf gas exchange measurements were conducted using Li-6400XT
infrared gas exchange analyzers (LI-COR Biosciences, Lincoln, NE,
USA) fitted with a standard 2 x 3 cm leaf chamber and 6400-02 B light
source at a constant airflow rate of 400 pmol s, leaf temperature of
30°C, leaf-to-air vapor deficit between 1.0 and 1.5 kPa and relative
humidity of 60-65%. Data was recorded in the field in situ between 8AM
to 1PM. Instantaneous photosynthesis rate (A or Ap) was recorded from
the mid-portion of the leaf blade, separately on three fully expanded
leaves per plant after a steady state was reached. Ten Li-6400 machines
were used simultaneously in the field to complete this large number of
measurements within a short time. Each Li-6400XT machine was cali-
brated before using, and the data was cross-checked by measuring the
check varieties before, in-between and at the end of measurements each
day. The gas-exchange measurements were completed within a window
of 7 days. Recording the instantaneous photosynthetic rate of genotypes
included net carbon assimilation per unit leaf area (A or A pe), tran-
spiration per unit leaf area (E), stomatal conductance (g), and inter-
cellular CO4 (Ci). Instantaneous water use efficiency (WUE or WUE;) was
derived by dividing A by E. Additional parameters including A/ g, E/ gs,
and Ci/ gs were evaluated to determine the fraction of the total stomatal
conductance utilized for A, E or Ci. Leaf thickness (LT) was determined
by dividing LA by SLA and was used to calculate the parameter AXLT,
which was considered to represent assimilation per cubic leaf volumetric
space.
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Fig. 2. Range of drought response index (DRI) values in 2017DS and 2019DS
DS. N =623 in 2017DS and N = 576 in 2019DS.

2.2.4. Data analysis
The values of least squared means for each trait were calculated for
each genotype, with genotype as a random factor using the ‘lmer’
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function in R version 4.2.1 (R project, www.rproject) [46] using linear
mixed model of y=xp+ Zg + &, where, y = observed phenotypic
value, xf = fixed effect (replication), Zg = random effect of genotype, ¢
= random residual error. Outlier values above the 95th and below the
5th percentile with unexpected values for leaf measurements and
missing values were excluded prior to use in correlation and GWAS
analyses. Out of the 968 and 578 genotypes planted in 2017DS and
2019DS, 623 and 391 were used respectively after data cleaning to
include a full set of all traits for the correlation analyses. Broad sense
heritability of traits (H?) was calculated as H>= (Vg / Vg + Vg/r), where
Vg =genetic variance, Vg = environmental variance and
r = replication.

All traits were evaluated in both well-watered (WW) and managed
drought stress (MDS) conditions to further analyse the drought response
in terms of the differences (Delta, A, prefixed with “d” with traits in the
figures) in their values in the WW and MDS treatments. PCA and cor-
relations were performed using ‘prcomp’ and ‘corrplot’ functions in R.

2.2.5. GWAS study

Genome-wide association study was conducted using the 3000 Rice
Genome 1 million Genome-wide association study single nucleotide
polymorphism data [39,47]. In 2017DS, 592 genotypes were included in
the GWAS for DRI, HI, SLA, WUE and CT while in 2019DS 572 genotypes
were included in the GWAS for DRI, and 376 genotypes were used in the
GWAS for SLA, WUE, and CT. We could include more genotypes in the
GWAS study of DRI compared to other traits as the set of grain weight
data was available for a greater number of genotypes in both seasons.

Rice agro-morpho-physiological changes under drought stress
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Fig. 3. Agro-morphological and functional responses of rice genotypes under WW and MDS in (a) 2017DS (b) 2019DS. Trait abbreviations and units are given in

Table 1. N = 623 for 2017DS, N = 391 for 2019DS.


http://www.rproject)

~

Chatterjee et al.

2017

9
@
s - 5 )
= ¢ w &
a 8c 655 x < sk Sk
Z 5« <88 < 3 S & 9 w®? 006 I
voo oo o o O o ° o o 1
d_NDVI L
d_LR o8s % % * * ok ko * P
dA owous & * « 9% * * | * 0.8
d_A/gs 005 ows oms % « » RGN * ® *
d_PLHT o0 ous 007 oms | e * | %W * * *|*
d_Biomass  0.00 0.02-0.03 0.01 00 * | % | % * * R ok * 06
d_LWD a0t 006 0moss 0oy 0ss (@ @ & @
4LOW enzosonono oo S AP  + + * @ x o ox L 04
d_LT 004 004 0.03 001 042 085 0M4 OBZ /” * \
d_AXLT ooeooronsomons onsossomsons g« * | % QR r >
d_LA 003 008 002 000 0e9 0cr ow3 on7 ors osr P x * * 0.2
d_LLT 008 0.01 0.05 0.00 0.07 0.06 0.06 086 082 0456 OFS RE * *|* AR
O_LWP | 004 0m1-040-07.009 003 000 003 004 001006 000 % %k flx | @ B
d_E/QS  0.01.089.0.06 042 -045-0.04 0.03.0M 1 -0i1 0M2 013 09 0MB * »* & * ok
O_WUE  -0.04 024 05206 -0i21 -0.05 -0.05 042 041 0M3 013 0342 080 040 I * ' >\
d_Ci - .04 0,06 0. .04 -0.03 10 -0.01 OFT b * * LAE AR ] F-0.2
d_Ci/ Qs -0.03-046 -066-061-0.06 0.03-0.03 .05 0,05 043 -0.07 008 045 0.07 065 087 e o
DRI 0.00-0.01-0.03-008 022 04 0.03-0.01 0.01-0.01 0.03 0.0Z 09 0.01 0.05 0.02 001 * & d
d_CT om3 002008008 000 001081001 001 600 001 001003 002 005 089 040 007 04
d_Hairy |06 001 005-0.03-0.06-0.06 0,01 0.06 005 0.04 0.06 D40 001 001 006 006 002001007 % & *
d_0S  0.01-0.04 024-087-0.04-0.07 0.04 0.01 0.02 0.06 0.04 08 040 024 04 0R4 -0M4 0,02 0.01 M1 ’ 06
d_E  0.02.008 087016044 0.07 -0.07 040 .0.07 .05 0K0.0.06 024 DM4 D50 022 .0.07 0.04 0.03 019 0TI *|*
d_SLA 003 003 001 0.01-0.05-0%1 0.07 064 087 %2 0.01-0.07 044 -0.02 0.00 0.01-0.010.01 0.01 0.01 0.01 001 * *
O_DTF | 0.01-0050.04-0.06 0.02-089 0.00 20043 41 0.07 -040-0.05 D.0D 0.05 0HO 0.07 023 0.04 08 006 006 0wz % () -0.8
0 GRY 007 0us.0us-0e9.omn 0R1 005 00 042 943-0.08 04 033 04T 081 OHE 0E-0MA 003 004 004 009 007 0zz |
d_Hl |e 06 089 0.04 DB 048 0M1 0M1-0/60-0.07 0,07 0.00 0AZ OXI DN OFS 1
o
C & i S
O &
. >/
o Q
\ S >/
=z . e
. . "% &/ 57
T oo
9 Ly, ° Se by
e ° o,
ey ° o eI o .
qd 5 -
a s ¥ o
— s 4 «
T e , %
=
<
ol groups
o 0-
o E
o
-ac; e L
N
2 M
o]
°
5
3 7 o
% 2- - Be e,
o o .
0 =B ©
%t? ° ° > °

-5.0 0.0 25

25
standardizedPC1 (18.7%)

Current Plant Biology 50 (2026) 100660

2019

d_gs
d_Algs
d_LWD
d_SLA
d_Lwp
d_NDVI
d_DTF

* | d_PLHT
d_LA

* | d_AxLT
d_LLT
d_LDW
d_LT

_GRY
¥ d_CT

* “ d_A
l;m

* d

,t
*
*
*
*
*
‘ *) d_WUEi

0.8
W R * . @@ x| *
dA os2 o om s | ) * * N * || 06

d_A/gs | oot oss 004 000 om9 * * * % x %

DRI |12| 08| 08 am1 | 000 001 " . ‘ | % G () 1= - 1
d_LWD 006 009 045 005 001 000 004 [ AEZAEAER EAER:EAE

d_SLA 09 000 001005 008 010 0%8 080 * x % * oG

F 04

F02

d_LWP | 003 003 007 ox1 002 043 000 00 008 *
d_NDVI 008 006 002 002 003 003 O®S -0M5 -0 009 e » (& & x x *
d_DTF |83 003 002 041 005 0.04 045 -6 oS 003 042 *
d_PLHT 045 0M1 0.00 0RS 0M3 0.00 064 0H3 -0RS 0.02 043 08 ey LAl
d_LA a0t oos oms ome 002 002 0u om0 00z 0oz 0w owr ous (%) @) & & 02

o/ $

A_LLT |o0r o0 onz onz| 007 05 -0m2 oa0 -ous ou1 oms 0w ows ous oss g g * -0.4

d_AXLT | oue 007 ous oua| oue ouz 01 020 08 000 080 RS ORS 0MZ

d_LDW | 004 ous on3 on1 o -o0s -ome oms our 005 om2 | omt oms ous omt ot *
d_LT 002 0m1 0M2 010 000 0.08 0RS 023 0M4 005 082 O0R 0SS ON7 084 OB1 06 * 06
d_Efgs om0 o1 003 006 001 086 007 001 004 004007 007 009 002003 004 004 003 |

*
o 08

d_Ci | oms ous| 006 .02 OO 0M7 007 008 0.04 005 000 002 003 003 003 0H2 O3 M1 006 084 ’

d_WUEi | o83 066 008 005 0M1 RS 0M0 002 001 0.06 004 0.04 0.8 0.08 003 0.04 003 002 0RO

_Cilgs |08 002 -0M0 o ws 09 007 003 004 004 OM1| 003 0.0 0.07 02 008 008 008 NI OMS 04

groups
E

o L

e M

standardizedPC2 (14.1%)
o

A 0 1
standardizedPC1 (22.3%)
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E = early maturing, M= medium maturity and L = late maturity genotypes.

The SNP data was filtered using PLINK 1.90b3b [48] based on minor
allele frequency (>0.05), and the linkage disequilibrium (LD) pruned
data set was generated by the 'indep-pairwise' command with window
size = 2 kb and r? = 0.85. The ped and map files generated by PLINK
were then converted to HapMap files through Tassel 5.0 [49]. Finally,
association tests were run separately for the drought dataset of DRI, HI,
SLA, WUE and CT and analyzed using a linear mixed-model imple-
mented in efficient mixed-model association (EMMA) by the R package
of the Genome Association and Prediction Integrated Tool Package
(GAPIT) [50,51]. Original values of DRI were converted to proportion-
ate positive values and then log transformed before using for GWAS
(Table S7, Table S9 [52]). The genome-wide GWAS significance
threshold level was determined using the Bonferroni formula by
dividing the standard significance level (alpha =0.05) by the effective

number of independent tests [53] that corresponded to -log10(p)= 6.3.
GWAS peaks were determined either using a threshold of -log10(p)= 5
or a less strict threshold of -log(p) = 4 which are widely used in rice
GWAS studies, especially for the rice 3 K panel [19,29,54]. We interpret
such peaks as having suggestive evidence and requiring additional
follow-up work; these suggestive threshold lines are indicated on the
Manhattan plots reported here.

Distribution of SNPs in a 100 Kb genomic region at specific QTLs was
plotted using GoBii Haplotype Visualization Tool (https://h
aplotool-docs.readthedocs.io) [18]. Favorable haplotypes were identi-
fied by replotting the SNP pattern in a smaller genomic window of 30 kb
surrounding the identified QTL to compare a smaller subset of two
extreme groups of genotypes representing the 25 highest and 25 lowest
DRI values.
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Performance of different maturity group under water stress
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Fig. 5. Drought induced trait to trait correlation patterns in different maturity groups. a) Spearman’s correlations matrix of drought responses (A) for each trait in
2017DS (early i, medium ii, and late iii group) and b) 2019DS (early i, medium ii and late iii group). The blue ellipses in the upper diagonal show positive interactions
while the red ellipses show the negative correlations among the traits. The lower diagonal consists of the respective R? values. “** designates significant (P < 0.05)
correlations. The trait abbreviations are given in Table 1. N = 153 for early, 292 for medium, and 177 for late maturity genotypes in 2017DS and 105 early, 231

medium, and 54 late maturity genotypes in 2019DS.

2.2.6. Candidate gene analysis and gene interaction prediction

Candidate genes were identified using SNP seek (https://snp-seek.
irri.org/) and MSU genome browser (http://rice.uga.edu/). The gene
ontology and gene function was determined using the Rice Genome
Annotation Project (RGAP). Indica-genome specific IR64 lifted over
gene list (Table S10), gene function, intra- and inter-QTL genetic net-
works were analyzed using RicePilaf [55]. Gene interactions were
determined by adding query protein sequence information in the
STRING database version 12.0 [56]. Expression profiles of
drought-response of candidate genes were acquired from the NetREx
public database to search network-based rice expression analysis for
abiotic stress tolerance [57].

3. Results

3.1. Drought delayed flowering time, reduced grain yield and
photosynthetic performance, and altered leaf morphology in the 3 K indica
panel

3.1.1. Leaf attributes in WW treatment

A large degree of genetic variation was observed in leaf traits and
agronomic traits in the 968 indica genotypes that were planted in
2017DS, of which 578 genotypes were planted again in 2019DS.
Representative images of the field and temporal variation in CT are
shown in Fig. 1. Although the drought treatment was effective in both
seasons as evidenced by raised canopy temperatures (Fig. 1b), drier
conditions were experienced in 2019DS based on weather data of the

two seasons (Table S2 and Table S3). The range of DTF values in the WW
treatment varied between 60 and 137 DAS in the two seasons, based on
which the genotypes were classified into three maturity groups: early
(<80 DTF), medium (80-100 DTF) and late (>100 DTF). The range,
average values, and the genetic diversity of all traits are presented in
Table S5 collectively and separately for the different maturity groups to
explore any unique characteristics present in any of the maturity groups.
Grain yield (GRY) in the WW treatment ranged from 4.69 to 682.6 g m 2
in 2017DS and 32.18 - 599.5gm 2 in 2019DS, which averaged
~350 gm ™2 and ~250 gm 2 in 2017DS and 2019DS, respectively.
Excessively low GRY of some genotypes under well-watered conditions
was probably due to poor adaptation to the conditions in the Philippines.
PLHT in the WW condition ranged from 45.3 to 170.3 cm in the two
seasons. The LA varied from 8.93 to 78.1 cm? in 2017DS and 7.46 —
53.1 cm? in 2019DS. LWD varied 5-fold from 0.3 to 1.5 cm in both
seasons, LLT varied ~4-fold from 17.4 to 74 cm, and LDW varied from
0.04 to 0.60 g, whereas SLA varied from 50.3 to 284.4 cm? g !
(Table S5). Among leaf functional traits, LWP varied > 8 fold, ranging
from —0.32 (MPa) to —2.7 (MPa); photosynthetic trait A varied > 2.5
fold, ranging from 15.3 to 40.2 umol CO / m? / s; g; ranged from 0.3 to
1.8 umol Hy0 / m? / s; E varied around 3.3 fold, ranging from 5.79 to
19.5 mmol H,0/ m? /s; and the Ci varied almost 1.5 fold among geno-
types, ranging from 259.4 to 348.3 ppm CO,. The WUE, which is the
ragio of A/E, varied 3.5 times, ranging from 1.31 to 4.61 mmol H»0 / m?>
/s,

Notably, plant vigor was observed to increase with longer maturity
as evidenced by the increasing PLHT, BM, LLT, and LDW, while SLA
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decreased. However, in terms of water use, a slight increasing trend in
WUE and decrease in E were observed across the maturity groups from
early to medium to late flowering groups. The declining trend in SLA
alternatively suggested an increased leaf thickness in medium and long
duration genotypes. However, these trends did not translate to increased
GRY in longer duration genotypes (Table S5).

3.1.2. Drought-driven shift in agro-morpho-physiological attributes in the
3 K indica panel

The dry-down during MDS treatment resulted in a 15% and 30%
reduction in soil moisture contents in 2017DS and 2019DS (Fig. S1),
representing moderate and severe drought stress, respectively. In this
study, drought tolerance of each genotype was primarily defined by the
drought response index (DRI), which is a comparison of the actual and
predicted grain yield under drought (GRY_MDS), as determined by
normalizing the yield under well-watered conditions (GRY_WW) by
flowering time (DTF_WW) (Fig. 2). Genotypic responses under drought
for the agronomic, HTP, leaf morphology, and functional traits were
determined by the differences (As) of the trait values obtained during
WW vs. those obtained in the MDS treatments and represented by the
overall shift in the peak of that trait value under MDS conditions (Fig. 3).
In both seasons, the time to flowering was delayed due to MDS treatment
and growth reduction was prominent, as evidenced by loss of biomass
and reduction in LA, LLT, LWD, LDW, SLA, LT, and NDVI. The decline in
leaf functional parameters under MDS was evidenced by reduced LWP,
HI, A, E, g and in Ci, the total CO; available for photosynthesis in the
intercellular spaces (Fig. 3). In contrast, an increase in CT and WUE
under MDS was evident in both seasons (Fig. 3).

The relative lack of flowering delay in 2017 under MDS was probably
due to the relatively mild drought stress in the field as compared to the
2019 MDS treatment. However, the drought response was visible as
evidenced by the loss in the GRY in both seasons, which was reduced by
77% and 94% respectively in 2017DS and 2019DS. We observed a
greater reduction in the values of leaf morphological traits in the
2019DS MDS treatment, including a 12% reduction in LLT and 28%
reduction in LWD as compared to only 3.8% and 14.8%, respectively in
the 2017DS MDS treatment. Similarly, we noticed a greater reduction in
LDW (22%) and SLA (8%) in 2019DS compared to the 8% and 5%
reduction in 2017DS by the MDS treatment. Likewise, a profound
drought effect was observed on the rice leaf functional traits compared
to the WW treatment, including a 70 and 65% reduction in LWP in
2017DS and 2019DS, along with a 35-56% reduction in net carbon
assimilation rate (A), 69-81% reduction in g, 14-22% reduction in Ci,
and 57-69% reduction in E on average. WUE was ~ 50% higher on
average under MDS compared to WW in both seasons. At the time of gas
exchange and leaf measurements, canopy temperature was 17% and
15% warmer in MDS than in the WW treatment in 2017DS and 2019DS,
respectively (Table S5).

3.2. Correlations among leaf morphological-functional traits in well-
watered vs. managed drought stress treatments

Two major groups of correlations were prominent in the WW cor-
relation matrix (Fig. S2 a, b) that reflect the initial relations between
traits in a favorable environment; one was within different leaf
morphological components, and the second was among the leaf
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functional components. We observed positive correlations of BM with
leaf morphological traits (LLT, LA, LT, LDW) and photosynthetic traits
(AXLT); while the relations of HI with these traits were negative (Fig
S2a). However, there were noticeable correlations found linking the
morphological and functional traits as well: the leaf photosynthetic trait
AxLT showed significant positive correlations with leaf morphological
traits LLT, LWD, LA, and LDW across two seasons (Fig S2). In contrast,
photosynthetic trait E/g; was negatively associated with these leaf
morphological traits. Interestingly, in the 2019DS WW treatment, the
LWD, SLA, and LWP showed significant positive correlations when
compared to DRI; while the relation of LLT, LDW and LT, NDVI, and DTF
were negatively correlated with DRI (Fig. S2b). However, no significant
correlations between DRI and leaf traits were identified in the WW
treatment of 2017DS.

The well-scattered positioning of the traits in the PCA biplot under
WW conditions (Fig. S3) suggested an initial well-balanced contribution
of the measured agronomic, morphological, and functional parameters,
whereas the drought effect on these traits was reflected by a distortion of
similar distributions in the MDS biplots replaced by closer associations
between specific traits (Fig. S5 vs. Fig. S3). We found that LWP under
MDS was positively related to DRI in both seasons (Fig. S4a, b). In 2017
under MDS, the higher DRI was mostly influenced by high HI (Fig. 54 a,
Fig. S5 a), whereas more leaf traits were found to be correlated with DRI
in the 2019 MDS biplot. DRI remained positively grouped together with
leaf morphological traits LDW, LT, LA, and LLT in 2019 MDS with a close
association of AXLT while showing a negative relationship with WUE
(Fig. S4b).

The performance differences of traits in the WW vs. MDS treatments
(represented as the delta (A), prefixed with “d” with trait abbreviations
in the figures) showed negative correlations of DRI with AGRY R? =
—0.4, P < 0.05) and AHI (R2 = —0.5, P < 0.05), ADTF, ABiomass,
APLHT, AA/gsin 2017DS (Fig. 4a). This resulted in close associations of
ALWD, ALA, ANDVI, AAXLT and ABM with DRI in the 2017DS PCA
biplot (Fig. 4c). In 2019DS, DRI showed significant negative correlations
with ACT (R? = - 0.12, P < 0.05), AWUE; (R% = - 0.09, P < 0.05), ALA

(R? = - 0.2, P < 0.05), AAXLT (R? = - 0.23, P < 0.05), ALLT (R* = -
0.36, P < 0.05), ALDW (R*= - 0.30, P < 0.05), ALT (R* = - 0.29,
P < 0.05), ANDVI (R? = - 0.37, P < 0.05), ADTF (R? = - 0.64, P < 0.05)
and APLHT (R2 = - 0.60, P < 0.05) (Fig. 4b), suggesting retention of
initial biomass and maintenance of lower canopy temperature reflecting
better drought tolerance in terms of yield. In contrast, DRI showed a
significant positive correlation with ASLA (R? = 0.2, P < 0.05) in
2019DS (Fig. 4d), suggesting a possible leaf morphological adjustmentto
mitigate the effects of severe drought stress.

Among the three different maturity groups (early, medium and late),
the pattern of correlations of leaf traits with DRI remained similar,
although there were differences in their strength of associations (Fig. 5a,
b). In the PCA biplots, fewer leaf traits were grouped together with DRI
in the late maturity group in both seasons (Fig. 6a, b, iii). The association
of ASLA with DRI in both early and medium maturity groups in 2019DS
added confidence to the assumption that a greater reduction in SLA
under drought was associated with increased drought tolerance (Fig. 6b
panels i and ii).

3.3. Identification of drought associated genomic loci

Genome wide marker-trait association was performed for DRI,
SLA_MDS, WUE_MDS and CT_MDS in 2017DS and 2019DS, and for
HI_MDS in 2017DS. These traits were included in the GWAS analysis as
those were the leaf agronomic, morphological and photosynthetic traits
recurrently associated with DRI across different correlation analyses
with moderate H? values (broad sense H? of GRY = 30-33%, HI = 33%,
SLA= 30-31%, WUE = 14 - 30%, CT = 20 — 21%). The detailed genetic
structure of the population is given in Fig. S6. Genome wide association
studies (GWAS) identified 7 major QTLs for DRI: 4 QTLs based on a
significant cutoff value of -log;o(P)> 5 in 2019DS and 3 QTLs based on a
significant cutoff at -log;o(P)> 4.5 in 2017DS (Fig. 7). The DRI QTLs
were distributed as follows: one QTL on chr 1 (qDRI1.1), two on chr 2
(gDRI2.1, gDRI2.2), two on chr 3 (qDRI3.1, qDRI3.2), and two on chr 7
(qDRI7.1, gDRI7.2) (Fig. 7a, b). Similarly, one QTL on chr 12 at
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Fig. 8. Manhattan plots of genome-wide marker-trait association for (a) HI, (b) SLA, (c) WUE, and (d) CT in (i)2017DS and in (ii) 2019DS under MDS (ii). The panels
on the right shows the respective quantile-quantile plots. Blue solid lines in the Manhattan plots indicate the threshold considered for significant marker — trait
associations. GWAS was conducted on 596 genotypes with 448065 SNPs for HI, SLA and WUE in 2017DS. In 2019DS, GWAS was conducted on 376 genotypes with
438039 SNPs. For SLA in 2019DS, the SNP peak marked with red stars is discussed in detail.

—logy0(P)> 5 was identified for HI from 2017 MDS (Fig. 8a). Three QTLs
were identified for SLA_MDS (Fig. 8b); one on chr 4 at -log;o(P)> 5 in
2017DS, and two others each on chr 3 and chr 7 at -logio(P)> 4 in
2019DS. Six QTLs were identified for WUE_MDS at a significant cutoff
value of -log;o(P)> 4. Four of the QTLs were identified on chr 1, 6, 7, 8
in 2017DS, and two QTLs were identified on chr 11 in 2019DS (Fig. 8c).
Two sharp peaks, qCT5.1 and qCT7.1 at -log;o(P)> 5 were identified for
CT under MDS (Fig. 8d).

We looked for candidate genes associated with the respective traits
within 100 kb vicinity of the identified peak SNP locus. The SNP dis-
tribution pattern for two QTLs is given in Fig. S7 to show evidence of LD
and different haplotypes due to genetic recombination. Gene lists within
a 100bb region of the identified QTLs were extracted using Rice-Pilaf
(Table S10). In silico analysis found a total of 54 genes within the 100
kb genomic regions of the identified DRI QTLs (Table 2, detailed infor-
mation about the QTLs is in Table S11). Among these, a 1,4 glucan—
branching enzyme (LOC 0s02g32660.1), a HSF-type DNA binding
domain protein (LOC_0s02g32590.1), a DEAD-box helicase
(LOC_0s07g46580.1), a SNF2 family N terminal domain containing
protein (LOC_Os07g46590.1), a WD repeat-containing protein
(LOC_0s07g46620.1), and, notably, an early response to dehydrin gene
(LOC_0s07g46670.2) were important candidate genes identified from

the 2017DS DRI GWAS. Similarly, an aquaporin protein
(LOC 0s01g10600.1), a wall associated kinase protein, a

glyceraldehyde-3 phosphate dehydrogenase (LOC_0s03g03720.1), a
calcium/calmodulin dependent protein (LOC_0s03g02980.1), and a
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flavonol synthase (LOC_Os03g03034.1) were notable candidate genes
identified for DRI in 2019DS.

QTL qHI12.1 possessed precisely two transferase family protein
genes in the 100 kb genomic region (Table 3). Of the 12 candidate genes
associated with SLA under MDS, some interesting candidate genes noted
were the short chain dehydrogenase - reductase type of genes which
were recurrently identified for DRI and SLA in 2017DS. A transcription
factor F-box domain containing protein (LOC_0s03g22990.1), a zinc
finger, C3HC4 type domain containing protein (LOC_0s03g22830.2),
and an actin-depolymerizing factor (LOC_Os07g30090.2) were identi-
fied which might play a role in leaf development and possibly regulate
leaf thickness under drought. GWAS peaks for WUE were only identified
using lower cutoff values (-logio(P)> 4). Genes including the Myb
transcription factor (LOC_0s01g09640.1), F-box domain containing
protein (LOC Os11g16280.1), and a transporter family protein
(LOC_0s11g42430.1), presented in the WUE QTL regions, might play
crucial roles in determining WUE under drought stress. A total of 14
genes were present in the QTL regions identified for CT (Table 3), of
which the proline synthetase co-transcribed bacterial homolog protein,
putative, expressed (LOC_0s05g05740.1) and UDP-glucoronosyl/UDP-
glucosyl transferase, putative, expressed (LOC_0s07g32060.1) might
be good candidate genes to explore further as they are known to provide
heat tolerance to plants by UV protection and were highly expressed in
seedling in cold stress [58]. Interestingly, region qCT7.1 coincides with
the region qDRI7.1, and a co-expression analysis of both regions in
Rice-Pilaf (https://ricepilaf.bioinfodlsu.com/, accessed on 21 June
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Table 2
List of genes present in the 100 Kb window of the identified QTLs associated with
DRI. Details of the QTLs identification parameters are given in Table S11.
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Table 2 (continued)

QTL Candidate gene locus  Protein name
name in the 100 kb window
qDRI3.1 LOC_0s03g03720.1 glyceraldehyde-3-phosphate dehydrogenase,

putative, expressed

QTL Candidate gene locus  Protein name
name in the 100 kb window
qDRI2.1 LOC_0s02g32660.1 1,4-alpha-glucan-branching enzyme,

LOC_0s02g32620.1
LOC_0s02g32610.2
LOC_0s02g32590.1

LOC_0s02g32570.1

chloroplast precursor, putative, expressed
PAN domain-containing protein At5g03700
precursor, putative, expressed

protein kinase domain containing protein,
expressed

HSF-type DNA-binding domain containing
protein, expressed

SNF2 family N-terminal domain containing
protein, expressed

qDRI7.1 LOC_0s07g32600.1 glucan endo-1,3-beta-glucosidase precursor,
putative, expressed
LOC_0s07g32620.1 anthocyanidin 5,3-O-glucosyltransferase,
putative, expressed
LOC_0s07g32630.1 UDP-glucoronosyl and UDP-glucosyl
transferase domain containing protein,
expressed
LOC_0s07g32660.1 monocopper oxidase, putative, expressed
gqDRI7.2  LOC_0s07g46580.1 DEAD-box ATP-dependent RNA helicase,
putative, expressed
LOC_0s07g46590.1 SNF2 family N-terminal domain containing
protein, expressed
LOC_0s07g46600.1 RNA pseudouridine synthase, putative,
expressed
LOC_0s07g46610.1 cis-zeatin O-glucosyltransferase, putative,
expressed
LOC_0s07g46620.1 WD repeat-containing protein 55, putative,
expressed
LOC_0s07g46630.1 AMP deaminase, putative, expressed
LOC_0s07g46640.1 UDP-N-acetylglucosamine-dolichyl-
phosphate N-
acetylglucosaminephosphotransferase,
putative, expressed
LOC_0s07g46660.1 ubiquitin carboxyl-terminal hydrolase
domain containing protein, expressed
LOC_0s07g46670.2 early response to dehydration 15, putative,
expressed
LOC_0s07g46690.1 PHD-finger family protein, expressed
LOC_0s07g46700.1 zinc finger, RING-type, putative, expressed
qDRI1.1 LOC_0s01g10600.1 aquaporin protein, putative, expressed
LOC_0s01g10610.1 BES1/BZR1 homolog protein, putative,
expressed
LOC_0s01g10590.1 0osFTL8 FT-Like8 homologous to Flowering
Locus T gene; contains Pfam profile PF01161:
Phosphatidylethanolamine-binding protein,
expressed
LOC_0s01g10580.1 B-box zinc finger family protein, putative,
expressed
LOC_0s01g10550.1 DEFL35 - Defensin and Defensin-like DEFL
family, expressed
qDRI2.2 LOC_0s02g01980.1 GDSL-like lipase/acylhydrolase, putative,

LOC_0s02g01990.1
LOC_0s02g02000.1
LOC_0s02g02020.1
LOC_0s02g02040.1
LOC_0s02g02050.1

LOC_0s02§02090.1
LOC_0s02g02110.1
LOC_0s02g02120.1

LOC_0s02g02130.1
LOC_0s02g02140.1

expressed

CCT motif family protein, expressed
cytochrome P450, putative, expressed
pentatricopeptide, putative, expressed
protein kinase, putative, expressed

SNF2 family N-terminal domain containing
protein, expressed

peptidyl-prolyl cis-trans isomerase, putative,
expressed

Alg9-like mannosyltransferase protein,
putative, expressed

OsWAK11 - OsWAK receptor-like protein
kinase, expressed

ribosomal protein L37, putative, expressed
receptor protein kinase CLAVATAL precursor,
putative, expressed

LOC_0s03g03730.1
LOC_0s03g03760.1

LOC_0s03g03790.1
LOC_0s03g03810.1
LOC_0s03g03820.1

LOC_0s03g03830.1
LOC_0s03g03850.1

regulatory protein, putative, expressed

MYB family transcription factor, putative,
expressed

AMP-binding domain containing protein,
expressed

DEF8 - Defensin and Defensin-like DEFL
family, expressed

adenylate kinase, putative, expressed

EF hand family protein, putative, expressed
GATA zinc finger domain containing protein,

expressed
DNA-binding bromodomain-containing
protein, putative, expressed

LOC_0s03g03870.1

qDRI3.2 LOC_0s03g02920.1
LOC_0s03g02939.1

LOC_0s03g02960.1

peroxidase precursor, putative, expressed
peroxidase precursor, putative, expressed
nascent polypeptide-associated complex
subunit alpha, putative, expressed

Dicer, putative, expressed

CAMK_CAMK like_ULKh_APGy.1 - CAMK
includes calcium/calmodulin dependent
protein kinases, expressed
helix-loop-helix DNA-binding domain
containing protein, expressed

L11 domain containing ribosomal protein,
putative, expressed

flavonol synthase/flavanone 3-hydroxylase,
putative, expressed

transcription factor, putative, expressed

LOC_0s03g02970.1
LOC_0s03g02980.1
LOC_0s03g03000.1
LOC_0s03g03020.1
LOC_0s03g03034.1

LOC_0s03g03070.1

2025) suggests that the mechanism of maintaining canopy temperature
under drought to produce more grain may involve flavonol production
(Fig. 9, with the list of co-expressed genes in Table S12) which may serve
a role in photoprotection. Several of the genes in our identified QTL
regions were found to be involved in potassium sensitivity, trans-
membrane transporter activity, flavonol biosynthesis, and microtubule
movement that were confirmed by co-expression analysis in Rice-Pilaf
(Fig. S12). A closer look at the genomic regions of regiongDRI7.1 and
another important DRI QTL gDRI 1.1, revealed suggested haplotype 2
and 4 for qDRI7.1 and haplotype 2 for qDRI 1.1 to be favorable and
would be worth exploring for potential use in breeding for high DRI
(Fig. 7).

An overall analysis of the stress-induced expression profile of the
identified candidate genes, extracted from public database NetRex (http
s://bioinf.iiit.ac.in/netrex/index.html., accessed on 18 June, 2025),
indicated that 39 of the identified genes are differentially expressed
under drought stress (Fig. 10a). Among the identified candidate genes,
we  considered dehydrin  (LOC_Os07g46670.2),  aquaporin
(LOC_0s01g10600.1), and transferase (LOC Os12g27254.1) to be of
high interest, and, therefore, these were investigated further in terms of
gene-network interactions (Fig. 10b). The early response dehydrin gene
showed interactions with senescence domain — containing protein and
peroxidase (Table S13) which are notable for their roles in drought
tolerance. The aquaporin gene showed interactions with AAA domain
containing proteins, glycerol-3 phosphate dehydrogenase, and other
aquaporins as revealed by the network analysis (Table S14). Glycerol-3
phosphate dehydrogenase facilitates the conversion of glycerol-3-
phosphate to dihydroxyacetone phosphate, which is a key energy
generating component of the Calvin cycle, thereby suggesting a role of
aquaporins in maintaining water balance during the photosynthetic
light reaction. The transferase gene, which might facilitate assimilate
mobilization to the grain under stress conditions, interacts with AAI
domain containing proteins, cytochrome b5 heme-binding domain-
containing protein, and a NADH-cytochrome b5 reductase belonging to
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Table 3

List of genes present in the 100 kb window of the identified QTLs for HI, SLA,
WUE and CT under MDS conditions. Details of the QTLs identification param-

eters are given in Table S11.

QTL name Candidate gene locus in Protein name
the 100 kb window
qHI12.1 LOC_0s12g27210.1 expressed protein
LOC_0s12g27254.1 transferase family protein, putative,
expressed
LOC_0s12g27220.1 transferase family protein, putative,
expressed
qSLA4.1 LOC_0s04g22360.1 DUF647 domain containing protein,
putative, expressed
LOC_0s04g22380.1 short chain dehydrogenase/reductase
protein, putative, expressed
LOC_0s04g22390.1 short chain dehydrogenase/reductase
protein, putative, expressed
qSLA3.1 LOC_0s03g22990.1 OsFBX84 - F-box domain containing
protein, expressed
LOC_0s03g22950.1 acyl carrier protein, putative, expressed
LOC_0s03g22900.1 SNF2 family N-terminal domain
containing protein, expressed
LOC_0s03g22890.2 GTPase of unknown function domain
containing protein, putative, expressed
LOC_0s03g22880.1 nucleolar protein 5 A, putative, expressed
LOC_0s03g22870.1 SAC3/GANP family protein, putative,
expressed
LOC_0s03g22830.2 zinc finger, C3HC4 type domain
containing protein, expressed
qSLA7.1 LOC_0s07g30020.1 anthranilate phosphoribosyltransferase,
putative, expressed
LOC_0s07g30090.2 actin-depolymerizing factor, putative,
expressed
LOC_0s07g30100.1 RIN3, putative, expressed
qWUEL.1 LOC_0s01g09640.1 Myb transcription factor, putative,
expressed
LOC_0s01g09670.1 pollen-specific protein SF21, putative,
expressed
LOC_0s01g09700.1 aminotransferase, classes I and II, domain
containing protein, expressed
LOC_0s01g09740.1 F-box/LRR-repeat protein, putative,
expressed
LOC_0s01g09760.1 DIRP family protein, putative, expressed
LOC_0s01g09790.1 1Q calmodulin-binding motif domain
containing protein, expressed
qWUES.1 LOC_0s08g14230.1 villin, putative, expressed
LOC_0s08g14320.1 zinc finger, C3HC4 type domain
containing protein, expressed
LOC_0s08g14330.1 aldose 1-epimerase, putative, expressed
qWUES6.1 LOC_0s06g45940.1 potassium transporter, putative,
expressed
LOC_0s06g45950.1 OsSAUR25 - Auxin-responsive SAUR
gene family member, expressed
LOC_0s06g45960.1 cytochrome P450, putative, expressed
LOC_0s06g45970.1 OsSAUR26 - Auxin-responsive SAUR
gene family member, expressed
LOC_0s06g45980.1 toprim domain-containing protein,
putative, expressed
LOC_0s06g45990.1 patellin-5, putative, expressed
LOC_0s06g46000.1 tubulin/FtsZ domain containing protein,
putative, expressed
LOC_0s06g46030.1 DUF640 domain containing protein,
putative, expressed
qWUE7.1 LOC_0s07g16130.1 acetyltransferase, GNAT family, putative,
expressed
LOC_0s07g16140.1 FAD binding protein, putative, expressed
LOC_0s07g16224.1 piwi domain containing protein,
putative, expressed
qWUE11.1 LOC_0s11g16260.1 laccase precursor protein, putative,
expressed
LOC_0s11g16280.1 F-box domain containing protein,
expressed
LOC_0s11g16290.1 NIN, putative, expressed
qWUE11.2  LOC_0Os11g42420.1 nuclear pore protein 84/107 containing

LOC_0s11g42430.1

protein, expressed
transporter family protein, putative,
expressed
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Table 3 (continued)

QTL name Candidate gene locus in Protein name
the 100 kb window
LOC_0s11g42450.1 leucine-rich repeat family protein,
putative, expressed
LOC_0s11g42480.1 transferase family domain containing
protein, expressed
LOC_0s11g42500.1 dirigent, putative, expressed
LOC_0s11g42510.1 tyrosine aminotransferase, putative,
expressed
LOC_0s11g42550.1 dirigent, putative, expressed
LOC_0s11g42580.1 Leucine Rich Repeat family protein,
expressed
qCT5.1 LOC_0s05g05710.1 serine/threonine-protein phosphatase
2 A regulatory subunit B subunitgamma,
putative, expressed
LOC_0s05g05720.1 tetratricopeptide repeat domain
containing protein, expressed
LOC_0s05g05740.1 proline synthetase co-transcribed
bacterial homolog protein, putative,
expressed
LOC_0s05g05780.1 chromatin-remodeling complex ATPase
chain, putative, expressed
LOC_0s05g05790.1 double-stranded RNA binding motif
containing protein, expressed
LOC_0s05g05800.1 OsFBL21 - F-box domain and LRR
containing protein, expressed
LOC_0s05g05810.1 DEAD-box ATP-dependent RNA helicase,
putative, expressed
LOC_0s05g05820.1 pro-resilin precursor, putative, expressed
LOC_0s05g05830.1 bifunctional protein folD, putative,
expressed
LOC_0s05g05840.1 tRNA synthetase class II core domain
containing protein, expressed
qCT7.1 LOC_0s07g32170.1 OsSPL13 - SBP-box gene family member,

expressed

transcription initiation factor IIB,
putative, expressed

transcription initiation factor IIB,
putative, expressed
UDP-glucoronosyl/UDP-glucosyl
transferase, putative, expressed

LOC_0s07g32120.1
LOC_0s07g32080.1

LOC_0s07g32060.1

the flavoprotein pyridine nucleotide cytochrome reductase family
(Table S15).

4. Discussion

While many previous studies have documented the drought response
of leaf traits as an early sign of stress [9,23,59,60], leaf traits conferring
tolerance to drought have not been consistently reported. Commonly,
rice responds to drought stress initially by rolling leaves (LR) abaxially
or adaxially [61,62], and this is often considered as the first visual
symptom of drought response in rice plants. However, the genetic dif-
ferences in rice leaf rolling under drought were reported to be mainly
driven by leaf morphology and anatomy rather than productivity under
drought [13]. Similarly, rice wLeaf was reported to be insensitive to soil
moisture deficit in a pot study with restricted root growth [63]. Thick
leaves have also been observed to provide better drought tolerance [64];
this was attributed to increased cell wall thickness and cuticle layer of
the laminar epidermal cells [65]. Drought tolerance breeding was re-
ported to have selected longer rice flag leaves and lower stomatal den-
sities [66,67]. Although rice leaves appear to be generally quite
responsive to drought, few studies have linked those traits with grain
yield production.

Currently, the yield of rice crops in drought prone areas stands very
low and stagnant at an average maximum of ~3 t ha™! [68] which is
insufficient to meet agricultural demands. The responses of rice plants to
drought have been documented as complex, involving various physio-
logical, biochemical, and molecular changes that contribute to the
resulting yield levels [69-72]. Exploring the indica rice 3 K panel, which
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Fig. 9. Co-expression network analysis of the GWAS QTL gDRI7.1 (Chr07:19,050,099-19,150,099) and qCT7.1 (Chr07:19,433,074-19,533,074) using ClusterONE
and RiceNet v. 2 in RicePilaf, showing a significantly enriched (p < 0.05) (Module 2577, adjusted p-value = 3.782527e-02) gene network that included
LOC_0s07g32620 from the GWAS interval influencing biological pathways of flavonoid biosynthesis. The list of interactive genes is shown in Table S12. Locus
LOC_0s07g32620 is particularly notable as the annotated gene UDP-Glucosyl transferase family protein is found to be present in both ¢DRI7.1 and qCT7.1, which
may provide a genetic linkage for maintaining low canopy temperature and producing higher grain yield under drought.

is genetically diverse in its plant morphology, leaf, physiology, and
agronomic traits, helped us define some of the fundamental
drought-induced leaf structure/ function dynamics and highlighted
morpho-functional attributes related to better yield under drought.

The introduction of several new “integrative” morpho-physiological
parameters in our study — AxLT, A/g,, E/ g, and Ci/g; — helped us to
overcome the limitation of linking single morphological traits to a single
functional trait. Specifically, the leaf morphological character LT,
calculated by dividing LA by SLA, was used as a proxy for leaf thickness,
and the trait AXLT was considered to be the total assimilation per cubic
cm of leaf tissue by adding a third dimension, the leaf thickness, to the
assimilation value. Ci/g reflected the status of intercellular CO5 con-
centration inside the leaf over stomatal conductance. Similarly, A/g; and
E/g; were estimates of the proportion of the leaf stomatal conductance
used either for CO4 assimilation (A/g; is also known as intrinsic water
use efficiency) or for transpiration, respectively. Of these integrative
traits, leaf morphological traits were found to be better associated with
AXLT rather than with A or E alone (Fig. 4) due to a better estimate of
the total amount of carbon being assimilated in a single leaf.

We observed seasonal variation in the responses of leaf traits due to
differences in the level of drought exposure in two seasons. In 2019DS,
drought severity drove more leaf trait associations with DRI, suggesting
substantial leaf structural adjustments in response to increased level of
stress in that season. Among the photosynthetic parameters, while the A,
& and Ci declined under drought, WUE showed an increasing trend due
to reduced E (Fig. 3), confirming the previous studies in rice [73—75].

One of our objectives for this study was to identify if there are any
main physiological attributes that determine rice yield under drought.
Among the physiological traits, the leaf water potential, yy.qf, Was pre-
viously reported to be an important drought response indicator [76-79]
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and it was found to be consistently positively correlated with DRI in both
WW and MDS in 2019 (Fig. S2, Fig. S4). This confirmed that higher yqr
is indeed required for maintaining grain yield in rice under soil water
deficit conditions. The positive correlations of y;.qr with E under MDS
(Fig.S4b) further confirmed that higher amounts of water in leaves
under drought allows higher transpiration rates in rice, thereby facili-
tating sufficient levels of CO5 inside leaves to maintain photosynthesis.
Higher E eventually contributes to a cooler canopy temperature under
drought as evidenced from the 2019DS dataset (Fig. S4b).

Next, we traced the association of leaf morphological traits to the
functional traits to identify the key leaf traits stabilizing physiology and
driving a higher grain yield in rice under drought. Generally, under
water deficit, leaf rolling is prominent in rice while some varieties
respond by leaf shrinkage to reduce evaporation and transpiration from
the exposed leaf surface [80]. In our study, higher DRI correlated well
with less fluctuations (A values) in leaf morphological and functional
responses, except for SLA. The positive correlation of ASLA with DRI
indicated that an increase in leaf thickness adjustments under drought
was associated with higher grain yield. It is generally accepted that leaf
thickness influences rice photosynthesis [81,82] and yyeqr [83] under
favorable conditions. Moreover, an increase in leaf thickness is known to
be associated with an increased cuticle or wax layer on the surface [64,
65,84] that provides protection from desiccation. Some rice leaf traits,
such as leaf hairs [22] and the leaf surface wax layer [85], have been
reported to provide stability to leaf water status by limiting
non-stomatal water loss during drought and would be interesting to
characterize in the genotypes selected here. However, interestingly, we
also found the SLA to be positively corelated with DRI under
well-watered conditions, suggesting that genotypes with a broader leaf
rather than a thicker leaf have a greater potential to alter drought
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Fig. 10. (a) Differential expression of 44 candidate genes under drought as obtained from the NetRex database. (b) The core protein-protein interaction (PPI)
network of (i) Os]_27206_early response to dehydrin, (ii) Osl_.00806_aquaporin, and (iii) Osl_38242_ transferase constructed using the STRING database. The nodes
represent proteins and the edges represent interactions between proteins in the network. Annotation of the genes are given in Supplementary Tables S13, S14,

and S15.

affected leaves that are formed in the successive phylloochron, which
was also suggested by Farooq et al., 2010 [27]. These arguments led us
to hypothesize that the leaf structural resources saved by reducing leaf
area under drought are reallocated to an increase in the thickness of
subsequent leaves that are formed, most probably by increasing the
mesophyll tissue layers in the ab-adaxial direction or by adding
epidermal cuticular layers, but that was not investigated in this study.
This SLA-mediated adaptive-re-shaping of rice leaves might change leaf
cells and tissues allometrically [86] and most likely contribute to the
maintenance of leaf water potential through increased xylem size, which
was earlier identified as a key trait in rice drought tolerance [87].
Thicker leaves also reduce the amount of diffuse light that penetrates
inside the leaf, thus protecting leaves from photodamage in the desic-
cated mesophyll cells [23,88]; this is supported by the identification of
gDRI3.2 which includes several genes known to protect plant cells from
oxidative damage during drought stress. It is also likely that root
architectural and functional traits play a role in maintaining water up-
take in the panel studied here as suggested by the variation in canopy
temperatures, a trait often considered as a proxy of deep root growth
under drought. The role of root traits in the drought response of these
lines, and their interaction with individual leaf traits, remains to be
defined particularly for drought tolerant lines identified from this study.

Regarding the effects of flowering time on drought tolerance in this
panel, longer duration genotypes with higher biomass accumulation in
leaves and stems did not translate to better grain yield under drought,
which was primarily found to be limited by low HI (Table S5). Although
previous investigation of the relationship between drought response and
plant height [89] hypothesized that taller genotypes are affected more
by drought than the shorter genotypes, our results pointed to more
complex interactions among leaf functional and morphological traits in
determining yield. In addition to the innate differences in flowering
time, a drought-induced delay in flowering time has also previously
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been reported as an important indicator of the level of drought stress
[90-92] with the most drought-sensitive plants never reaching flower-
ing stage. A robust negative correlation in DRI with A_DTF was observed
in 2019DS (Fig. 4b), reflecting how flowering delay under drought tends
to be reduced in drought-tolerant genotypes. Based on this criteria, we
functionally classified each early, medium, and late flowering group by
its capacity to retain normal flowering time, or to moderately or severely
delay their flowering time under MDS, giving a total of 9 categories: 1.
early flowering genotypes that flowered early under drought, 2. early
flowering genotypes that flowered in the medium duration, 3. early
flowering genotypes that flowered late, 4. early flowering genotypes
that never flowered, 5. medium flowering genotypes that flowered in the
medium duration, 6. medium flowering genotypes that flowered late, 7.
medium flowering genotypes that never flowered, 8. late flowering ge-
notypes that flowered late, and 9. late flowering genotypes that never
flowered. Categories 1, 5, and 8 were analysed together as those were
the genotypes that could maintain their flowering time similar to that
under WW conditions and were referred to as “flowered on time (FT)”.
Categories 2, 3, and 6 were analysed together as those were considered
as responsive genotypes which responded by delaying flowering time
and were referred to as “flowering moderately delayed (FMD)” cate-
gories, and Categories 4, 7, and 9 were grouped together as the most
sensitive genotypes and referred to as “flowering severely delayed
(FSD)”. Whereas other traits behaved similarly under drought, the as-
sociations of ACi with AWUE, AA, Ag and AE varied in their strength
among these different groups, suggesting the drought response of these
traits to be dependent on stress severity and that they interact differently
to achieve drought tolerance (Fig. 11). Likewise, the positive in-
teractions of ACi, a parameter indicative of the CO- inside the leaf and
the leaf stomatal opening, with AA were distinctly faded in 2019DS as
the genotypes lost resistance to drought (Fig. 11 b iii). Even though the
relation of DRI with WUE; was consistent across categories, lack of any
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Fig. 11. Correlations of agro-morphological and functional characters of different functional groups (i) 1, 5, 8 (FT), (ii) 2,3,6 (FMD) and (iii) 4, 7, 9 (FSD) in (a)
2017DS and (b) 2019DS. The blue ellipses in the upper diagonal show positive interactions while the red ellipses show negative correlations among traits. The lower
diagonal consists of the R? values. “** designates significant (P < 0.05) correlations. The trait abbreviations are as in Table 1. For 2017DS; N = 368 for i, N = 188 for
ii, and N = 66 entries for iii; in 2017DS, whereas N = 34 for i, N = 224 for ii, and N = 132 entries for iii. Red lines are to show the association ACi with other
photosynthetic traits under moderate (a) and severe drought (b). Trait abbreviations are as in Table 1. FT: flowered on time, FMD; flowering modeately delayed, FSD:

flowering severely delayed.

consistent relation of DRI directly with E suggested that reduction in
transpiration was not the only strategy exhibited by these rice geno-
types. Other mechanisms to achieve a higher WUE may include leaf
developmental adjustments, as illustrated by the greater degree of leaf
morphological adjustment with increasing DRI in the FT category
(Fig. 12).

4.1. GWAS identified QTLs with drought responsive genes facilitating leaf
hydraulics, photosynthesis, ROS maintenance, and leaf development in
drought-stressed rice

The identified QTLs in our GWAS study possessed several genes
known to play a vital role in drought tolerance as also confirmed by
Rice-Pilaf gene network analysis which included genes from different
biological processes commonly known to provide tolerance to drought
stress (Fig. S8). Among the candidate genes related to DRI, aquaporins
(in qDRI1.1) are well-known to be involved in drought tolerance in
many model and crop species [93] such as grapevine [94], tomato [95],
cotton [93,96], cereals [97] and others. In plants, five types of aqua-
porins are found: plasma membrane intrinsic proteins (PIPs), tonoplast
intrinsic proteins (TIPs), NOD 26-like intrinsic proteins (NIPs), small
basic intrinsic proteins (SIPs), and unclassified X intrinsic proteins
(XIPs). In rice there are 33 aquaporin genes that play crucial roles in
osmotic water fluxes during drought and recovery [98,99]. In our
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results, the candidate aquaporin gene at qDRI1.1 belonged to the MIP
family and was found to function by interacting with other aquaporin
genes, ATPase family genes, and glycerol 3 phosphate dehydrogenase,
GAPDH (Fig. 10, Table S14) which interestingly turns to be a candidate
gene in the locus qDRI3.1 (LOC_0s03g03720.1, Table2). As the function
of GAPDH is crucial for maintaining cellular energy and carbon meta-
bolism, interaction of GAPDH with aquaporins might play a vital role in
sustaining photosynthesis under drought stress.

Another important candidate gene was the early response dehydrin
in @DRI7.2, which has previously been reported to have a role in drought
tolerance [100]. In plant cells, dehydrin genes are induced by dehy-
dration stress, maintain cell stabilization, and maintain homeostasis by
accumulation of hydrophilic dehydrin proteins [101]. Dehydrins
contribute to withstanding drought stress by eliminating free radicals,
protecting macromolecules, and binding metal ions [89]. The identified
dehydrin in qDRI7.2 was found to be interacting with peroxidase and
senescence domain containing proteins which suggests a possible func-
tion of qDRI7.2 in drought tolerance via better ROS scavenging. The
overexpression of rice dehydrin gene OsDhnl was found to increase
drought and salinity tolerance in rice by scavenging of reactive oxygen
species (ROS) [102].

In addition to aquaporin and dehydrin genes, DRI QTL qDRI2.1
included the 1,4-alpha-glucan-branching enzyme, HSF-type DNA bind-
ing domain containing protein, an RNA helicase, a SNF2 family protein,
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a WD repeat containing protein, and a WAK receptor like protein kinase
genes (qDRI2.2), all of which may be considered relevant to drought
tolerance. The 1,4-alpha-glucan-branching enzyme may provide
required energy from metabolizing starch during drought stress. It has
been reported that plants lacking 1,4-alpha-glucan-branching enzyme
are more sensitive to drought [103]. Sucrose non-fermenting 2 or the
SNF2 proteins are known to get differentially expressed under stress and
contribute to drought tolerance through activating dehydration
responsive genes and ABA signaling (104) Candidate gene HSF, the plant
heat shock factor protein, has been reported to enhance the heat and
drought tolerance of rice by triggering transcription factors such as ZIP,
NAC, WRKY, and eventually activating the HSP proteins [105]. WD
repeat containing proteins also play a role in stress tolerance [106] by
acting as transition proteins which help in integrating secondary struc-
tures of stress tolerant proteins [107]. OsWAK11 - OsWAK receptor-like
protein kinase, negatively regulates salt stress responses by Inhibiting
ethylene production [108]. The role of calcium/calmodulin dependent
protein kinases is well known as an important signal molecule to transfer
stress signals and provide tolerance to salt and drought by preventing
membrane lipid peroxidation [109,110]. Similarly, flavonoids are
known to provide protection to photodamage and thus tolerance to
drought in species like Reaumuria soongorica [111]. These candidate
gene functions add confidence to understand the major role of our
identified DRI QTLs in drought tolerance, which can be considered for
integration in drought breeding programs for yield improvement.
Association of HI with drought tolerance can be the result of better
mobilization of carbohydrates to reproductive organs [112]. In the
GWAS result of HI under drought, we have found a single locus with two
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similar genes of the transferase family protein. Interestingly, these
transferase proteins interact with AAI domain (Alpha-Amylase In-
hibitors) containing proteins which potentially increase yield and
drought tolerance in rice [113].

The genes for actin-depolymerizing factors reported in qSLA7.1
function in developing actin filaments which determine cell size and
shape might be involved in controlling leaf size under drought as
increased cell division and expansion may be needed to change leaf
thickness under drought. The association of the known drought-induced
genes, such as the short chain dehydrogenase/reductase protein [114],
SNF2 family N-terminal domain containing protein [104] in qSLA4.1
and qSLA3.1 regions suggested that drought-induced leaf developmental
adjustments influence functioning of these known drought tolerance
genes.

None of the marker-trait associations could cross the —logP=>5
threshold for WUE under drought, which suggested the complex nature
of this trait. However, the QTLs selected at a suggestive threshold of
-logP= 4.5 showed co-occurrence of IQ calmodulin-binding motif
domain containing protein, expressed (LOC_0s01g09790.1); transporter
family protein, putative, expressed (LOC_Os11g42430.1) which have
known functions in drought tolerance (Table3) and influenced water use
efficiency [115] by inducing calcium mediated signaling under drought.
The presence of Myb transcription factors and F box proteins in
qWUEL.1 suggested a possible role of these genes in leaf architecture
under drought to regulate water use efficiently [116]. It was also
interesting to note that many of these identified genes were reportedly
expressed in pre- and post- emergence inflorescences (Table S11), which
pointed towards possible effects of the identified QTLs on maintaining
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Fig. 13. A predicted framework along with genotypic interactions showing a conceptualization of achieving greater rice crop yield under drought. The central
function of the identified QTLs and major candidate genes associated with the function are mentioned in italics in the flowchart. Details of the genes are in Table 2

and Table 3.

viability of reproductive organs to produce seeds under drought. Finally,
it is interesting to observe GWAS peaks at a similar region as the
drone-acquired CT data and manually estimated DRI. The main gene
present in both the QTLs, UDP-glucosyltransferase, is known for regu-
lating grain size and abiotic stress tolerance associated with metabolic
flux redirection in rice [117]. Another gene present in qCT5.1, proline
synthase (LOC_0s05g05740.1), also might be a good candidate gene to
test for drought tolerance as it is known for maintaining osmolyte —
water balance during drought [105 [118].

4.2. Conceptualization of the integration of leaf traits, photosynthesis,
and candidate genes contributing to yield under drought

Fig. 13 depicts an overall conceptualization based on our results,
suggesting how leaf morphology, function, and genetics interact for
grain yield under drought. The comparison between the initial, drought-
adapted, and final correlations of traits to DRI over two seasons (Fig. S9)
showed that some of the traits retain higher values to maintain a higher
DRI, whereas some traits maintain lower values with increasing DRI
The traits which consistently increased with increasing yield under
drought were w45, PLHT, GRY, BM, HI, and all of the leaf morphological
traits including LA, LWD, LLT, LDW, LT, and the photosynthetic traits A,
g, and even E. On the other hand, the values of some traits remained
consistently low under drought (NDVI, DTF, Ci/g,) and some traits
responded seasonally according to drought severity (SLA, WUE;, CT,
AxLT, A/gs, E/g). This led us to predict a plausible model for rice
drought tolerance wherein maintaining higher leaf water levels supports
higher photosynthetic rates followed by functional utilization of
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assimilated carbon for increased final grain yield. While water conser-
vation can be achieved under drought both by thickening the leaves or
by rolling the leaves, the former can minimize water loss by minimizing
the evaporative surface of the leaves; the correlations of SLA adjustment
with DRI observed here indicated that thickening conferred greater
benefits to productivity. This may be due to the continuation of photo-
synthesis under drought in thicker leaves that does not occur to the same
extent in rolled leaves. Therefore, broader leaves combined with better
plasticity of redistributing leaf tissues along the ab-adaxial axis in sub-
sequent leaves formed in the phyllochron during water deficit condi-
tions may therefore be considered a drought-resilient trait. This may also
explain the inconsistency among studies that consider simple relation-
ships between single leaf traits with drought. Leaf reshaping to increase
thickness may contribute more to drought tolerance than mere uni-
directional changes in leaf length or in leaf width, helping to sustain
photosynthesis rates by maintaining leaf Ci under drought.

Overall, our results indicate that although water saving by reducing
stomatal conductance in rice is a common drought response, it does not
always provide tolerance or capacity to produce high grain yield under
drought. In contrast to the observations of drought tolerance being
conferred by transpirational control of water loss in many dryland crops
[75,119], our results suggest that drought tolerant lowland rice exhibits
more of a strategy of “aggressive water use”, the term as mentioned by
[93], to produce more grain under drought conditions. This approach
has recently been also established in some tree species [21,120,121].
The identification of DRI QTLs and candidate genes including aqua-
porin, dehydrin, and genes related to antioxidant scavenging which play
major roles in cellular transport, water retention, and osmolyte balance,
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association of actin for probable leaf cell division controlling size and
shape further supports our concept. Finally, we also identified nine ge-
notypes (Table S16) that consistently exhibited high DRI values in both
seasons. Although no specific trait could be consistently linked to DRI in
these genotypes across both seasons, suggesting genotype specific
drought response strategies, leaf adjustments under drought were
notable in terms of reduced leaf length and SLA, and increased leaf
thickness. All of these genotypes showed drought-induced leaf thick-
ening, with eight of them showing an increase in leaf length, pointing to
a benefit of leaf adaptive adjustments under drought. In contrast, we
could not find any leaf thickness increment in the check variety NSIC
Rc222 which is drought susceptible. Interestingly, NSIC Rc222 showed
one of the lowest canopy temperatures (Fig. 1b), and there was a large
range of CT at the start of the drought stress treatment across the
selected varieties indicating that many different traits and mechanisms
could result in drought tolerance at the yield level.

5. Conclusions

Our study has attempted to identify the main foliar phenotypic traits
that can provide drought resilience to rice. The results suggested an
important role of leaf reshaping in maintaining high ;.. and higher
photosynthetic performance under drought which may lead to higher
grain yields in rice under drought conditions. The genetics underlying
the production of high grain yield under drought indicated genes
involved in water transport, antioxidant protection, photosynthesis and
leaf development in the identified QTL regions, as well as co-localization
of gDRI7.1 and gDRI7.1 suggesting a crucial role of leaf pigment
mediated photoprotection, maintaining . and transpiration for
cooler canopy temperature contributing to the production of higher
grain under drought. Overall, our results highlight the importance of
phenotypic traits that facilitate maintenance of high transpiration rates
even in depleting soil moisture specifically for rice. An overall frame-
work was presented, with roles of candidate genes in each step of the
progression towards a better harvest under drought. Finally, we have
identified the best-performing donors that can be considered in drought
breeding for improving grain yield under drought by leaf trait
adjustments.
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