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Abstract 

Most lowland rice in West Africa depends mainly on rainfall for water supply. Drought is consequently one of the major 
constraints on rice production, drastically affecting both plant growth and development. The objective of this work was 
to study the impact of water deficit both on canopy temperature and on chlorophyll fluorescence level, used as 
indicators of transpiration and photosynthetic activity. 

Measurements using infrared thermography and fluorimetry were taken on both 17 lines resulting from the cross IR64 
X B6144F-MR-6-0-0 and their two parents plus one tolerant (APO) controls. These 20 lines were phenotyped after 
applying a drought constraint in a controlled laboratory environment in Montpellier (France) in 2013 and - 2014 and 
in field in the lowlands of Banfora and Farako-ba (INERA Burkina Faso) in 2014. Results showed that the drought stress 
sustained by the plants increased canopy temperature in all lines, entailing differential disturbance of the 
photosynthetic process, markedly depressed in susceptible lines. A classification of the lines with respect to their 
sensitivity to stress could be established by using the Drought Factor Index (DFI), and Crop Water Stress Index (CWSI) 
as was established a correlation between the phenotyping methods by infrared thermography and fluorimetry. This 
article propose an efficient application of combined imaging as a rapid and accurate phenotyping tool for crop yield 
improvement, in particular by monitoring the efficiency of plant responses to the fluctuating of environmental 
conditions. This study proved the efficiency of the method combining IR thermographie and fluorimetry as a field 
phenotyping tools for drought resistance.  
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1. Introduction

Drought is one of the inherent abiotic constraints that affect agricultural productivity worldwide. It is estimated that 
water stress can potentially reduce crop yields by nearly 20% (Bouman et al., 2005). Water is needed at every phase of 
plant growth from seed germination to plant maturation. Thus, insufficient water supply during critical phases of 
development such as vegetative, flowering or fruit set stages causes substantial yield loss (Sezen et al., 2006); (Ferrara 
et al., 2011). Increasing crop tolerance to water shortage would be the most economical approach to improve 
productivity and to minimize agricultural use of fresh water resources. To meet this objective, a deeper understanding 
of the possible mechanisms underlying water stress environment is a must. 
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Breeding strategies for improved drought tolerance should benefit from precise characterization of the target 
population of environments (TPE). This phenotyping approach also permitted us to identify genotypes able to maintain 
adequate yield under drought. The integration of phenotypic data with molecular data (generated by AfricaRice with 
484 SNP markers) will constitute a significant advance for the identification of genomic regions associated to this trait. 
If these results are confirmed, they will allow the development of efficient marker assisted recurrent selection (MARS) 
approaches for drought tolerance breeding in rice. It is essential to develop fast screening methodologies for the 
development of drought tolerant varieties. Drought affects several variables of plant development, such as leaf 
temperature (Wiegand et al., 1983; Luquet et al., 2004) and photosynthesis (Idso et al., 1981; Moran et al., 1994; Moran, 
2004) . Thus, crop water status monitoring is necessary for the efficient management of irrigation water. Plant cover 
temperature is one of the most widely used biophysical parameters for measuring plant water status. (Monteith and 
Szeicz, 1962) highlighted the value of Thermal Infrared use to study the hydric state of plant covers. Idso et al. (1977) 
used for the first time the difference between canopy temperature (Tc) and air temperature (Ta) to characterize plant 
water status. Later, several studies were carried out on infrared thermography to characterize crop water status using 
leaf temperature, which led to the development of other water status indices (Idso et al., 1981; Jackson et al., 1981; 
Jackson, 1991; Yacouba et al., 1999). Canopy temperature has long been recognized as a plant water status indicator, 
and the crop water stress index (CWSI), obtained from canopy temperature corrected by VPD (vapor pressure deficit), 
has been used as a tool for remote assessment of plant water status with airborne high resolution thermal monitoring 
(Sezen et al., 2014). Indeed, CWSI is the most frequently used index to quantify crop water stress based on canopy 
surface temperature (Bo et al., 2014). Thanks to technical improvement, IR thermographic cameras are now available 
with the added advantage of capturing multiple thermal data in a single picture. 

(Jackson et al., 1981) presented an empirical approach to quantify stress by determining “non-water-stressed baselines” 
for crops. They developed linear relationships for canopy–air temperature difference (Tc–Ta) versus Vapour Pressure 
Deficit VPD. Research has been conducted to evaluate the use of CWSI in irrigation scheduling for different crops in 
different environments (Erdem et al., 2010; Sezen et al., 2014) . However it was found that CWSI is less effective for 
applications carried out in wet climates (Luquet et al., 2004; Yuan et al., 2004), where variations in absolute temperature 
are very low (Jones, 2002). In addition the baselines used for its calculation according to the definition of (Idso et al., 
1981) vary according to weather agro conditions and crop growth stage (Idso, 1982; Jones, 1999) . For thermometric 
radio measurements in the field, a viewing angle of 45° compared to the vertical is advised (Jackson, 1982).  

A second experimental approach makes use of chlorophyll fluorescence which represents a very small fraction of the 
energy dissipated in the photosynthesis mechanism, but it is useful for providing information on the structure and the 
function of electron transport chains (Strasser and Strasser, 1995; Strasser et al., 2004). The measurement of 
fluorescence output variations according to light variations allowed evidencing water stress. In addition, fluorescence 
is mainly emitted by the antennas of the PSII (Krause and Weis, 1991) which are also involved in the regulations 
mechanisms for the thermic dissipation of excess energy (non-photochemical quenching) (Govindjee, 1995; Müller et 
al., 2001). The JIP-test (fast fluorescence kinetics test), suggested by (Strasser and Strasser, 1995) provides information 
on the fundamental biophysics properties of the photosynthetic conservation of energy and photosynthetic transport. 
Plant performance as assessed by the performance index (PI) resulting from the JIP-Test, is the result of a multi-
parametric combination of three independent expressions, corresponding to the kinetics of the OJIP transitional stages. 
PI has correspondingly been used to estimate the vitality of plants under various environmental stresses, thus providing 
indices on plant physiological state (Susplugas et al., 2000; Van Heerden et al., 2004).  

The Drought Factor Index (DFI) is derived from the index used by Strauss et al. (2006) in the identification of cold 
tolerance. DFI permits assessing, depending on stress duration, the level of PI reduction. DFI was previously used to 
screen barley genotypes for drought tolerant (Oukarroum, 2007). 

Altogether, a large number of works have focused on the advantages and possibilities of high-throughput plant 
phenotyping approaches; thermography has been successfully used at laboratory scale to reveal stress situations that 
affect stomatal conductance (Jones, 2002), but extrapolation of this approach for field use is not straightforward, given 
the fluctuations in environmental conditions (Grant et al., 2007). Field application of chlorophyll fluorescence imaging 
also raises some challenges due to the predominantly high and varying light levels (Chaerle et al., 2002). Laboratory-
based screening can overcome the fluctuating environmental factors inherent to field conditions, but field trials remain 
essential for phenotyping and in-field imaging solutions are presently being developed (Leinonen et al., 2006). To our 
knowledge, this is the first time that imaging approaches for water stress detection and quantification, especially those 
involving combinations of thermal and fluorescence techniques under different conditions (controlled vs field) and 
localities (Burkina Faso and CIRAD) are presented. Possible applications of combined imaging as a screening tool for 
the selection of drought tolerant rice varieties are discussed.  
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2. Material and methods 

2.1. Plant material 

Seventeen rice lines from the indica cross IR64 X B6144F-MR-6-0-0 plus their two parents and a drought tolerant 
genotype (APO) were used in this study. Both parents and the Indica rice APO tolerant to drought were used as controls. 
To ensure the different treatments (stressed and unstressed) would be applied at the same physiological stage. All the 
20 genotypes selected had similar days to 50% flowering (D50F) values ranging from 85 to 92.  

2.2. Experimental treatments 

The experiments were conducted for two years (2013 and 2014) in a greenhouse in CIRAD Montpellier, France (N: 
43°645935 E: 3°869505), and in two experimental fields, one at Banfora (N: 10°63067 W: 004°77.846) the other at 
Farako-Ba (N: 11°050036 W 4°202488) in Burkina Faso (West Africa) in 2014. Crops were managed with optimal 
fertilizing and phytosanitary conditions. In each experiment, two different treatments were applied; watering 
restriction was maintained during two weeks at flowering stage and plants were then watered to reach substrate 
saturation with a 5-cm water blade in field condition and with regular water in pot condition.  

2.2.1. Greenhouse experiments 

Individual plants were grown in 2-liter pots containing either natural field soil. The experiment was arranged in a 
randomized complete- block design (RBCD) with two treatments (well-watered and drought-stressed) with four to five 
replications. Each genotype was represented by 200 plants. Water was supplied up to substrate saturation level. 

2.2.2. Field experiments 

The treatments were carried out in a completely randomized block design with four to five replications. Spacing range 
between plants and rows were each maintained at 20 cm.  

2.2.3. Measurement of growth and flowering parameters 

Agro-morphological data were collected at the appropriate growth stage following the Standard Evaluation System 
(SES) for rice (IRRI, 2002). Traits that were evaluated were number of tillers (Tillers), days to flowering (Flowering), 
plant height at maturity, 1000 grain weight (W.1000g), biomass and grain yield. Days to flowering value was recorded 
when 50% of the plants in the plot had started to flower (D50F). For number of tillers determination, twenty five hills 
were chosen at random per plot. Final plant height (Height) was measured as the distance from the ground to the panicle 
tip of five random plants in a plot at maturity. 1000 grain weight and grain yield were determined after each plot was 
harvested, and grains dried, threshed, cleaned, weighed and adjusted to 14 % moisture content. Grain yield data was 
only collected from trials conducted at Banfora and Farako-Ba. 

2.2.4. Measurement of canopy temperature  

Two weeks after drought stress initiation, canopy temperature was measured by infrared thermography using an 
Infrared Thermography R300 camera (Nippon Avionics Co.,Ltd, Japan). Measurements were recorded for both 
treatments (well-watered and drought-stressed) between 12:00 and 2:00 p.m. on each site. Simultaneously, 
measurements of ground moisture and meteorological data (air temperature and moisture) were also obtained on each 
site. The thermographic images obtained were analyzed using Infrared Analyzer NS9500 Standard software (NEC Avio 
Infrared technologies Co, Ltd; V. 2.0A; 2011). 

Canopy temperature (Tc) and air temperature (Ta) were used to calculate the Crop Water Stress Index (CWSI) based 
on the vapor pressure deficit (VPD), according to the following equation (Idso et al., 1981):  

CWSI =
(Tc − Ta) − D2

D1 − D2
 

Where D1 is the maximum canopy and air temperature difference for a stressed crop (the maximum stressed baseline), 
and D2 the lower limit canopy and air temperature difference for a well-watered crop (the non-water-stressed 
baseline). 

CWSI can be determined using a graphical approach (Fig. 1) starting from the following relation: CWSI(B) =
𝐵𝐶

AC
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where point B is the difference between leaf and air temperatures at the moment of measuring, point A is the difference 
in maximum temperature between the leaf and the air (superior limit), and point C the minimum difference (inferior 
limit) for the specific Vapour Pressure Deficit (VPD) conditions in which temperature measuring was carried out for the 
leaf and the air (B). Therefore, the CWSI is determined by the relative distance between the lower line (B-C) that 
represents the conditions without stress, and the upper line (A-C) where there is no transpiration. 

Its calculation relies on two base lines: the D1 (A) «maximum of stress» base line which represents the seedlings 
subjected to an extreme hydric deficit and the «unstressed » base line D2 (B, which represents the seedlings whose 
water supply is not limited (Fig1). The calculation of the base line calls upon the linear relation which exists between 
[Tc - Ta] (B) and VPD under optimal (or non-limiting) water supply conditions. Each lower base line (low stress) is 
calculated from the straight regression line of the VPD and Tc-Ta control treatments. This approach permits enclosing 
the maximum of points inside the trapeze formed by the two base lines. CWSI for each point was calculated as the ratio 
between the distance with the Upper base line (D1) and the distance between the two bases lines (D1 and D2) at the 
same VPD value. For convenience the base line for control plants (D2) was obtained by linear regression.  

Care must be taken that CWSI calculation must theoretically be adapted according to local conditions because it does 
not have the same significance depending on the meteorological agro conditions (Jackson, 1991). Thus in order to 
compare the CWSI of the various sites, we collected the data of all tests to construct the same base lines «maximum of 
stress» D1 and «unstressed» D2 used in all subsequence tests (Fig.1) 

2.2.5. Measurement of fluorescence parameters  

Chlorophyll fluorescence was measured using a Handy PEA (Hansatech Instruments, Norfolk, UK) portable fluorescence 
spectrometer following the manufacturer's instructions. 

Briefly, 7 and 14 days after drought start, six leaves from both well-watered and drought-stress conditions for each 
genotype were selected to measure chlorophyll fluorescence parameters; the measurement support was clipped onto 
these leaves between 9 and 12 a.m for field experiment and 7:00 a.m. to 9:00 a.m for greenhouse test. The dark 
adaptation period (i.e. the time necessary to obtain a steady value of Fv / Fm) for all measurements was c.30 min. After 
adaptation, the measurement probe was positioned on the support and leaf surface was exposed to continuous red light 
(peak wavelength 600 nm, spectral line half-width 22 nm) provided by an array of three light-emitting diodes. 
Measurements were made at saturation irradiance up to 3000 μmol m-2s-1 and the duration of the light pulse was 1 s.  

Fluorescence values recorded included:  

Measurements of the Performance Indices were recorded. The expression of the Index of performance is by analogy 
derived from the equation of Nernst which is employed to determine the redox potential of a given system. 

PIABS =
𝑅𝐶

𝐴𝐵𝑆
𝑋

φPo

1 − φPo
𝑋

ψo

1 − ψo
 

𝑅𝐶

𝐴𝐵𝑆
 : Ratio between reaction center concentration and chlorophyll  

Where ΦPo / (1-φPo) indicating the performance of the photochemical reactions or «Light reactions » RC/ABS the ratio 
between the concentration of the reactional centers and chlorophyll, ψo/(1-ψo) indicating the performance of the non-
photochemical reactions related to the flow of electrons. 

The Drought Factor Index (DFI) concept presented by(Strauss et al., 2006) was used for the identification of drought 
tolerant genotypes. DFI, which assesses performance index (PI) reduction during the two weeks of hydric deficit, was 
calculated according to the formula:  

DFI =  log A +  2log B 

Where A is the performance index (PI) relating to the control during the first week of the hydrous deficit; B is the index 
of performance relating to the control at the end of the second hydrous week of deficit. Relative PI was calculated as PI 
stressed/PI control. DFI is presented on the assumption that hydric deficit-tolerant varieties, able to tolerate the effect 
of stress during long periods, could maintain a higher PI after a long-term hydric deficit than the sensitive varieties. 
Consequently, the susceptible varieties which show the strongest PI reduction during the last stages of stress will also 
display the lowest DFI values.  
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2.3. Data analysis 

Analysis of variance (ANOVA) was carried out for all the traits measured for this study using R statistical software. The 
Principal Component Analysis (PCA) and Hierarchical Classification Ascendant were performed using XLSTAT.  

3. Results  

3.1. Evaluation of the agronomic traits  

Analyse of variance and means values of agronomical traits under drought stress in Banfora and Farako-Ba 2014 are 
reported in Table 1. The averages of the variables were 279 ± 51 (Tillers/m²); 113 ± 5 (flowering d); 104 ± 7 (Height 
cm); 3280 ± 1509 (Biomass kg/ha) 21.5 ± 1.15 (Weight 1000g); 2358 ± 1256 (Yield kg/ha). The ANOVA shows a very 
highly significant difference between sites and among genotypes for all variables. ANOVA of interaction GXS was very 
highly significant for all variables, except for the output variable for which it is significant.  

Table 1 Combined ANOVA for agronomical traits at Banfora and Farako-Ba (2014) 

Varieties Tillers/m² Flowering PH (cm) Biom (kg/ha) W1000K Yield(kg/ha) 

IRB_MR_208 287 115 99 3375 20.8 2244 

IRB_MR_167 265 115 101 2457 20.8 2128 

IRB_MR_108 247 111 105 3015 21.7 2196 

IRB_MR_463 259 114 113 3648 20.5 2873 

IRB_MR_278 303 112 103 2671 20.8 1732 

IRB_MR_349 275 113 106 3045 21.2 2599 

IRB_MR_130 224 117 106 2709 21.0 1666 

IRB_MR_232 286 116 107 3217 21.3 2318 

IRB_MR_420 287 115 105 2303 21.4 1832 

IRB_MR_255 318 110 103 2353 22.6 1766 

IRB_MR_68 247 112 98 2461 20.3 1653 

IRB_MR_103 260 114 102 3108 20.4 2196 

IRB_MR_412 352 111 104 6743 22.6 5423 

IRB_MR_177 286 113 97 2641 23.5 1950 

IRB_MR_251 276 117 96 2113 22.0 1499 

IRB_MR_269 295 114 105 2384 21.5 1533 

IRB_MR_250 249 110 109 2507 22.1 2033 

IR64 285 110 100 2917 21.0 1685 

B6144F_M_6 305 116 108 4684 22.6 3139 

Apo 266 120 110 7593 21.9 5589 

Mean 279 ± 51 113 ± 5 104 ± 7 3280 ± 1509 21.5 ± 1.15 2358 ± 1256 

Sites *** *** *** *** *** *** 

Genotypes *** *** *** *** *** *** 

Genotypes X Sites *** *** *** *** *** * 

PH= Plant heigh; W1000K= 1000 kernel weigh; Biom= Biomass 

3.2. Canopy temperature evolution for controls and stress treatments 

Temperature variation for control and stress treatments on the three sites are shown in Fig. 1. On the CIRAD site, 
average canopy temperature was 26.72 ± 1.89°C (control) and 32.02 ± 1.19°C (stressed) in 2013, and 26.44 ± 0.83 °C 
(control) and 31.97 ± 0.63 (stressed) in 2014. On the Banfora site, average canopy temperatures were 29.08 ± 1.19 °C 
(control) and 37.73 ±1.18 °C (stressed) while on the Farako-Ba site averages were 30.77 ± 1.15 °C (Control) and 38.41 
± 1.08 (stressed). 
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Figure 1 Canopy temperature evolutions for controls and stress treatments in 4 different situations (CIRAD 2013; 
CIRAD 2014; Banfora 2013 and Farako-Ba 2014 

3.3. Reaction of rice genotypes to drought (CWSI and DFI). 

Analyse of variance and means values of CWSI and DFI are displayed respectively in table 2 and figure 5 and 6. 

Leaf canopy temperature was used to calculate crop water stress index (CWSI). CWSI values varied from 0.170 to 0.768 
in the 4 relatives test. The tolerant genotype (APO) has the high value of CWSI in the all sites while the susceptible 
genotype (IR64) displayed the lowest CWSI only in one site (CIRAD 2014). Four genotypes (IRB-MR-255, IRB-MR-250, 
IRB-MR-68 and IRB-MR-130) in CIRAD 2013; one genotype (IRB-MR-208) in Banfora 2014 and one genotype (IRB-MR-
103) in Farako-ba 2014 had CWSI value lower than that of IR64 (drought susceptible genotype). With absolute 
calculation, the CWSI genotypes were 0,249 ± 0,083 (CIRAD 2013); 0,374 ± 0,118 (CIRAD 2014); 0,322 ± 0,091(Banfora 
2014); 0,180 ± 0,135 (Farako-Ba 2014). Analyse of variance showed highly significant (P< 0.001) difference between 
sites (S), among genotypes (G) and for the genotype X site (GXS) Interaction. 

As a whole, in the 4 relative tests, DFI varied from -3.338 to -0.530. On the 3 sites (4 different situations) the tolerant 
APO control and the IRB-MR-412 line had the highest DFI values and the susceptible control IR64 is indeed found among 
the susceptible lines (Fig 6). The averages were -2.096 ± 0.54 ; -1.46 ± 1.04; -2.156 ± 0.806; -2.32 ± 0.803 respectively 
for CIRAD 2013, CIRAD 2014, Banfora 2014 and Farako-ba 2014 (Table 1). DFI ANOVA indicates a highly significant 
difference P<0.001 between sites (S), among genotypes (G) and for the genotypes X sites (GXS) interaction.  
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Figure 2 Means values of CWSI of rice genotypes studies 

 

Figure 3 Means values of DFI of rice genotypes 
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Table 2 Analysis of variance and means values of CWSI and DFI 

Variables Trials Mean Sites (S) Genotypes (G) G X S 

CWSI 

CIRAD 2013 0.249 ± 0.083 *** *** 

*** 
CIRAD 2014 0.374 ± 0.118 *** *** 

Banfora 2014 0.322 ± 0.091 *** *** 

Farako-Ba 2014 0.180 ± 0.135 *** *** 

DFI 

CIRAD 2013 -2.096 ± 0.54 *** *** 

*** 
CIRAD 2014 -1.46 ± 1.04 *** *** 

Banfora 2014 -2.156 ± 0.806 *** *** 

Farako-Ba 2014 -2.32 ± 0.803 *** *** 

3.4. Relationship between CWSI, DFI and agronomical traits 

Results of Principal Component Analysis (PCA) and correlative analysis were showed in figure 4 and table 3. Principal 
Component Analysis (PCA) and correlations coefficients allowed us to highlight the correlations between CWSI and DFI 
and agronomic traits are showed show variable relationships among the main axes F1 (57.01% total inertia) and F2 
(22.64% total inertia). Variables CWSI, DFI, Yield and biomass were correlated with the productivity axis F1. Criteria 
such as tillers/m², D50F, Height and 1000g Weight are well correlated with the growth axis F2. 

Phenotypic correlation coefficients for various drought tolerance traits are represented in Table 3. The analysis 
indicated significant and positive correlation between CWSI, and DFI with yield (respectively r=0.95; r=0.93), biomass 
(r=0.91; r=0.90) and plant height (r=0.45; r=0.46) whereas plant height was significantly and positively correlated with 
yield (r=0.46) and biomass (r=0.46). Also, the results indicated a strong positive correlation between the two 
physiological traits CWSI and DFI (r=0.91). However, negatives correlation was revealed between number of tillers/m2 
with day to 50% flowering (r= -0.38) and plant height (r= -0.15) and between thousand grain weighs with day to 50% 
flowering (r= -0.11). 

 

Figure 4 PCA of genotypes and traits studies under control and stress condition 
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Table 3 Person (S) Relationships between variables 

Variables Tillers/m² D50F Height Biomass W.1000g Yield CWSI DFI 

Tillers/m² 1        

D50F -0.38 1       

Height -0.15 0.37 1      

Biomass 0.38 0.37 0.46* 1     

W. 1000g 0.55* -0.11 0.01 0.4 1    

Yield 0.42 0.30 0.46* 0.98*** 0.41 1   

CWSI 0.36 0.29 0.45* 0.91*** 0.34 0.95*** 1  

DFI 0.40 0.31 0.46* 0.90*** 0.35 0.93*** 0.91*** 1 

Figures in bold are different from 0 at α= 0.05 signification, *** Significatif code 

The Ascending Hierarchized Classification (AHC) of genotypes according to their CWSI shows 3 classes presented in 
(Figure 5): 

 Cluster C1 (S) consisting of 13 genotypes with an average CWSI of 0.268 (drought susceptible) 

 Cluster C2 (I) with 5 genotypes with an average CWSI of 0.342 (medium drought susceptibility) 

 Cluster C3 (T) composed of two genotypes with a CWSI average of = 0.552 drought tolerant. 

The Ascendant Hierarchized Classification (AHC) of genotypes for DFI also shows three Clusters (Fig 5.b): 

 Cluster C1 (S) consisting of 6 genotypes with a DFI average of -2.199 (medium drought susceptibility) 

 Cluster C2 (I) with 12 genotypes with an average DFI of -2.771 (susceptible to drought),  

 Cluster C3 (T) composed of two genotypes with a DFI average of = -1.068 (drought tolerant).  

According to AHC (both for CWSI and DFI), the tolerant control APO and the NRC-MR-412 genotype have the best CWSI 
and DFI indices and the IR64 susceptible control classified with the other drought susceptible genotypes. Relationships 
between CWSI and DFI with yield re represented on Fig 9 which shows a stronger correlation between DFI and Yield 
(r² = 0.765). 

 

Figure 5 Clustering dendrogram of datasets of all genotypes and traits. (a) represents Ascendant Hierarchized 
Classification for CWSI and (b), those for DFI, C = Cluster, (S) = susceptible genotypes, (M) = Moderately susceptible 

genotypes and (T) = tolerant genotypes 
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4. Discussion  

Analysis of variance of agro-morphological traits revealed significant differences between treatments and among the 
genotypes. Significant variation due to genotype for all the traits suggested that the magnitude of difference in genotypes 
was sufficient to provide some scope for selecting drought resistance traits (Jatoi et al., 2011). The genotypes x sites 
interactions were significant for all agro-morphological traits under drought stress. This result confirms that cultivar 
phenotype varied greatly depending on growing condition. In our case the VPD was the major factor explaining the 
different condition. 

The estimate of canopy temperature interestingly shows differences between stressed and control plants were ca. 5°C 
in both years for greenhouse experiments and ca. 8°C for both field trials. Canopy temperature of a crop under drought 
stress will rise considerably above air temperature, so that temperature variation between crop canopy and air (Tc-Ta) 
becomes an indicator of plant water status(Bariou et al., 1985). This is a highly integrating trait resulting from the effects 
of several biochemical and morpho-physiological features acting at the root, stomata, leaf, and canopy levels (Tuberosa, 
2012). In the field, genotypes with a cooler canopy temperature under drought stress, or a higher CTD, use more of the 
available water in the soil to avoid excessive dehydration (Reynolds et al., 2007; Reynolds et al., 2009; Tuberosa, 2012). 
However, due to the measurement method used and the climatic variation, this canopy temperature variable could not 
be used to compare individuals in the population, prompting the use of the crop water stress index (CWSI) method. 

Crop water stress index (CWSI), based on canopy temperature measurement has been shown to be a good indicator of 
water deficits in field crops (Testi et al., 2008). In our study, ANOVA results show a highly significant difference between 
genotypes; sites and genotypes x sites interaction for CWSI. CWSI matches a classical rule where for the 3 sites the APO 
tolerant control has the best transpiration index of followed by the IRB-MR-412 line while the sensitive control IR64 
displayed the lowest CWSI (Fig 5). Our results are consistent with those of Gontia and KN. (2008); Bijanzadeh (2012); 
Bayoumi et al. (2014) on wheat. 

The drought factor index (DFI) was used to rank the 18 lines as well as the two reference parental sources with known 
drought stress response: Apo (drought tolerant) and IR64 (drought susceptible). On the 3 sites (4 different situations) 
the tolerant APO control and IRB-MR-412 line had the highest DFI values and the susceptible control IR64 was indeed 
found among the susceptible lines. Similar research was carried out by Strauss et al. (2006) for the cold tolerance on 
wheat, on the barley drought by Oukarroum et al. (2009), and on sesame by Boureima et al. (2012). These authors 
obtained similar results to ours.  

The analysis of correlation between the features indicated strongly significant positive correlations between CWSI, DFI 
with biological yield (biomass), grain yield, height and thousand kernel weights. Then, these two physiological traits 
(CWSI and DFI) showed a close relationship with yield related traits, thus it can be presumed that if a reliable trait with 
high heritability is used as drought tolerant criterion, this may increase yield traits in the same direction. These results 
suggested also, that increase in CWSI and DFI could simultaneously increase yield traits in water stress conditions. 
Similar results were also achieved by Gupta et al. (2001); Jatoi et al. (2011) and Bayoumi et al. (2014) in wheat. This 
study showed a positive correlation of yield with plant height, date of 50% flowering, biomass and one thousand grain 
weigh under drought condition. These results are in accordance with those of several studies in rice such as Murthy et 
al. (2011); Mohankumar et al. (2011); Kumar et al. (2014) No significant negative correlations were evidenced between 
thousand grain weight, Days to 50% flowering, and plant height. This result is similar to those obtained by Bayoumi et 
al. (2014). 

5. Conclusion 

Infrared thermography and chlorophyll fluorescence were found to be effective tools for the early detection of drought 
stress in lowland rice. They moreover provided useful estimates of physiological traits such as canopy temperature 
(CWSI) and photosystem II status (DFI). Our study clearly shows the value of using a common base line for 
thermography measurements from several sites enabling the relevant use of CWSI for further calculation. It also 
confirmed that, during the reproductive phase, drought can affect CWSI and DFI to a significant degree, thus negatively 
impacting yield. The study showed correlations between secondary traits (CWSI and DFI) and some agronomic traits 
(tillers/m², flowering plant height, biomass, 1000-grain weight and yield). The combination of methods described here 
allowed us to precociously identify in a segregating population a high-yielding recombinant line with a drought 
tolerance level equivalent to the tolerant control, result duly validated in field trials. As the method was validated on 
twenty lines, we are planning to use it to applied it for phenotyping a panel of 250 segregating lines. 
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 In our opinion, this study clearly shows that the described methods, used in combination, (canopy temperature, use of 
CWSI (corrected for climatic variations) and use of chlorophyll fluorescence through DFI) can reliably be employed for 
in-field high-throughput phenotyping in rice, and possibly other crops, for drought tolerance research.  
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