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	ABSTRACT	
This	study	aimed	to	assess	the	response	of	 �inger	millet	genotypes	to	drought	stress	under	vegetative	and	reproductive	stages.	
Thirteen	�inger	millet	varieties	were	evaluated	at	the	Pandit	Jawaharlal	Nehru	College	of	Agriculture	and	Research	Institute	in	
Karaikal	during	the	Kharif	season	of	2023	(April-July).	The	study	focused	on	three	different	treatments	with	each	treatment	being	
replicated	three	 times.	Various	morphological,	physiological,	and	root-related	traits	were	recorded	and	subjected	to	statistical	
analysis.	Except	for	the	four	traits	namely	CT,	DFF,	RLT,	and	RSR,	all	other	trait	exhibited	a	signi�icant	reduction	in	mean	performance	
under	vegetative	and	reproductive	drought	stress	compared	to	the	optimal	condition.	The	DSI	values	ranged	from	-0.64	to	3.38	under	
vegetative	drought	stress	and	from	-1.94	to	2.46	under	reproductive	drought	stress.	The	mean	yield	reduction	was	14.16%	under	
vegetative	drought	compared	to	optimal	conditions,	and	19.44%	under	reproductive	drought	compared	to	optimal	conditions	in	
�inger	millet.	Notably,	it	was	observed	that	�inger	millet	genotypes	demonstrated	superior	drought	tolerance	especially	under	the	
vegetative	stage	compared	to	the	reproductive	stage.	Based	on	the	Smith	selection	index	score,	�inger	millet	genotypes	G9,	G7,	and	G4	
were	identi�ied	as	top	performers	under	both	vegetative	and	reproductive	drought	stress	conditions.	These	preliminary	�indings	
emphasize	the	potential	of	these	�inger	millet	genotypes	for	breeding	and	genetic	enhancement	to	improve	drought	tolerance	in	
�inger	millet.	The	challenges	of	this	study	included	the	necessity	to	carefully	manage	the	timing	and	intensity	of	drought	stress	to	
mimic	natural	conditions	and	ensure	reliable	results.	The	study's	�indings	contribute	to	the	ongoing	efforts	to	develop	drought-
tolerant	crops	and	enhance	food	security	in	regions	prone	to	drought.
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Introduction
Abiotic stresses and unpredictable severe weather conditions 
are the primary causes of annual yield losses. Li et	al. (2016) [1] 
projected that the yield reduction for major crops due to 
drought will surpass 50% by 2050 and is expected to reach 
nearly 90% by 2100. Finger millet are small millet crops that are 
underutilized and demonstrate signi�icant resilience to stress 
conditions, such as high temperatures, low moisture, and poor 
soils [2]. The lower productivity of �inger millet can be 
attributed to various factors, such as marginal and poor soils or 
inadequate moisture and poor management practices. Despite 
the tolerance of �inger millet to water stress, its growth is 
adversely affected by both intermittent and terminal droughts. 
Terminal drought occurring from �lowering to maturity resulted 
in a yield loss of approximately 80.5% in �inger millet [3]. In 
order to enhance crop productivity in regions susceptible to 
drought, it is imperative to comprehend the mechanism of 
drought tolerance, with the ultimate objective of ameliorating 
crop performance. However, the endeavor to measure drought 
tolerance using a solitary parameter is of restricted signi�icance, 
as numerous factors and interactions contribute to the

mechanism of drought tolerance. Crop plants have developed 
various mechanisms at the morphological, physiological, and 
molecular levels to evade or endure drought stress. To enhance 
crop productivity under water stress conditions, it is important 
to prioritize the incorporation of traits responsible for a well-
developed root system, high stomatal resistance, high water use 
ef�iciency (drought avoidance), and traits responsible for 
increasing and stabilizing yield during water stress (drought 
tolerance). Consequently, the analysis of morpho-physiological 
and root-related traits  holds great  importance for 
comprehending the mechanism of drought tolerance.
Hence, the current investigation was conducted to evaluate the 
response of �inger millet genotypes to drought stress under 
vegetative and reproductive stages based on morpho-
physiological and root-related traits with the aim of identifying 
�inger millet genotypes with enhanced drought tolerance, which 
can be employed in future breeding programs to develop 
improved drought-tolerant cultivars. 

Materials	and	Methods
Thirteen �inger millet genotypes including eleven advanced 
breeding lines and two varieties (GPU 28, GPU 67) received from 
various millet institutes were utilized as the experimental 
materials for this study (Table 1).	Three distinct experiments 
were conducted which included drought stress at the vegetative 
stage, drought stress at the reproductive stage, and optimal 
condition (a well-watered environment). These experiments 
were accomplished using a randomized block design (RBD)
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with three replications. Each genotype was planted in two rows, 
with a spacing of 22.5 cm within the genotype and 30 cm 
between rows. Various morphological, physiological, and root-
related traits were recorded. The morphological traits included 
days to 50 percent �lowering (DFF), plant height (PHT), number 
of productive tillers (NPT), �inger length (FLT), ear head weight 
(EWT), test weight (TWT) and single plant yield (SPY) were 
recorded. Physiological traits encompassed relative water 
content (RWC), Normalized Differential Vegetation Index 
(NDVI), Canopy Temperature (CT) and photosystem II (PS II). 
The root-related traits consisting of root length (RLT), Root 
shoot ratio (RSR), root fresh weight (RFW) and root dry weight 
(RDW) were assessed as well. Statistical methods such as 
analysis of variance, genetic variability analysis, correlation 
analysis, principal component analysis, and drought 
susceptibility index, were performed using R software [4] and 
the selection index was computed using PB tools [5] to analyze 
the data of observed traits under the three experiments.

Result	and	Discussion
Mean	performance
The mean performance of �ifteen traits in �inger millet under the 
three treatments revealed that eleven traits, namely NDVI, PS II, 
RWC, PHT, NPT, SPY, TWT, FLT, EHW, RFW, and RDW, exhibited a 
signi�icant reduction in both vegetative and reproductive 
drought stress compared to the optimal condition. The other 
four traits, CT, DFF, RLT, and RSR, showed an increase in their 
mean values after the imposition of drought stress at the 
vegetative and reproductive stages. Moreover, the single plant 
yield (SPY) and the yield contributing traits such as NPT, TWT, 
and EHW exhibited a decrease in their mean values under 
drought stress at a reproductive stage when compared to the 
vegetative stage. These �indings are in agreement with the 
results reported by Ashok et	al. (2018) [6] for the traits NPT, 
EHW, and TWT. Additionally, Aparna and Bhargavi (2017) [7] 
demonstrated a signi�icant reduction in RWC due to water 
stress, which consequently affected the yield of �inger millet. 
The decrease in the number of tillers observed in response to 
water stress can be considered as an adaptive mechanism 
employed by the plants to mitigate the effects of water stress [7]. 
This reduction in tiller number leads to a decrease in the 
transpiration area, thereby aiding the plant in coping with water 
stress. Furthermore, the reduction in test weight under drought 
conditions forces the plant to complete its grain formation in a 
relatively shorter period when compared to tolerant genotypes 
[8]. The mean performance across the three treatments for 
morphological traits are represented in boxplots (Figure 1). 
These visual representations provided a comprehensive 
overview of the variations in mean performance among the 
different treatments

Genetic	variability,	heritability,	and	genetic	advance
Genetic variability is a crucial aspect in understanding the 
variation present in quantitative characters and its 
transmission to future generations, as well as the potential for 
improvement in subsequent generations. Notably, certain traits, 
including NPT, SPY, FLT, EHW, RFW, and RDW, exhibited high PCV 
and GCV values under all treatments. The �indings of this study 
are consistent with previous research conducted by Lad et	al. 
(2018) [9] and John (2006) [10] for EHW, Bhavsar et	al. (2020) 
[11], and Bezaweletaw (2006) [12] for SPY, and Ganapathy et	al. 

 (2011) [11] for FLT, SPY, and NPT. On the other hand, traits like 
DFF, RLT, and RSR demonstrated moderate PCV and GCV values,

whereas NDVI, PS II, RWC, PHT, and TWT exhibited the lowest 
PCV and GCV values under optimal conditions. The trait CT 
displayed low PCV and moderate GCV values in optimal 
conditions. Under vegetative stage drought conditions, the PCV 
and GCV values were nearly equivalent to the corresponding 
traits observed under reproductive drought stress such as NPT, 
PLT, PWT, PHT, DFF, and RDW. Traits such as DFF, NPT, SPY, PWT, 
PLT, RSR, RFW, and RDW exhibit higher values for heritability 
and genetic advancement under all three conditions. 
Comparatively, under reproductive conditions, the heritability 
and genetic advance scores for traits such as DFF, NPT, RLT, RSR, 
RFW, and RDW are similar to those observed under optimal 
conditions. Based on these observations, it can be inferred that 
traits exhibiting high heritability and genetic advance in �inger 
millet under drought stress may be in�luenced by additive gene 
action and have a strong potential to respond well to selection. 

Correlation	analysis	
Heatmap depicting the correlation coef�icient among the 
various traits under three treatments were represented in 
Figure 2. The genotypic correlation revealed that the traits NPT, 
FLT, EHW, RFW, and RDW exhibited a signi�icant positive 
genotypic correlation, while NDVI exhibited a signi�icant 
negative association with SPY under optimal conditions. This 
�inding aligns with the results of Bhavsar et	al. (2020) [11] for 
NPT and FLT, Jyothsna et	al. (2016) [14], and Sharathbabu et	al. 
(2016) [15] for EHW, and Ayana (2001) [16] for EHW and FLT. 
Under both drought conditions (vegetative and reproductive 
stage), traits like NPT, EHW, FLT, RLT, RSR, RFW and RDW 
exhibited signi�icant positive correlations to single plant yield. 
Conversely, traits such as DFF, PHT, and RWC showed negative 
associations with single-plant yield. Assefa et	al. (2013) [17] and 
Worku et	 al. (2005) [18] reported a negative correlation 
between DFF and grain yield per plant, while Wolie and 
Dessalegn (2011) [19] observed negative correlations between 
SPY and DFF as well as PHT. 

Principal	component	analysis	
Principal component analysis revealed that the six principal 
components accounted for a substantial proportion of the 
variation in drought stress at the vegetative stage and optimal 
conditions, with percentages amounting to 80.5% and 79.7%, 
respectively. Under reproductive drought stress, the 75.7% of 
the total variation was recorded by the �irst �ive components 
that exceed the value more than 1. Notably, PC1 contributed to 
33.26% of the variation under vegetative drought stress, 
29.63% of the variation under reproductive drought stress, and 
26.5% of the variation under optimal conditions. Furthermore, 
PC2, PC3, PC4, and PC5 contributed 12.72%, 11.48%, 8.67%, 
and 7.43% of the variation, respectively, under the vegetative 
drought stress. Similarly, PC2 to PC5, accounted for 26.63%, 
14.57%, 12.29%, 10.26%, and 8.95% of the variation, 
respectively under reproductive drought stress. Under optimal 
conditions, PC2 to PC5 contributed 26.5%, 14.97%, 12.29%, and 
10.99% of the variation, respectively. Percentages of variation 
contributed by each principal component under three 
treatments were depicted in Figure 3. Traits such as SPY, RLT, 
RSR, RFW, and RDW were the primary contributors to the 
variation observed in the �irst principal component under 
vegetative drought conditions. These results are in line with the 
�indings of Suman et	 al. (2019) [20] who also noted the 
signi�icant contribution of SPY in the �irst component. Similarly, 
under reproductive stage drought conditions, the variation in 
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the �irst principal component was attributed to NPT, SPY, FLT, 
RSR, and RFW. While under optimal conditions, the contribution 
was nearly identical to the traits observed in the reproductive 
drought stress, except for RSR, instead the trait RDW played a 
role in contributing to the observed variation. These �indings 
are consistent with the results reported by Lule et	al. (2012) 
[21] for NPT and Suman et	al. (2019) [20] for FLT. 

Drought	susceptibility	index	and	relative	reduction	in	yield
The mean value of single plant yield in �inger millet under 
optimal condition was recorded as 5.60 g and it ranged from 
3.45 g to 8.53 g (Table 3). While under the vegetative and 
reproductive stage drought condition, single plant yield was 
observed as 4.79 g and 4.43 g respectively, and it ranged from 
2.60 g to 7.47 g and 2.68 g to 6.82 g, respectively. Among thirteen 
�inger millet genotypes, six showed low DSI values ranging from 
-0.64 to 3.38 under vegetative drought compared to normal 
conditions. When the reproductive drought stress compared to 
optimal conditions, �ive genotypes recorded low DSI values 
ranging from -1.94 to 2.46. The overall mean for the percentage 
reduction in yield of the thirteen genotypes was recorded as 
14.16 percent and 19.44 percent in vegetative and reproductive 
drought stress over the optimal condition, respectively. These 
results are consistent with a previous study conducted by Ashok 
et	al. (2016) [22].

Selection	index
The Smith-Hazel index [23] revolves around the determination 
of an individual's genetic value by means of a linear function that 
takes into account the genetic values of multiple traits, each of 
which is assigned a speci�ic relative economic value. The 
principal advantage of employing this index lies in its ability to 
amalgamate information about heritability, trait correlations, 
and, if available, economic importance [24]. Out of the 13 
genotypes examined, the top three genotypes were selected 
based on the trait exhibiting maximum correlation with single 
plant yield, whereby the traits were assigned weight based on 
the correlated values that the maximum value of 1 was given to 
single plant yield and the least value of 0.2 was given to root 
length. Selection index scores for top three genotype under 
three different treatments were represented in Table 4 
respectively. Based on the Smith index score, G9 performed 
better and secured the topmost position under reproductive 
drought stress and optimal conditions, and secured second 
position under vegetative drought stress. While G7 also 
performed better and held topmost position under vegetative 

drought stress and secured a second position under the 
remaining two treatments. The genotype G4 was recorded as a 
moderate performer and held third rank under all the 
treatments. the genotypes G9, G7, and G4 hold immense 
potential for drought tolerance breeding in �inger millet. 

Conclusion
This study provided an outline of the genotype response 
exhibited by �inger millet to drought conditions at vegetative 
and reproductive growth stages. The mean yield reduction was 
14.16% and 19.44% under vegetative and reproductive drought 
compared to optimal conditions respectively in �inger millet. 
Notably, it was observed that �inger millet genotypes 
demonstrated superior drought tolerance especially under 
vegetative drought stress when compared to reproductive 
drought. The reproductive stage, known for its critical 
importance in crop development, required additional 
supervision due to the potential direct impact that any stress 
during this phase could have on the �inal yield and overall 
productivity of the crops. Genotypes G9, G7, and G4 of �inger 
millet were recognized as promising performers under both 
vegetative and reproductive drought stress conditions. 
Speci�ically, G9 demonstrated remarkable performance in 
reproductive drought conditions, yielding 6.82 g per plant, 
owing to its remarkably low drought susceptibility index (DSI) 
of less than 1. G7 exhibited the highest performance in 
vegetative drought conditions, yielding 7.47 g per plant, and 
similarly showcased a low DSI value of 0.22. These genotypes 
hold immense potential for future breeding programs and 
genetic enhancement initiatives aimed at improving the 
drought tolerance of crops across various growth stages.

Future	scope	of	the	study	
Understanding the knowledge of drought stress exhibited at 
various crop stages holds immense potential for future breeding 
programs and genetic enhancement to improve drought 
tolerance in �inger millet.

Con�lict	of	interest	
The authors have declared that no con�lict of interest exists

Acknowledgment	
The authors are grateful to the Dean and Head of the 
Department of Plant Breeding and Genetics, PAJANCOA & RI, 
Karaikal for providing the necessary facilities for the work and 
experimental needs. 

Table	1.	Advanced	breeding	lines	and	varieties	of	�inger	millet	used	for	this	experiment	
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Table	2.	Genetic	Variability	parameters	(GVP)	for	�ifteen	traits	in	�inger	millet	under	vegetative	drought	(T1),	reproductive	
drought	(T2)	and	optimal	condition	(T3)

Table	3.	Drought	susceptibility	index	(DSI)	and	relative	reduction	(RR)	in	�inger	millet

Table	4.	Selection	of	top	three	genotypes	in	�inger	millet	based	on	selection	index	scores	under	three	different	treatments
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Figure	1.	Boxplot	showing	mean	performance	of	morphological	traits	across	three	treatments	in	�inger	millet
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Figure	2.	Heatmap	for	the	correlation	coef�icient	among	�ifteen	traits	in	�inger	millet

a)	Treatment	1	(vegetative	drought	stress)	
b)	Treatment	2	(reproductive	drought	stress)
c)	Treatment	3	(optimal	condition)

Figure	 3.	 Scree	 plot	 showing	 percentage	 of	 variation	
contributed	 by	 each	 component	 under	 vegetative	 drought	
(T1),	reproductive	drought	(T2)	and	optimal	condition	(T3)
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