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Abstract

Pearl millet is primarily grown under rainfed conditions in Sub-Saharan Africa. Early
droughts are prevalent in the Sahel region, where pearl millet is widely cultivated, and
they severely impact pearl millet growth and productivity by affecting plant stand and
reducing plant density in the field. Consequently, genetic improvement for early drought
tolerance is a promising strategy to enhance productivity in these regions. This study
aims to identify pearl millet lines that are tolerant to water stress at the seedling stage by
assessing various water-stress-tolerance traits. Two hundred pearl millet inbred lines were
screened for drought tolerance by inducing water stress with polyethylene glycol 6000
(PEG 6000) in the laboratory. The experiment was repeated in the greenhouse using pot
screening. The experimental design was an alpha lattice with 10 entries × 20 blocks in
two replications. Four treatments (0 g/L, 115 g/L, 235 g/L, 289 g/L) were applied in the
laboratory: one control and three concentrations of PEG 6000. Control and stress were
applied in the greenhouse. Data were collected on germination rate and growth parameters,
including root and seedling length, leaf length and width, and chlorophyll content. Results
revealed significant differences among the pearl millet inbred lines under both drought and
well-watered conditions. The inbred lines IP-16403 and IP-18062 were the most tolerant
in both the greenhouse and laboratory. Water stress significantly reduced plant growth,
although an increase in root length was observed in some lines. The number of days to
50% emergence was positively and strongly correlated with survival time (+0.45), while
leaf width was negatively correlated with survival time (−0.29) and water stress tolerance
(−0.37). The drought-tolerant and drought-susceptible pearl millet inbred lines identified
in this study provide valuable genetic resources for enhancing pearl millet productivity in
arid and semi-arid environments, especially in the face of unpredictable climate variability.

Keywords: inbred lines; polyethylene glycol 6000; induced water stress; drought tolerance;
seedling drought

1. Introduction
Pearl millet (Pennisetum glaucum [L.] R., Br.) is a crucial staple for humans and livestock

in the semi-arid and arid regions of Sub-Saharan West Africa (WA) and South Asia. It is an
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exceptionally heat- and drought-tolerant cereal crop, playing a vital role in food security in
the Sahel region of West Africa [1,2].

Despite its importance, pearl millet productivity in West Africa is low (651 kg/ha)
compared to the global average yield (1008 kg/ha) and the yield in India (1239 kg/ha) [3,4].
There is a significant yield gap between the realized yield and the biological potential of
pearl millet, as evidenced by the yields of 4 to 5 tons per hectare achieved in northwestern
India during the summer season [3,4]. This yield gap can be attributed to biotic and abiotic
constraints, as well as socio-economic challenges. The main biotic constraints to pearl
millet production include Striga hermonthica, birds, downy mildew, head miner, and the
use of low-yielding cultivars [5,6]. Water stress and low soil fertility are the primary abiotic
constraints affecting millet production [5,6].

In Sub-Saharan Africa, pearl millet is predominantly grown in regions characterized
by low and erratic rainfall and in sandy soils with low organic matter and poor water
retention capacity. In these areas, farmers typically sow pearl millet before or just after
the first rain. Due to the scarcity of rain, pearl millet can experience early drought stress
if the season’s first rains are far apart [7]. Over the last two decades, early drought has
been more frequent (24%) compared to late drought stress (19%) [8]. Early drought stress
can cause yield losses of 43% compared to the 25% yield loss of late drought stress [8].
This highlights that early drought is a critical constraint in West African Sahelian farming
systems. The adverse effects of early drought stress have been reported on the germination,
growth parameters, and panicle initiation of pearl millet [9,10]. Current climate models
predict more variable rainfall patterns from year to year in Sub-Saharan Africa, leading to
more extreme weather events [7]. The occurrence of drought, especially at the beginning of
the rainy season, is likely to become more frequent. Overall, climate change is expected to
reduce pearl millet yields in the region due to increased drought stress [7].

Water stress reduces plant growth by negatively affecting various physiological and
biochemical processes, such as photosynthesis, respiration, translocation, ion uptake, car-
bohydrate synthesis, nutrient metabolism, and growth factor production [11,12]. Therefore,
it is essential to identify the most effective adaptation traits to enhance drought resilience
through breeding approaches. While significant research has been conducted on terminal
drought in pearl millet [13–17], there is limited work on early drought stress. Root architec-
ture and seedling vigour may contribute to early drought tolerance in pearl millet. This
study aimed to identify early-drought-tolerant pearl millet germplasm by screening a large
number of inbred lines from West African origins.

2. Materials and Methods
2.1. Genetic Materials

This study was conducted in 2022 at the Institute of Environment and Agricultural
Research (INERA, Ouagadougou, Burkina Faso) at the research centre of Kamboinse
(CREAF/K) in Burkina Faso, which is at 12◦28′ latitude N and 1◦32′ longitude W and an
altitude of 296 m, and was repeated in 2023 between July and August. The Kamboinse
research station is in the Sudanian zone of Burkina Faso.

The plant materials used were 200 pearl millet inbred lines, including 143 Pearl
Millet Germplasm Association Panel (PMiGAP) introduced from the international crop
research institute for semi-arid tropics (ICRISAT, Tillaberi, Niger) and 57 from INERA
(Ouagadougou, Burkina Faso).

2.2. Experimental Design

For the laboratory screening, the experimental design is an alpha lattice of
10 entries × 20 blocks in two replicates with four treatments, including three polyethy-
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lene glycol 6000 (PEG 6000 MW) concentrations, namely 115 g/L (treatment 1), 235 g/L
(treatment 2), 289 g/L (treatment 3), and the control (0 g/L). These different PEG 6000 con-
centrations correspond to osmotic pressures of 0, −3, −7.5, and −10 bars, respectively [18].
The 0 bars is the control (T0), −3 bars is treatment 1 (T1), −7.5 bars is treatment 2 (T2),
and −10 bars is treatment 3 (T3). Each treatment consists of two replicates. Each of the
PEG 6000 concentrations was prepared by mixing the corresponding amount of PEG 6000
with 1 L of sterile distilled water. For two hours, this mixture was placed on magnetic
stirrers for PEG 6000 homogenization in water. PEG 6000 indicates osmotic water stress, as
it reduces water uptake without physical damage to plants [19]. Ten seeds of each pearl
millet line were placed on Whatman paper, and appropriate moisture was provided to
allow seed germination. Double-layer Whatman paper was placed in 7 cm diameter Petri
dishes and moistened with either 7 mL of distilled water for the control or 7 mL of different
PEG 6000 concentrations corresponding to each treatment. To reduce evaporation and
contamination, the Petri dishes were sealed with sterilized parafilm. Before sowing, the
seeds’ surfaces were sterilized using 70% alcohol for 30 s, and they were then placed in 5%
calcium hypochlorite for 30 min. After sterilization, the seeds were rinsed several times
with pure sterile water before being placed in the Petri dishes. After sowing, the Petri
dishes were placed in a growing chamber for four days at 25 ◦C temperature with a relative
air humidity of 70%.

For the greenhouse screening, an alpha lattice of 10 entries × 20 blocks with three
replications was used as well both for the control and water-stress-imposed treatment. Two
treatments were used for this screening. Indeed, pots with a volume of 750 mL were used
in two treatments (T0 and T1). In the control (T0), the pots were watered to field capacity
every 48 h until the end of the experiment. For the treatment T1, pots were watered at field
capacity the day before sowing, and water stress was imposed from the first day of sowing
to determine the capacity of germination and the survival time of the lines. Each pot was
filled with 700 g of soil with a maximum water retention capacity of 39.4 mL per 100 g of
soil. The soil’s water retention capacity was determined by the centrifugation method [20].
The experiment lasted one month (July to August).

2.3. Data Collection

For the laboratory screening, data were collected at the leaf initiation stage (10 days
after treatment) on the germination percentage (PGE) [21]; root length (LCR), as the distance
between the base and the root apex; seedling length (LOP), measured from the base to the
apex; root/seedling ratio (RRP); and plant vigour index (IVP). Parameters were measured
on all seedlings present in each Petri dish 10 days after treatment. A seed was considered
germinated when the radicle reached 2 mm [21]. The seedling vigour index was calculated
according to the formula proposed by [22].

IVP = [(Seedling length + Root length) × Germination percentage]/100

During greenhouse screening, several variables were measured, such as the number
of days to 50% emergence (NJE), which represents the number of days from the sowing
date to the emergence of 50% of the seeds per pot, the number of leaves (NOF) six days
after sowing (DAS), the first leaf length (LoPF) measured from the sheath to its apex at the
tenth DAS, the first leaf width (LaPF) measured at the widest point of the leaf at the eighth
DAS, the seedling chlorophyll content (TChlo) measured using the SPAD chlorophyll metre
(on a scale from 0.0 to 99.9) by averaging the values taken from three (towards the base,
in the middle, and towards the end of the leaf) different locations on the same leaf on the
same seedling, the emergence vigour score (SVL), the drought sensitivity score (SSS), and
the survival time of each line (DUS). The vigour score was taken by a visual observation
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of all the pots. It was then converted into a quantitative variable by assigning scores 1, 2,
and 3 according to whether the seedlings were vigorous or not. Score 1 refers to vigorous
seedlings (lines), score 2 to moderately vigorous seedlings, and score 3 to non-vigorous
seedlings. This variable was evaluated at the fourth DAS [23].

The drought sensitivity score (SSS) was also taken by visual observation of all the
pots [23]. It was then converted into a quantitative variable by assigning scores 1, 2, and 3
according to the degree of sensitivity of the seedlings. Score 1 was given to drought-tolerant
inbred lines (seedlings whose leaves were still green with no sign of stress), score 2 was
moderately tolerant (seedlings whose leaves had started to bend but were still standing
upright), and score 3 for drought-sensitive seedlings (seedlings that had practically lost
their water and had wilted leaves). This variable was measured on the fourth DAS.

2.4. Data Analysis

A single analysis of variance (p < 0.01 and p < 0.05) was performed first to determine the
significant differences between the lines within and between treatments for the laboratory
and the greenhouse screening. Then, a combined analysis of variance was performed using
Breeding View software to determine the significance of the reaction of lines to the different
levels of water stress imposed in the laboratory using the rank order method [24]. In the
greenhouse, tolerant lines were identified based on their survival time. This method was
based on the set of variables measured: the mean rank, the standard deviation of the rank,
the sum of the ranks, and the final rank. A path coefficient analysis and correlations were
carried out to determine the variables’ contribution to the inbred lines’ survival time. The
principal component analysis was carried out to determine the variable association.

3. Results
3.1. Analysis of Variance for Traits Measured During Laboratory and Greenhouse Screenings

The analysis of variance shows significant differences between the pearl millet inbred
lines for all traits measured in the laboratory except RRP in T2 and LOP and RRP in T3
(Table 1). In the greenhouse, the results revealed significant differences among the inbred
lines for all traits except leaf number (Table 2).

Table 1. Mean square of the lines screened in the laboratory for water stress under four treatments.

SOV Trt Df PGE LOP LRC RRP IVP

Lines
T0

193 76,169 *** 26,279 *** 26,038 *** 0.9122 *** 5013 ***
Residual 115 7593 6375 8856 0.3425 1109

CV 29.70 6.62 11.12 45.39 11.92
Lines

T1
199 8758 *** 19,112 *** 3473 *** 3023 *** 5521 ***

Residual 121 1030 5867 1107 1549 1282
CV 28.48 7.94 12.37 12.43 12.76

Lines
T2

199 7540 *** 26,585 *** 15,795 *** 10,818 ns 10,705 ***
Residual 118 1373 9940 4429 8832 2235

CV 14.17 2.92 1.88 2.13 1.48
Lines

T3
199 9888 ** 0.040 ns 13,463 *** 0.010 ns 0.09632 **

Residual 121 6291 0.04000 0.6553 0.010 0.05858
CV 8.10 20.00 7.66 6.44 9.35

SOV = source of variation; Trt = treatment; Df = degree of freedom; PGE = germination percentage;
LOP = seedling length; LRC = radicle length, RRP = radicle length/seedling length ratio; IVP = seedling vigour
index. CV: coefficient of variation; **: significant at 1% probability level, ***: significant at 0.1% probability level;
ns: not significant.
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Table 2. Mean square of the lines under greenhouse screening.

SOV DUS LCR LaPF LoPF NJE NOF SSS SVL TChlo TaP RRP

Lines 8.716 * 3321.6 *** 0.7149 *** 253.6 *** 1.4705 * 0.114 ns 0.4973 * 0.524 *** 78.75 ** 1052.9 *** 0.578 ***
Replication 45.283 ** 9610.4 ** 0.4945 ns 1288.1 *** 4.2516 * 0.20253 ns 0.0516 ns 0.000 ns 737.12 *** 612.7 ns 2.353 **

Error 6.374 956.8 0.2633 101.2 0.995 0.093 0.368 0.30 50.77 436.8 0.2889
CV 12.11 10.47 19.96 5.99 28.89 18.82 40.88 30.38 50.30 7.45 23.74

SOV = source of variation, DUS = line survival time, LCR = root length, LaPF = width of first leaf, LoPF = length
of first leaf, NJE = number of days to 50% emergence, NOF = number of leaves, SSS = drought sensitivity score,
SVL = vigour at emergence score, TChlo = chlorophyll content, TaP = seedling size, RRP = root/seedling ratio. CV:
coefficient of variation; *: significant at 5% probability level, **: significant at 1% probability level, ***: significant
at 0.1% probability level; ns: not significant.

The AMMI analysis showed a highly significant difference between the line × treat-
ment (L × T) interaction for the percentage of germination (PEG), the seedling length (LOP),
the root length (LCR), the ratio between root and seedling length (RRP), and the seedling
vigour index (IVP) (Table 3).

Table 3. Results of analysis of variance for laboratory screening using the AMMI model.

SOV Df PGE LOP LCR RRP IVP

Genotype 199 742 *** 133 *** 1695 *** 309 *** 2962 ***
Treatment 3 396,474 *** 127,868 *** 524,797 *** 23,715 *** 974,824 ***

Genotype × treatment 597 251 54 673 186 1145
IPCA 1 201 431 *** 105 *** 1341 *** 434*** 2587 ***
IPCA 2 199 220 *** 48 *** 625 *** 0.93 *** 792 ***

Residuals 197 99 8 41 0.26 29
SOV: source of variation; Df: degree of freedom; PGE: germination percentage; LOP: seedling length; LCR: root
length; RRP: root/seedling ratio; IVP: seedling vigour index. ***: significant at 0.1% probability level.

3.2. Effect of PEG 6000 on Pearl Millet Germination

In this study, the different concentrations of PEG 6000 have affected the germination of
pearl millet inbred lines seed (Table 3). Germination capacity varied significantly between
treatments (33.33% at −10 bar to 100% at 0 bar). The average germination percentage
was 84% under normal conditions, with extremes of 0 and 100 (Figure 1A). Under stress
conditions, the average value was 83%, with minimum and maximum values of 5 and 100,
respectively (Figure 1B).

 

Figure 1. Variability of lines for germination percentage depending on water stress. (A) germination
percentage for the control treatment; (B) germination percentage under water stress.

3.3. Effect of Imposed Water Stress on Seedling Growth

Root and seedling length were all affected by drought, but the effects were most
marked on the shoots and above-ground parts of the plant (Figure 2B or Figure 3B). Shoot
parameters will therefore also help the breeder to select water-stress-tolerant genotypes.
In the present investigation, the root length significantly declined with increased external
water potential (Table 3, Figure 2). Consequently, all treatments caused a decrease in root
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elongation in all genotypes compared to their controls. Similarly, shoot length decreased
significantly with increasing external water stress (Table 3, Figure 3). Nevertheless, primary
root elongation was observed in about ten lines under stressed conditions, compared to
controls. Pearl millet inbred lines IP-13363 and IP-18062 recorded 60 cm and 138 cm root
lengths under water stress, compared to 56 cm and 136 cm under normal conditions.
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Figure 2. Line variability in root length depending on water stress. (A) Root length of control
treatment; (B) root length under water stress.

 
A B 

Figure 3. Line variability in seedling height depending on water stress. (A) Seedling height in control
treatment; (B) seedling height under water stress.

Root length ranged from 0 to 240 mm, with an average of 91 mm under normal
conditions (Figure 2A), and from 0 to 289 mm, with an average of 93 mm under stress
conditions (Figure 2B). Seedling height ranged from 0 to 100 mm, with an average of
51 mm under normal conditions (Figure 3A), while under stress conditions, it varied from
0 to 64 mm, with an average of 36 mm (Figure 3B).

3.4. Water Stress Pot Screening in Greenhouse for Effects on Seedlings (Leaf Length and Width,
Shoot Length, and Number of Leaves)

In the greenhouse, survival time varied from 16 to 27 days with an average of 21 days
(Table 2). Seedling height ranged from 36 to 159 mm, with an average of 90 mm, and the
width of the first leaf varied from 2 to 5.5 mm, with an average of 3.7 mm (Table 2). The
average number of leaves was 2, with a minimum and maximum of 1 and 3, respectively
(Table 2). Figure 4 shows the condition of the lines on the 14th DAS in the greenhouse.
Some have practically wilted, while others show no signs of wilting due to water stress.
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(A) (B) 

Figure 4. Variability of inbred lines with respect to deficient water stress in the greenhouse.
(A) Sensitive inbred line; (B) tolerant inbred line.

3.5. Relationship Between Plant Survival and Water Stress Tolerance Parameters

The results of the correlations and the path coefficient analysis using survival time as
the dependent variable for indirect selection are presented in Figure 5 and Table 4. The path
coefficient analysis shows that variables such as number of days to 50% seedling emergence
(r = 0.624), leaf chlorophyll content (r = 0.104), and leaf length (r = 0.010) have a direct
positive effect on pearl millet lines’ survival time. Other variables such as the number of
leaves (r = −0.506), vigour at emergence (r = −0.607), seedling height (r = −0.036), leaf
width (r = −0.764), root length (r = −0.000), and root–plant ratio (r = −0.246) had a direct
negative effect on the survival time of pearl millet lines (Figure 5, Table 4). The number
of days to 50% emergence recorded the highest positive path coefficient result (b = 0.624,
SE = 0.170, p = 0.000), so an increase in the 50% emergence date resulted in an increase
of one day in survival time. In contrast, leaf width recorded the highest negative path
coefficient (b = −0.764, SE= 0.298, p = 0.010), so an increase of one unit area in leaf width
resulted in a decrease of one day in survival time.

Table 4. Sequential regression analysis of juvenile water-stress-tolerance traits on survival time in
pearl millet.

Parameters Estimate (b) Std. Err (SE) Z-Value p-Value

DUS ~ NJE 0.624 0.170 3.664 0.000
DUS ~ NOF −0.506 0.600 −843 0.399
DUS ~ SVL −0.607 0.386 −1.570 0.115
DUS ~ TaP −0.036 0.011 −3.334 0.001
DUS ~ LaPF −0.764 0.298 −2.565 0.010
DUS ~ LoPF 0.010 0.015 0.694 0.488
DUS ~ TChlo 0.104 0.020 5.068 0.000
DUS ~ LCR −0.00 0.007 −0.030 0.976
DUS ~ RRP −0.246 0.546 −0.451 0.652

DUS: line survival time, LCR: root length, LaPF: width of first leaf, LoPF: length of first leaf, NJE: number of days
to 50% emergence, NOF: number of leaves, SSS: drought sensitivity score, SVL: emergence vigour score, TChlo:
chlorophyll content, TaP: seedling size, RRP: root/plant ratio.



Agronomy 2025, 15, 2321 8 of 14

  
Figure 5. Phenotypic correlations among measured traits. DUS = line survival time, LCR = root
length, LaPF = width of first leaf, LoPF = length of first leaf, NJE = number of days to 50% emer-
gence, NOF = number of leaves, SSS = drought sensitivity score, SVL = vigour at emergence score,
TChlo = chlorophyll content, TaP = seedling size, RRP = root/seedling ratio.

3.6. Variable Association

The first two principal components (PCAs) explain 56.06% and 62.99% of the total
variability in the greenhouse and laboratory, respectively (Figure 6a,b). PCA 1, explaining
37.07% of the variation in the greenhouse, is positively associated with seedling length
(r = 17.95), leaf length (r = 12.60), leaf width (r = 6.134), susceptibility to drought (r = 11.93),
and the seedling survival time (r = 15.27). On the other hand, PCA 2, explaining 20.90% of
total variation, is negatively correlated with seedling vigour (r = 18.066), number of days
to the emergence of 50% of seedlings (r = 5.04), leaf chlorophyll content (r = 18.25) and
seedling–root ratio (r = 2.79).

In the laboratory experiment, the root length (r = 22.78), seedling vigour index
(r = 24.57), and germination percentage (16.36) contribute most to PCA 1, which explains
46.43% of total variation. PCA2, which explains 16.56% of total variability, is more asso-
ciated with the leaf width (r = 20.54), leaf length (r = 31.34), and total number of leaves
(r = 13.89).
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(a) (b) 

Figure 6. Discriminant traits in the greenhouse (a) and in the laboratory (b).

3.7. Pearl Millet Seedlings’ Responses to Post-Emergence Water Stress

In this study, lines IP-11763 and IP-19334 were the most tolerant in the pot screening
in the greenhouse, with a survival time of 27 days each, while the IKMLS1 20582 and
IKMLS1 18012 lines were the most susceptible, with a survival time of 16 days (Table 5).
The tolerant lines generally had a higher chlorophyll content than the susceptible lines,
with 50% more days of survival than the susceptible lines. Lines that developed more
leaves were consistently more susceptible than the tolerant inbred lines.

Table 5. Rank (R), mean rank (R), the standard deviation of ranks (SDR), and the sum of ranks (RS)
of the indicators of tolerance to post-emergence water stress for the ten most tolerant and ten most
sensitive lines.

Tolerant
InbredLines

PGE LOP LCR RRP IVP
¯R SDR RS R

R1 R2 R3 R1 R2 R3 R1 R2 R3 R1 R2 R3 R1 R2 R3

IKMLS1 18 047 43 19 53 75 30 22 11 10 22 12 28 4 12 13 21 25.0 19.00 44.00 1
IP-16403 9 22 90 50 23 24 28 9 8 42 4 21 23 16 20 25.9 21.58 47.51 2
IP-8172 48 2 65 104 29 20 2 3 6 5 7 18 6 3 3 21.4 29.55 50.95 3

IKMLS1 18 039 16 3 37 49 1 1 45 5 3 66 70 59 42 1 1 26.6 26.71 53.31 4
IP-18062 8 13 5 60 8 8 30 12 15 31 71 100 28 11 10 27.3 28.10 55.43 5
IP-6584 33 17 129 47 4 4 10 2 4 21 54 20 5 4 5 23.9 33.39 57.33 6
IP-4927 1 1 15 7 3 6 20 28 52 83 95 90 10 5 6 28.1 34.34 62.48 7

IKMLS1 18,050 6 12 18 13 13 17 43 15 16 96 58 116 29 8 8 31.2 33.66 64.86 8
IP-15857 55 6 28 114 17 13 36 20 20 23 60 75 50 9 7 35.5 30.28 65.82 9
IP-3175 15 47 101 93 56 53 35 18 17 28 36 24 32 25 25 40.3 26.18 66.51 10

Susceptible Inbred Lines

IKMLS1 20 099 186 195 13 147 138 148 190 189 99 189 160 163 193 192 54 150.4 55.15 205.55 191
IP-8129 185 184 19 174 183 90 184 185 102 178 196 155 186 185 56 150.8 55.91 206.71 192

IKMLS1 20 343 187 199 3 198 186 86 193 199 71 29 128 37 199 197 35 129.8 77.08 206.88 193
IKMLS1 18 036 196 145 155 197 177 109 198 192 90 179 105 199 198 200 48 159.2 49.03 208.23 194
IKMLS1 18 012 178 194 12 184 158 126 197 194 78 195 140 162 192 190 50 150.0 58.87 208.87 195

IP-3757 172 196 11 190 195 78 196 195 87 194 129 160 190 191 61 149.7 61.25 210.91 196
IKMLS1 20 134 195 122 197 192 198 95 195 200 109 197 173 194 189 198 75 168.6 44.12 212.72 197
IKMS1 20,882 200 130 181 199 199 48 185 187 108 200 139 190 197 195 45 160.2 54.34 214.54 198

IKMLS1 18 001 198 131 180 193 189 77 199 197 73 199 163 192 195 193 44 161.5 53.62 215.15 199
IKMLS1 18 046 197 170 75 200 200 45 200 198 74 198 182 195 200 199 42 158.3 63.08 221.42 200

PGE = germination percentage; LOP = seedling length; LRC = radicle length, RRP = radicle length/seedling
length ratio; IVP = seedling vigour index.

In the lab screening using PEG 6000, IKMLS1 18 047 (RS = 44.00), IP-16403 (RS = 47.51),
IP-8172 (RS = 50.95), IKMLS1 18 039 (RS = 53.31), and IP-18062 (RS = 55.43) were the most
tolerant lines, while IP-3757 (RS = 210.91), IKMLS1 20 134 (RS = 212.72), IKMS1 20 882
(RS = 214.54), IKMLS1 18 001 (RS = 215.15), and IKMLS1 18 046 (RS = 221.42) were the most
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susceptible (Table 5). The tolerant lines were distinguished from the susceptible ones by
their more developed root lengths and a higher vigour index (Table 5).

4. Discussion
The analysis of variance showed the presence of large variability within the pearl millet

inbred lines in their response to water stress in both the greenhouse and the laboratory
screenings. Water stress significantly reduced the expression of all the traits in the laboratory.
In sorghum, most morphological and physiological traits at the seedling stage are affected
by water stress [25–27].

4.1. Effect of PEG 6000 on Pearl Millet Germination

The germination percentage decreased as the concentration of PEG 6000 increased.
These results are in line with those of [28,29], who demonstrated in their work that water
potential had a negative impact on germination percentage in wheat and rice, respectively.
This could be explained by the contrasting concentration between the interior of the grain
and the middle due to the osmotic phenomenon. This inhibition of germination results from
tissue hydration issues, which have repercussions on the radicle elongation process [30]
and water molecule penetration into the grains, hindering osmotic adjustment [31]. Such a
result has been reported by numerous authors and on various crops such as sunflower [32]
and pearl millet [33].

The tolerance to water stress during the first growing stage is a key adaptation trait [34].
The seedling stage is important in the crop life cycle, and drought tolerance during this
stage makes a crop stable [35]. Furthermore, seed germination is a selection criterion
considered for water stress tolerance [36,37]. Water stress affected shoot growth more than
root growth.

4.2. Effect of PEG 6000 on Pearl Millet Seedling Development

In about ten lines, the roots increased in length under stress compared to the control.
A similar finding was reported in several studies [38–41]. This was confirmed by the root–
shoot ratio, which increased under water stress. According to [42], water stress induces
an increase in the primary roots and the root–shoot ratio of plants, unlike shoots. The
elongation of the primary root is an adaptive response to water stress. Pearl millet lines that
survived water stress longer had longer primary roots than pearl millet lines that survived
water stress for a shorter time, suggesting that the tolerant lines respond to water stress
by developing their root system faster. According to [8], there is a positive correlation
between primary root growth and early drought tolerance in pearl millet. In fact, roots
are likely to detect the water deficiency in the soil and respond to it because it is at this
level that the water–plant contact is established [43,44]. Root length at the seedling stage
provides a fair estimate of root growth in the field [26,45]. According to [46], the long-root
trait is associated with maintaining plant productivity under drought conditions. The
decrease in shoot growth under lab screening with PEG 6000 may be due to there being less
water absorption and decreased osmotic potential created by the PEG 6000 [47]. According
to [48], the decrease in shoot growth is due to a restricted cell division and enlargement, as
water stress directly reduces growth by decreasing cell division and elongation. According
to [49], water deficit causes a delay in plant growth. This is reflected in a reduction in
stem height and width development, and a reduction in the number of leaves and the
leaf area. References [50,51] reported that water stress reduces shoot growth. This could
be an adaptative mechanism of pearl millet to reduce water loss through transpiration.
According to [52], the reduction in above-ground growth is an adaptive capacity necessary
for the survival of plants exposed to abiotic stress. Leaf area is an important determinant
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of transpiration. One of the first reactions of plants to water deficit is to reduce their leaf
area. This reduction is one of the plant’s responses to dehydration. It helps conserve water
resources. This helps the plant survive [53]. Leaf area gradually determines the quantities
of water used by the plant in the form of transpiration and the quantities of carbon fixed
photosynthetically. It also determines the plant’s resistance to drought, as it has been shown
that the greater the leaf area, the more water will be lost compared to a smaller leaf area [54].
Survival time and chlorophyll content are positively correlated. This would mean that lines
that are able to photosynthesize under water stress are the most tolerant.

The seedling vigour index (IVP) measures crop stress tolerance at the seedling stage by
considering germination percentage and shoot and root lengths together. In general, IVP
was significantly reduced by PEG-induced drought stress, but this variable increased for
some lines under water-deficit stress compared to the control. This would mean that these
lines performed better under PEG 6000-induced drought stress and would be considered
the most tolerant. A similar observation was reported by [55] on lettuce, ref. [56] on pearl
millet, ref. [57] on wheat, and [22] on barley. Furthermore, the results of the analysis
show that tolerant lines develop fewer leaves, but these leaves are also less broad and less
lengthy. These characteristics would enable tolerant lines to limit their water loss through
transpiration and have a longer survival time.

5. Conclusions
Germination and seedling growth are the most important and water-stress-sensitive

stages in a plant’s life cycle. This study provided information on the response of 200 pearl
millet lines to early drought tolerance. We found that there is a large variability in pearl
millet seedlings’ drought tolerance. Findings from this study proved that water stress
at the seedling stage slowed down growth in pearl millet. Rapid root development was
found to be the main adaptative trait in early drought, and genotypes that developed
faster the root system withstood water stress for longer. Two lines, namely IP-16403 and
IP-18062, were highly tolerant to water stress both in pot screening in the greenhouse and
in laboratory screening using PEG 6000. These lines are sources of donors of seedling
drought tolerance that can be used in pre-breeding and trait market discovery as well. On
the other hand, two pearl millet inbred lines, namely IKMLS1 18018 and IP-8426, proved
to be very sensitive in the lab and in the greenhouse. These lines are a source of drought
tolerance donors for seedlings that can be used for pre-selection and trait market discovery.
This study also showed that the number of days to 50% sowing and the root length had a
direct positive effect on the survival time of the lines, while leaf width had direct adverse
effects on survival time. The selected tolerant parents will be used as donors to improve
elite varieties of pearl millet. In any case, this study must be continued in the field for
confirmation of the status of the identified tolerant/susceptible lines.
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