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Abstract

Foxtail millet (Setaria italica L) is nutritionally superior to other cereals of the family Poaceae, with the potential to
perform better in marginal environments. In the present context of climate change, ecologically sound and low-
input foxtail millet varieties can be chosen for agricultural sustainability. The planned research was carried out at
the green house of the Department of Agronomy, University of Agriculture, Faisalabad, Pakistan, to investigate the
impact of various levels of NPK fertilizer on the growth, development, and yield of foxtail millet lines from USDA
germplasm. Eight lines of foxtail millet; U2, V19, V73, V93,V101, V106, V107, and V111, were under study along with
NPK fertilizers' treatments; T, =000 NPK as a control, T,=20:15:15 NPK, T;=30:20:20 NPK, T,=40:25:25 NPK, and
T,=50:30:30 NPK (kg ha™"). NPK treatments were applied twice during the study periods: first dose was applied
after one week of the emergence of seedlings and the second dose was applied at the age of four weeks of
seedlings. The time to 50% emergence ranged from 4.33 (V111) to 5.92 (U2) days, and the emergence was highest
in V111 (10.02), and V19 had the lowest emergence index of 4.95. Furthermore, all genotypes achieved a complete
final emergence percentage of 100, except U2 (92.89%) and V19 (89.33%). The highest growth rate and assimilation
rate were observed in V111 and V107 under the impact of treatment 5. Among the different treatments, T resulted
in the maximum plant height, panicle length, and grain yield per panicle. The highest panicle weight and grain
yield per panicle were observed in line V106. Line V107 synthesized the highest chlorophyll a while V93 produced
highest chlorophyll b contents which is statistically similar toV19. Line V19 had the highest total chlorophyll and
V93 produced the highest carotenoid contents. Application of NPK at the rate of 50:30:30 kg ha™' produced
maximum chlorophyll a (23%), b (15.8%), total chlorophyll contents (14.2%), plant fresh biomass (2.06%), and grain
yield (23.6%) as compared to control treatment. Overall, T; (30:20:20) and Ts (50:30:30) were observed to be better
as compared to other treatments. With respect to growth, yield, and chlorophyll contents, lines U2, V19, V93, V106,
V107, and V111 were observed to be potentially superior.
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Introduction

Millets, recognized as nutri-cereals, were domesticated
in central China’s highlands 8000 years ago, thriving
in marginal farming and addressing nutritional chal-
lenges, poverty, and hunger [1-3]. Regaining prestige
for their nutritional benefits, millets, the most domesti-
cated cereal grain from the Poaceae family, offer protein
(8—15%), dietary fiber (156-325 g kg™ '), and neutraceu-
tical qualities, surpassing other cereals [3, 4]. Playing a
crucial role in modern food design, millets contribute
to multigrain and gluten-free products [5]. Foxtail mil-
let (Setaria italica L.), originating in North China 7400—
7935 years ago, is one of the world’s oldest crops, known
for self-pollination and a short lifespan. Initially native to
China, it is now grown globally in Asia, Europe, North
America, and Africa [6, 7]. As the second most cultivated
millet, after pearl millet, foxtail millet is rich in nutrients,
providing 331 kcal of calories, 60.9 g of carbohydrates,
12.3 g of protein, 8.0 g of fiber, 3.3 g of minerals, 2.8 mg
of iron, and 31 mg of calcium per 100 g [4]. Known for
its amino acids and dietary minerals, foxtail millet al.so
offers health benefits, including improved glycemic, pre-
vention of hyperinsulinemia, and lower lipid concentra-
tions in type 2 diabetic patients [8].

Foxtail millet, which has a reputation for adaptability
and can grow in a variety of climates, has emerged as a
possible alternative crop in the face of shifting global
agricultural demands and climate change. The strate-
gic application of vital nutrients, such as nitrogen (N),
phosphorous (P), and potassium (K), through NPK fer-
tilizers is crucial for increasing yields and ensuring sus-
tainable production. Hussan et al. [9] reported that the
application of mineral elements significantly enhanced
the productivity and yield of wheat crop. N is one of the
primary nutrients in chlorophyll and is essential for pho-
tosynthesis in plants. The lack of N adversely influences
the photosynthesis rate by dispersing the chlorophyll
molecules [10]. The correlation between nitrogen levels
and pigment rate is influenced by the concentration of
chlorophyll [11]. Ciecko et al. [12] reported that yield was
positively linked with the amount of chlorophyll in the
leaves of potatoes. The shortage of P is responsible for the
reduction of photo-synthetic pigments, including chlo-
rophyll and carotenoids [13]. Photosynthesis activity is
normally decreased by the shortage of phosphorus, ulti-
mately reducing the leaf mass per unit leaf area [14]. K
is critically involved in the process of photosynthesis and
the ultimate long-distance translocation of photosyn-
thates. K regulates various physiological, phenological,
and biochemical processes in the plant as it is among the
essential macronutrients [15]. Foxtail millet benefits from
N in terms of its growth and yield characteristics [16].
According to Basavarajappa et al. [17], foxtail millet yield
increases in response to various N application levels.
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Several studies have reported the positive effects of
integrated fertilization on foxtail millet, emphasizing the
importance of achieving a balanced supply of N, P, and
K to boost crop productivity and improve the quality of
the harvested produce [18, 19]. Experiments on the appli-
cation of N, P, and K to foxtail millet revealed that the
use of balanced fertilizer increased its productivity. Inte-
grated application of various management practices is a
promising strategy to boost the growth and yield of field
crops [20-22]. Reasonable N: P:K ratios improve nutri-
ent absorption, biomass accumulation, and crop vyield;
this phenomenon has also been observed in rice and
other foxtail millet studies [18, 23]. Application of NPK
at 160:90:150 kg ha™! resulted in the highest plant height,
leaf area, and stem thickness. Stem thickness was well
developed under application of NPK at 160:90:150 kg
ha ! during the heading and grain-filling stages. It
depicted that reasonable NPK-balanced fertilization of
NPK at 160:90:150 kg ha™! promoted growth and devel-
opment [24]. The water use efficiency of foxtail millet
under the NP at 60:30 and 90:45 kg ha™! significantly
increased by 33.40-62.39% [25].

Foxtail millet is an emerging crop in Pakistan, as it
was not cultivated before in this region. Different trails
regarding the production technology are in the prelimi-
nary stages. The farmers’ community is cultivating the
crop on a large scale due to its nutritional value and high
net returns. To the best of our knowledge, no study has
been conducted on the optimization of fertilizer applica-
tion for foxtail millet in the region. Keeping in view of the
above rationale, the present study was planned to assess
the optimum combination of NPK fertilizer with respect
to crop growth, productivity, and yield of foxtail millet.
We hypothesize that the optimum combination of NPK
fertilizers can increase crop productivity by reducing
input costs.

Materials and methods

Experimental location and materials

The planned research was carried out at the green house
of Department of Agronomy, University of Agriculture,
Faisalabad, Pakistan, during spring season to investigate
the effect of NPK fertilizer on growth, development,
and vyield of foxtail millet (Setaria italica L.). There was
a total of eight lines of foxtail millet; U2, V19, V73, V93,
V101, V106, V107 and V111, under study with three rep-
lications. In the case of fertilizer (NPK) treatment, there
were a total of five treatments; T; =000 NPK as a control,
T,=20:15:15 NPK, T;=30:20:20 NPK, T,=40:25:25 NPK
and T;=50:30:30 NPK (50 kg of N, 30 kg of P,O;, and
30 kg of K,O ha™!). Source of N was urea (46% N), while
source of P was triple super phosphate (46% P,0O;), and
source of K was murate of potash (K,O). All the products
are manufactured by the Foji Fertilizer Company (FFC)
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Private Limited, Pakistan. The whole P and K with half of
nitrogen dose were applied after one week of emergence
of seedlings and second half dose of N was applied at age
of four weeks of seedlings. Seeds of the lines of foxtail
millet were taken from the germplasm of United States
Department of Agriculture (USDA) provided by Alter-
nate Crops Lab, Department of Agronomy, University of
Agriculture, Faisalabad, Pakistan.

Crop husbandry

Earthen pots, having dimensions of 30 cm in height and
22 cm in diameter, were filled with 5 kg of soil in each
pot and soil was taken from the research area of Depart-
ment of Agronomy. The soil was loam in texture with
pH and EC of 7.6 and 2.58 dS m™!, respectively. The
concentration of N, available P, K, and organic mat-
ter were recorded 0.061%, 7.9 mg kg™!, 76 mg kg™!, and
1.01%, respectively. There were a total of 120 pots with
three replicates of each treatment. Ten seeds of each
line were sown in each pot by hand. Thinning was done
after complete emergence and eight plants were main-
tained in each pot. Pots were checked regularly for water
requirement and irrigated according to the requirement
of plants. Weeds were removed manually from the pots
throughout the experimentation period. The seedlings
were cultivated in the greenhouse for 10 weeks at the
temperature of 25-30 °C with natural light conditions
(14 h of light and 10 h of dark) and there was no rainfall
during the experimentation.

Measurement of emergence attributes

Plants were counted on daily basis after emergence attri-
butes. Counting for emerged seedlings was stopped when
a constant number was encountered for continuous three
days. After collecting the data of emergence parameters,
thinning was done, and seven seedlings were maintained
for destructive sampling and to collect the data of other
traits. Time taken to 50% emergence of seedlings (E50)
(Eq. 1) was calculated according to the following formu-
lae of Farooq et al. [26].

E50 = ti+ [(N/2 —ni)/nj —ni] x (tj —ti) (1)

Where N is the final emergence count and ni, nj are the
cumulative number of seedlings emerged on adjacent
days ti and tj respectively.

Mean emergence time (MET) (Eq. 2) was calculated
according to the equation of Ellis and Roberts [27].

MET =) (Dn)/> n 2)
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Where Dn is the number of seeds which emerged on day
D, and n is the number of days counted from the begin-
ning of emergence.

Emergence index (EI) (Eq. 3) was calculated as
described in the Association of Official Seed Analysts
manual [28].

Bl — number of emerged seedling(s)
N days of first count

number of emerged seedlings
+... + -
days of final count

Final emergence percentage (FEP) (Eq. 4) was calculated
by dividing the number of emerged seeds with total num-
ber of seeds sown and multiplied with 100 to convert it
into percentage.

total number of emerged seedlings

FEP = x 100 (4)

total number of seeds sown

Measurement of growth parameters

To record the data of growth parameters, two seedlings
were harvested twice, with an interval of 15 days, from
each pot. First and second harvestings were done age
of four and six weeks of seedlings respectively. Crop
growth rate (CGR) and net assimilation rate (NAR) were
recorded at two critical growth stages: four weeks (veg-
etative) and six weeks (pre-reproductive stage). CGR
(Eq. 5) and NAR (Eq. 6) were determined according to
the procedures of Hunt [29].

CGR = (W2 — W1)/(T2 — T1) (5)

Where W,=Total dry matter at the first harvest,
W,=Total dry matter at the second harvest, T, =Date of
observation of first dry matter, T,=Date of observation
of second dry matter.

NAR = Final TDM/Final LAD 6)

Where TDM=Final total dry matter at harvesting and
LAD=Final leaf area duration at harvesting [30].

The plants were harvested at the age of 75 days. Plant
height and panicle length were measured at the time of
harvesting. Three plants, from each pot, were selected
randomly and their heights and panicle lengths were
measured with a meter rod. Plant biomass was recorded
after harvesting. Three plants were uprooted from each
experimental unit and their fresh weight was measured.
Mean value for selected plants was taken from each plot
and treatment means were also observed. Panicle was
detached from each plant and weight by electric balance
to record the panicle weight. Grain yield was recorded
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after threshing the panicle. Harvest index was calculated
by following formula:

Grain yield
Harvest index (%) = % x 100

Estimation of photosynthetic pigments

For analysis of chlorophyll 4, b, total chlorophyll, and
carotenoids contents, fully expanded young leaves were
sampled at vegetative stage of plants (6 weeks after emer-
gence). Arnon’s [31] method was followed for chlorophyll
a (Eq. 7), chlorophyll b (Eq. 8), and carotenoids (Eq. 9)
estimation. From each experimental treatment 0.5 g
of fresh leaves were taken. These samples were finely
grinded in 5 ml of 80% methanol (Merck KGaA, Darm-
stadt, Germany) by using pestle and mortal. The solu-
tion was centrifuged and filtered cautiously. After which,
with the assistance of UV-VIS Spectrophotometer, model
Hitachi-U-2001 (Hitachi, Tokyo, Japan) the absorbance
at wavelengths of 645 nm, 663 nm and 480 nm was
recorded. The following formulas were under consid-
eration to estimate the chlorophyll 4, b, and carotenoid
contents (Egs. 7-9).

Chlorophyll a (mg g~!) = [12.7 (OD663) — 2.69 (OD645 ) )
x V1000 x W

Chlorophyll b (mg g~') = [22.9 (OD645) — 4.68 (OD663 )] ®)
x V<1000 x W

Carotenoid (mg g — 1)
(OD 480) + 0.114 (OD 663)

_ . ©)
= — 0.638 (OD 645) x V+1000 x W
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Where OD is optical density, W is fresh weight (mg), and
V is the volume of 80% methanol used in the extract.

Total chlorophyll contents were recorded by sum of
chlorophyll a and b contents.

Statistical analysis

The experiment was conducted according to a completely
randomized design (CRD), with the factorial arrangement
primarily due to two factors: (1) foxtail millet lines and
(2) the NPK treatments. Data recorded for emergence,
growth, biochemical, and yield attributes were examined
by the two-way analysis of variance (ANOVA) proce-
dure by considering the foxtail millet lines and the NPK
treatments as factors. The Tukey honestly significant dif-
ference (HSD) test was used to compare the differences
among the means’ values [32]. A statistical computer
package called “Statistix 8.1” by Analytical Software, Tal-
lahassee, Florida, USA, was used for ANOVA. The sta-
tistical program “RStudio (v2023.06.1-524) by Boston,
Massachusetts, USA” was used for recording Pearson’s
correlation coefficient between attributes.

Results

Emergence attributes

The significant level of various emergence, growth, yield,
and biochemical parameters of eight genotypes of fox-
tail is presented in Table 1. The time to 50% emergence
(E50) ranged from 4.33 days in V111 to 5.92 days in V19
(26%) (Fig. 1). Similarly, mean emergence time (MET)
varied between 6.42 days (V111) to 7.15 days (V19)
(Fig. 1). Regarding emergence index (EI), V107 exhib-
ited the highest value of 8.72, indicating a relatively more
rapid and synchronous emergence compared to other

Table 1 Mean sum of squares of emergence, growth, yield, and biochemical attributes of eight lines of foxtails cultivated under five

NPK rates

Sov DF E50 MET El FEP
Foxtail Millet Lines (L) 4.54381% 0.98218** 44.3175% 267.532%*
Treatment (T) 4 0.71134NS 0.15594NS 8.0355NS 52.774NS
LxT 28 0.12905NS 0.03705NS 1.3684NS 59.971NS
Sov DF CGR NAR PH PL

Foxtail Millet Lines (L) 0.42473** 0.08388** 1942.02** 42.2128**
Treatment (T) 111231 1.15546** 954.27** 58.6445**
LxT 28 0.12088** 0.03191** 135.94** 21.3078**
Sov DF PW GY PB HI

Foxtail Millet Lines (L) 2.48493** 2.31737%* 9.71628** 214.694 **
Treatment (T) 4 1.30783** 7.00523** 445735%* 881.866 **
LxT 28 0.84307** 1.48078** 243559%* 131.273 **
Sov DF Chloa Chlob Total Chlo Caro
Foxtail Millet Lines (L) 0.00196** 0.72453** 0.08600** 1123.02%*
Treatment (T) 4 0.01708** 0.01479%* 0.03956** 18.169%*
LxT 28 0.00338** 0.06079** 0.07297** 81.127**

Source of variance (SOV); degree of freedom (DF); time taken to 50% emergence of seedlings (E50); mean emergence time (MET); emergence index (El); final
emergence percentage (FEP); crop growth rate (CGR); net assimilation rate (NAR); plant height (PH); panicle length (PL); panicle weight (PW); grain yield (GY); harvest
index (HI); chlorophyll (Chlo); carotenoids (Caro); interaction of foxtail millet lines and treatments (L x T); ** = significant at p<0.01, NS=non-significant at p>0.05
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Time to 50% emergence (Days)
w)

U2 V19 V73 V93 VIOl V106 V107 VIl

Mean emergence time (Days)

U2 V19 V73 V93 V101 VI06 V107 V111

Fig. 1 Performance of various foxtail lines regarding time to 50% emer-
gence and mean emergence time. Bars followed by different alphabets (A,
B, etc.) are significantly different by the HSD p <0.05 test

Emergence index

U2 V19 V73 V93

V101 V106 V107 V111

100 A

95 1

90 A

85 1

Final emergence percentage

80 -

U2 V19 V73 V93 V101 V106 V107 VIII

Fig. 2 Performance of various foxtail lines regarding emergence index
and final emergence percentage. Bars followed by different alphabets (A,
B, etc,) are significantly different by the HSD p <0.05 test
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genotypes (Fig. 2). On the other hand, V19 had the low-
est EI of 4.95. Furthermore, all genotypes, except U2 and
V19, achieved a complete final emergence percentage
(FEP) of 100, indicating successful establishment (Fig. 2).

Growth and yield parameters

The highest crop growth rate (CGR) is observed in treat-
ment 5 (3.13), followed by T4 (2.95), T3 (2.57), T2 (2.07),
and T1 (1.46), respectively (Table 2). It indicates that
higher amounts of fertilizer generally lead to higher CGR.
The lines with the highest CGR are V111 and V107. The
NAR indicates the amount of carbon that is being assimi-
lated by the plant per unit area and time. When looking
at the NAR (Table 3), the highest NAR (3.13) is observed
in T5, followed by T4 (2.77), T3 (2.63), T2 (2.63), and
T1 (2.62). This suggests that higher amounts of fertil-
izer generally lead to higher rates of carbon assimilation
by the plants. The lines with the highest NAR are V107
and V111. Overall, it appears that the treatment with the
highest amount of fertilizer (T5) is the most effective at
promoting both CGR and NAR. The lines V107 and V111
appear to be particularly responsive to fertilizer treat-
ment in terms of both CGR and NAR.

The PH of eight different lines of foxtail under five dif-
ferent treatments of fertilizer application is presented
in Table 4. The impact of different treatments on PH is
statistically significant (p<0.05) for most of the lines, as
indicated by different alphabets. For example, for line
V73, treatments T1, T2, T3, and T4 have significantly
different effects on PH. Among these treatments, T3
resulted in the highest PH (84.19 c¢m) for this line, while
T5 had the lowest mean PH (72.06 cm). Overall, the
highest mean PH (92.92 c¢cm) was observed in line U2,
while the lowest mean PH (57.68 ¢m) was observed in
line V106 (Table 4).

The PL of different lines of foxtail under five differ-
ent treatments of fertilizer application is presented in
Table 5. The impact of different treatments on PL is also
significant for most of the lines, as indicated by different
alphabets. For example, for line V19, treatments T3, T4,
and T5 have significantly different effects on PL. Among
these treatments, T3 resulted in the highest mean PL
(14.30 cm) for this line, while T5 had the lowest mean PL
(6.33 cm). Overall, the highest mean PL (11.34 cm) was
observed in line U2, while the lowest mean PL (5.89 cm)
was observed in line V106. Among the different treat-
ments, T3 generally resulted in the highest mean values
for PL, while T5 had the lowest mean values.

The mean values for PW are also provided for each
line and each treatment (Table 6). The impact of different
treatments on PW is statistically significant (p<0.05) for
most of the lines, as indicated by different alphabets. For
instance, for line V73, treatments T3 and T4 have signifi-
cantly different effects on PW. Treatment T4 resulted in
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Table 2 Impact of various ratios of NPK on crop growth rate (CGR) (g plant™' day™") of eight lines of foxtail millet (Setaria italica L)
Treatments Foxtail Millet Lines (L)

U2 V19 V73 Vo3 V101 V106 V107 V111 Mean (T)

T 0.73 x 113w 1.53u 1.60 t 1.50u 1.90r 146 v 1.86s 146 E

T2 163t 203 p 2.100 2.00 pq 240m 1.97q 2.36n 2130 207D

T3 243 m 2501 240m 2.80] 2.36n 276k 2531 2.831j 257C

T4 290 h 2.80] 3009 2.76 k 3.06 ef 293 h 3.09de 3.12d 295B

T5 3009 290 h 3300 b 2860 3.26 C 3.03fg 333b 340a 313A
Mean (L) 213G 227 F 246D 240E 251C 251C 2558 266 A

Tukey's HSD L=3.808E-03, T=2.700E-03, L x T=0.011

Means followed by different alphabets are significantly different by the HSD p<0.05 test (lowercase alphabets depict the differences between the interaction of
Foxtail Millet Lines (L) and treatments (T); uppercase alphabets depict the differences between Foxtail Millet Lines (L) means and treatments (T) means

Table 3 Impact of various ratios of NPK on net assimilation rate (NAR) (g plant™' day™") of eight lines of foxtail millet (Setaria italica L)
Treatments Foxtail Millet Lines (L)

U2 V19 V73 Vo3 V101 V106 V107 V111 Mean (T)

i 263 ] 263 ] 263 ] 260k 263 ] 263 ] 263 ] 263 ] 262D

P 263 ] 263 ] 263 ] 263] 263 ] 263 ] 263 ] 263 ] 263C

3 263 ] 263 ] 263 ] 263] 263 263 ] 263 263 263C

T4 263 ] 263 ] 290 h 263] 2861 263 ] 293¢ 300f 2778

T5 300f 290h 330¢ 2861 326d 303e 333b 340a 313A
Mean (L) 2.70F 268G 281C 267 H 280D 271E 2838 285 A

Tukey's HSD L=3.80E-03, T=2.70E-03, LX T=0.011

Means followed by different alphabets are significantly different by the HSD p<0.05 test (lowercase alphabets depict the differences between the interaction of
Foxtail Millet Lines (L) and treatments (T); uppercase alphabets depict the differences between Foxtail Millet Lines (L) means and treatments (T) means

Table 4 Impact of various ratios of NPK on plant height (PH) (cm) of eight lines of foxtail millet (Setaria italica L)
Treatments Foxtail Millet Lines (L)

u2 V19 V73 vo3 V101 V106 V107 V111 Mean (T)
s 8883 e-h 7440 m 66.60 0-q 8273 64.93 pq 55.23 st 7230m-0 8053kl 73.19C
p) 92557 d-g 8747q4  8763g] 85.13 h-k 11043 a 50.27 tu 8243 88.07 - 85.50 A
3 99.10 be 99.13 be 88.97 e-h 97.70 cd 10470 b 5163t 67.87 n-p 64.47 pq 84.19 A
T4 95.77 cd 8843 f-i 9427 ce 8523h-k  5843rs 7320 mn 7440 m 8597h-k 81968
Ts 8837 i 4587 u 77.10km 96.53 cd 9347 cf 580715 55.97 -t 6117 qr 72,06 C
Mean (L) 9292 A 79.06 £ 8291D 8946 8 86.39C 5768 H 7059G 76,04 F

Tukey's HSD L=1.9663,T=13941,LxT=5.7061

Means followed by different alphabets are significantly different by the HSD p<0.05 test (lowercase alphabets depict the differences between the interaction of
Foxtail Millet Lines (L) and treatments (T); uppercase alphabets depict the differences between Foxtail Millet Lines (L) means and treatments (T) means

Table 5 Impact of various ratios of NPK on panicle length (PL) (cm) of eight lines of foxtail millet (Setaria italica L.)
Treatments Foxtail Millet Lines (L)

U2 V19 V73 Va3 V101 V106 V107 V111 Mean (T)
T1 9.031j 11.03 e-h 8.00 jk 7.06 kl 6.66 kl 436 n-p 59610 716Kk 741D
T2 11.60 c-h 1210 g 747 6.19 k-n 1113 ¢c-h 4.00p 723 1240 cf 9.01C
T3 12.66 b-e 1430a 12.83 b-e 1046 g-i 1556 a 423 0p 12.36 c-f 10.66 f-i 11.63 A
T4 1040 g-i 10.63 f-i 1040 g-i 993 hi 483 m-p 1263 b-e 12.90 b-d 1040 g-i 10.26 B
T5 13.00 bc 6.33 k-m 6.23 k-m 11.96 c-g 10.52 g-i 421 0p 1116 c-h 11.16 c-h 932C
Mean (L) 1134 A 10.88 AB 898 L 9.12DE 9.74CD 589F 9.92C 10.36 BC

Tukey's HSD L=0.6299,T=0.4466, L x T=1.8279

Means followed by different alphabets are significantly different by the HSD p<0.05 test (lowercase alphabets depict the differences between the interaction of
Foxtail Millet Lines (L) and treatments (T); uppercase alphabets depict the differences between Foxtail Millet Lines (L) means and treatments (T) means

the highest mean PW (3.33 g) for this line, while treat- line V19. Among the different treatments, T4 generally
ment T1 had the lowest mean PW (1.25 g). Overall, the resulted in the highest mean values for PW, while T1 had
highest mean PW (2.35 g) was observed in line V106, the lowest mean values (Table 6).

while the lowest mean PW (2.23 g) was observed in



Shahzadi et al. BMC Plant Biology (2025) 25:22 Page 7 of 14
Table 6 Impact of various ratios of NPK on panicle weight (PW) (g) of eight lines of foxtail millet (Setaria italica L.)
Treatments Foxtail Millet Lines (L)
U2 V19 V73 VI3 V101 V106 V107 V111 Mean (T)
T1 161 op 238 h-m 125p 235h-n 133p 1.96 mno 1.97 mno 2.06 -0 1.86 D
T2 157 op 262 f-k 128 p 1.15p 2.84d-h 1.94 mno 1.86 no 297 c-g 2.03C
T3 2.54 gl 281 e-h 2.77 e-i 363ab 2.74 e 225j-n 2.65 e-j 295cg 279A
T4 3.14 b-e 249 g-l 3.04 c-f 2.77 e-i 3.35abc 2641 333 ad 224 j-n 287 A
T5 229i-n 1.13p 212 n 3.65a 2.13k-n 3.39abc 2.77 e-i 159 0p 238B
Mean (L) 223Dk 2.28 CDE 209k 271 A 248 BC 243 BC 252 AB 235BCD
Tukey's HSD L=0.1136,T=0.0805, L x T=0.3295

Means followed by different alphabets are significantly different by the HSD p<0.05 test (lowercase alphabets depict the differences between the interaction of
Foxtail Millet Lines (L) and treatments (T); uppercase alphabets depict the differences between Foxtail Millet Lines (L) means and treatments (T) means

Table 7 Impact of various ratios of NPK on grain yield (GY) (g) of eight lines of foxtail (Setaria italica L.)

Treatments Foxtail Millet Lines (L)

U2 V19 V73 V93 V101 V106 V107 Vi11 Mean (T)
T1 094t 1.60 Im 0.74 u 1.64 jkI 0.69 uv 1.23qr 121 qgr 1.74j 1.23E
12 121 qgr 145 no 0.77u 067 v 1.72 ijk 1380 127 pq 203g 130D
T3 1.52mn 2.12 efg 123qr 282a 1.67 il 1.36 op 1.60 Im 1410 1728
T4 236¢ 1.05s 2039 116 2.23d 2.15 def 2.04fg 1.62 kim 1.83 A
T5 1430 062v 1.84h 2.15de 1.75 hi 267b 1370 0.98 st 161 C
Mean (L) 149E 137F 132F 168 B 161C 1.76 A 150E 1.56 D
Tukey's HSD L=0.0487,T=0.0345 L xT=0.1413

Means followed by different alphabets are significantly different by the HSD p<0.05 test (lowercase alphabets depict the differences between the interaction of
Foxtail Millet Lines (L) and treatments (T); uppercase alphabets depict the differences between Foxtail Millet Lines (L) means and treatments (T) means

Table 8 Impact of various ratios of NPK on plant biomass (PB) (g) of eight lines of foxtail (Setaria italica L.)

Treatments Foxtail Millet Lines (L)

U2 V19 V73 Vo3 V101 V106 V107 V111 Mean (T)
T 11.82d-g 1193 ¢ 11.76 f-i 11.711j 11.53m 1146 n-p 11.32q 11.53mn 1163E
T2 11.83d 11.83de 1193 ¢ 11.64 k 11.52 m-o 11.46 op 11.74i 1192 ¢ 11.68D
T3 11.67 jk 11.53 m-o 11.61 Kkl 11.75 hi 1248 b 1193 ¢ 1144 p 11.64 k 11.758B
T4 11.74i 11.65 jk 11.82 d-f 11.66 jk 11.75 hi 11.81d-h 1133q 11.84d 11.701 C
T5 11.76 e-i 11.65 jk 11.64 k 11.81 d-h 12593 11.75 hi 11.75 g 11.55Im 11.87A
Mean (L) 11.76 B 11.72C 11.758B 11.71C 1197 A 11.68D 1151E 11.69 CD
Tukey's HSD L=0.1625T=0.1152,LxT=04717

Means followed by different alphabets are significantly different by the HSD p<0.05 test (lowercase alphabets depict the differences between the interaction of
Foxtail Millet Lines (L) and treatments (T); uppercase alphabets depict the differences between Foxtail Millet Lines (L) means and treatments (T) means

The impact of different treatments on GY per panicle
is also significant for most of the lines, as indicated by
different alphabets (Table 7). For example, for line V19,
treatments T2 and T3 have significantly different effects
on GY per panicle. Treatment T3 resulted in the highest
mean GY per panicle (2.12 g) for this line, while treat-
ment T5 had the lowest mean GY per panicle (0.62 g).
Overall, the highest mean GY per panicle (1.56 g) was
observed in line V106, while the lowest mean GY per
panicle (1.37 g) was observed in line V19. Among the dif-
ferent treatments, T4 generally resulted in the highest
mean values for GY per panicle, while T1 had the lowest
mean values (Table 7).

The impact of different treatments on plant biomass
(PB) is statistically significant (p<0.05) for most of the
lines, as indicated by different alphabets. For instance,
for line V101, treatments T3 and T5 have significantly

different effects on PB (Table 8). Treatment T5 resulted
in the highest mean PB (12.59) for this line, while treat-
ment T4 had the lowest mean PB (11.75). Overall, the
highest mean PB (11.97) was observed in line V106, while
the lowest mean PB (11.51) was observed in line V107.
Among the different treatments, T5 generally resulted in
the highest mean values for PB, while T4 had the lowest
mean values (Table 8).

The impact of different treatments on HI is also sig-
nificant for most of the lines, as indicated by different
alphabets (Table 9). For example, for line V111, treat-
ments T2 and T5 have significantly different effects on
the HI. Treatment T5 resulted in the highest mean HI
(54.55%) for this line, while treatment T4 had the lowest
mean HI (19.24%). Overall, the highest mean HI (33.55%)
was observed in line V106, while the lowest mean HI
(25.43%) was observed in line V107. Among the different
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Table 9 Impact of various ratios of NPK on harvest index (HI) (%) of eight lines of foxtail (Setaria italica L)
Treatments Foxtail Millet Lines (L)

U2 V19 V73 Va3 V101 V106 V107 V111 Mean (T)
T 3741 af 4155 a-c 39.81a-d 34.03 b 30.08 b 34.01 b 3373 b 3562 b-i 2558 B
T2 3801 a-f 36.83 a-g 3642 a-h 37.78 a-f 2812 ¢ 4642 ab 33.64 b 2744 ¢ 3558 A
T3 2864 b 3701 a-g 27.64 ¢ 16.53] 17.55j 26.70 ¢+ 20.08 f-j 3091 b 2565 B
T4 1911 g 3343 b-j 1864 h-j 26.06 C-j 22.92 d-j 25.20 C-j 18.04 ij 19.24 g 33.78 A
T5 26.17 ¢ 3847 a-e 33.03 b4 36.48 a-h 34.19 b4 20.60 e 21.64 e 54.55a 3778 A
Mean (L) 29.89 BC 3746 A 31.11BC 29.78 BC 2657 C 30.59 BC 2543 C 33.55AB
Tukey's HSD L=2.063,T=9.561,L xT=4.603

Means followed by different alphabets are significantly different by the HSD p<0.05 test (lowercase alphabets depict the differences between the interaction of
Foxtail Millet Lines (L) and treatments (T); uppercase alphabets depict the differences between Foxtail Millet Lines (L) means and treatments (T) means

Table 10 Impact of various ratios of NPK on chlorophyll a, b, and total chlorophyll contents (mg g~ ' on fresh weight basis) of eight

lines of foxtail (Setaria italica L.)

Treatments Chlorophyllacontents

U2 V19 V73 Vo3
T 0.07 bc 0.07 bc 0.07 bc 0.06 bc
T2 006 c 0.07 bc 0.07 bc 0.07 bc
T3 0.07 bc 0.06 ¢ 0.06 bc 0.06 bc
T4 0.06 ¢ 0.06 ¢ 0.06 bc 0.06 bc
T5 0.06 ¢ 0.06 ¢ 0.06 bc 0.06 bc
Mean (L) 0.06 D 0.06 CD 0.07 CD 0.06 CD
Tukey's HSD L=0.0174,T=0.0124,L x T=0.0506
Chlorophyllbcontents

U2 V19 V73 Vo3
T1 0.59 cde 048 fgh 042 g-j 0.68 bc
T2 0.35j-m 0.80a 0.73ab 061 cd
T3 0.31Imn 0.33j-n 0.30 Imn 0.60 cde
T4 047 f-i 0.67 bc 0.60 cde 0.54 def
T5 0.51 efg 0.59 cde 0.32k-n 049 fgh
Mean (L) 044 C 0.57 A 047 BC 058 A
Tukey's HSD L=0.03,T=0.02,LxT=0.09
Total chlorophyll contents

U2 V19 V73 Vo3
T 0.66 fg 0.55Imn 049 op 0.74d
T2 041 qgr 0.87a 0.80 bc 0.68 ef
T3 0.377rs 0.39qr 0.36rs 0.66 fg
T4 053 m-p 0.73 de 038 gr 0.60 h-k
T5 0.57 j-m 0.65 fgh 038qr 0.55 k-n
Mean (L) 0.50D 0.64 A 0.54C 0.65 A
Tukey's HSD L=0.017,T=0.012,LxT=0.050

V101 V106 V107 V111 Mean (T)
0.05c 0.05c¢ 0.05c¢ 0.05c 0.06 B
0.06 bc 0.06 bc 0.06 bc 0.07 bc 0.068B
0.06 bc 0.06 bc 0.06 bc 0.05c 0.06 B
0.06 bc 0.06 bc 0.06 bc 0.05c¢ 0.06B
0.11 bc 020a 021a 020a 0.12A
0.07 B-D 0.09 AB 0.09A 0.08 A-C

V101 V106 V107 V111 Mean (T)
046 f-i 0.54 def 0190 0.38 - 0468
042 g 0.26 M-0 0.36 jkI 0.55 def 051 A
0.71ab 0.34j-m 0.35j-m 0.59 cde 044 C
048 fgh 042 g-j 0.24 no 0.36 jkI 047 B
041 h-k 0.65 bc 046 f-i 042 g 048B
0498 044 C 032D 046 C

V101 V106 V107 V111 Mean (T)
0.51 nop 0.59 il 0.24u 043 g 052 C
048 p 0.32st 042q 0.62 g-j 0.57B
0.77 cd 040 gr 041 qgr 0.64 f-i 050D
0.54 I-o 048 p 030t 041 qgr 0.53C
0.52 m-p 0.85 ab 067 f 062 g 0.60 A
0.57B 0.53C 041E 0.54 C

Means followed by different alphabets are significantly different by the HSD p<0.05 test (lowercase alphabets depict the differences between the interaction of
Foxtail Millet Lines (L) and treatments (T); uppercase alphabets depict the differences between Foxtail Millet Lines (L) means and treatments (T) means

treatments, T5 generally resulted in the highest mean
value of HI, while T4 had the lowest mean value of HI
(Table 9).

Biochemical traits

The different treatments have a significant effect on chlo-
rophyll a content in foxtail plants. The mean values for
chlorophyll a content range from 0.06 to 0.12 (Table 10).
Similarly, the impact of different treatments on chloro-
phyll b content is also statistically significant. The mean
values for chlorophyll b content range from 0.44 to 0.51.

Overall, the mean chlorophyll a content is lower than
the mean chlorophyll b content across all lines and treat-
ments. Line V106 and V107 has the highest mean chlo-
rophyll a4, V93 and V19 exhibited highest chlorophyll »
contents, while line V107 and U2 has the lowest mean
values for both chlorophyll a and chlorophyll b. The
impact of different treatments on total chlorophyll con-
tents is statistically significant. For example, in treatment
T2, line V19 has significantly higher total chlorophyll
content compared to lines V73, V93, V106, V107, and
V111. The mean values for total chlorophyll content
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range from 0.50 to 0.60. This suggests that the different
treatments had a significant effect on total chlorophyll
content in foxtail plants (Table 10).

The impact of different treatments on carotenoid con-
tents is statistically significant, as indicated by different
alphabets for some treatments and lines. For example,
in treatment T2, line V19 has significantly higher carot-
enoid contents compared to lines V73, V93, V101, V106,
V107, and V111. The mean values for carotenoid content
range from 14.58 to 16.58. This indicates that the dif-
ferent treatments had a significant effect on carotenoid
contents in foxtail plants. Line V93 and V19 has the high-
est mean carotenoid contents, while line V107 has the
lowest mean values for carotenoids. The differences in
carotenoid contents among the lines and treatments are
statistically significant. In conclusion, the different treat-
ments of fertilizer application had a significant impact on
carotenoid contents in foxtail plants, as indicated by the
significant differences among the treatments (Table 11).

Pearson’s correlations of various emergence, growth,
yield, and photosynthesis traits of foxtail millet lines are
presented in Fig. 3. Positive correlations of GY with chlo-
rophyll contents, photosynthetic attributes, PH, and PB
of foxtail millet plants. MET and EI have a very strong
positive correlation of 0.99. There is also a very strong
correlation between FEP with CGR (0.79) and NAR
(0.83). PW is very positively linked with GY (0.73). There
is a perfect correlation between the CGR and the NAR.
GY and chlorophyll are linked positively with each other.
A very strong correlation is observed between total chlo-
rophyll contents and carotenoids.

Discussion

Crop production is now facing some challenges because
of climate change. Sustainable production in the agri-
cultural industry requires a change or the inclusion of
new and alternative crops. Foxtail millet is an emerg-
ing crop that can withstand harsh environmental con-
ditions. Seed germination, which marks the start of the
crop life cycle and is linked to seed emergence, growth,
and plant development, affects grain yield. Crop growth

Table 11 Impact of various ratios of NPK on carotenoids (mg g~
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is the inevitable expansion in the size and mass of plants.
The CGR is measured to determine how well applied fer-
tilizers affect crop size, height, and weight. The CGR of
foxtail varieties increased with increasing the concentra-
tions of NPK applied. This increase demonstrated that
NPK at the highest dose significantly affects the pace
of plant and crop growth. Our findings are in line with
those of Kalaghatagi et al. [33], who claimed that apply-
ing NPK in combination with micronutrients increased
crop growth rate. The net assimilation rate (NAR) is
the increase in the plant’s dry weight per unit leaf area
and unit time. It is the measure of plant biomass, leaf
dry weight, and simply crop growth. N plays an impor-
tant role in the growth and development of plants since
it is a necessary component of amino acids and aids the
plants in photosynthesis; therefore, more N will improve
the NAR. The increase in NAR was caused by the appli-
cation of N, P, and K. Our findings concur with those of
Farooqi et al. [34], who demonstrated that N played a
role in the formation of new cells and increased the pho-
tosynthetic activity that ultimately increased the NAR of
crops. Application of various nutrients, either foliar spray
or soil amendment, significantly improved the growth,
yield, and quality of produce [35-37]. Line V107 showed
the highest crop growth rate (CGR) and net assimilation
rate (NAR) under higher NPK doses, possibly due to its
genetic predisposition for more efficient carbon assimi-
lation Guan et al. [18]. These lines demonstrate superior
nutrient utilization compared to others, which could
be explored for breeding programs aimed at improving
nutrient efficiency under varying fertilization regimes.
Plant height is also very important in terms of the yield
of the crops. The findings were comparable to those of an
experiment conducted on millet by Ngala and Musa [38],
in which maximum plant height was recorded by applica-
tion of NPK at 30:15:15 kg ha™! of NPK along with farm-
yard manure at 2.5 metric tonnes ha™'. Panicle length is
one aspect of panicle architecture and is usually mea-
sured as a yield related trait. Increased NPK application
promotes growth and yield in foxtail millet by improv-
ing nutrient availability, which is vital for photosynthesis

on fresh weight basis) of eight lines of foxtail (Setaria italica L.)

Treatments Foxtail Millet Lines (L)

U2 V19 V73 Vo3 V101 V106 V107 V111 Mean (T)
T 20.20 fgh 16.51 no 1524 p 2421 ¢ 16.150 19.331 776z 13.24r 16.58 A
T2 9.22 xy 2784 a 25.09b 20.32 efg 1295r 10.57 vw 520A 17.96 k 16.14 8B
T3 9.55 x 1031w 9.00y 20.60 e 25.00 b 1130t 11.02 tu 19.90 h 1458 D
T4 1493 p 2040 ef 2042 ef 18.63 ] 16.85 mn 12.36s 780z 1040 w 1522 C
5 17.551 19.98 gh 10.88 uv 17.15m 13679 2269d 1514 p 14.96 p 16.50 A
Mean (L) 1429 F 19.00B 16.12D 20.18 A 1692 C 1525E 938G 15.29E
Tukey's HSD L=0.128,T=0.091,LxT=0.373

Means followed by different alphabets are significantly different by the HSD p<0.05 test (lowercase alphabets depict the differences between the interaction of
Foxtail Millet Lines (L) and treatments (T); uppercase alphabets depict the differences between Foxtail Millet Lines (L) means and treatments (T) means



Shahzadi et al. BMC Plant Biology (2025) 25:22

Page 10 of 14

Correlation of Foxtail millet ines among morpholigical traits
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Fig. 3 Pearson correlation between different attributes of foxtail millet

and metabolic functions. Nitrogen stimulates vegetative
growth [39], P supports root development and energy
transfer [40], while K enhances water regulation and
disease resistance [41]. This synergy results in improved
plant height, panicle length, and grain yield. Previous
findings by Kalaghatagi et al. [33] and Hasan et al. [42]
have demonstrated similar outcomes in foxtail millet and
other crops where balanced NPK application improved
both growth and yield components. Our results in the
case of PL are like Nandini et al. [43], who reported an
increase in PL due to application of N fertilization to
foxtail millet. In another study, it was illustrated that
macro-nutrients such as NPK had vital role in enhanc-
ing the photo assimilates in the plant and consequently
increasing the PL [44]. A high dose of NPK significantly
enhanced the growth and yield attributes, including pan-
icle weight, plant height, total biomass, and grain yield in
pearl millet [45].

Panicle weight is an important component of yield
that is a direct indicator of grain and biological yield.

0 0.2 0.4 0.6 0.8 1

Although it is a hereditary trait, nutritional manage-
ment may have an impact. The weight of the foxtail millet
panicle was positively impacted by the NPK application.
However, certain foxtail millet lines responded signifi-
cantly better than others to various NPK doses. The find-
ings of the current study, which show a considerable
increase in panicle weight, are consistent with those of
Jali et al. [8], who found that the application of essential
nutrients such as NPK was associated with increased
panicle length and panicle weight. An increase in grain
yield of foxtail millet was advocated by many research-
ers. Bameri et al. [46] reported an increase in the grain
yield of foxtail millet by the application of combined NPK
and microelements. Similarly, Kalaghatagi et al. [33] also
reported that N is the key nutrient that is required for
the millets to increase their growth and yield. Hasan et
al. [42] reported that the application of NPK increased
the grain yield of foxtail millet. Moreover, Nandini et
al. [43] observed that the application of 125% of N led
to improved vyield-related characteristics, including the
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number of effective tillers, panicle length, panicle weight,
and test weight of foxtail millet.

Since N is a crucial component of amino acids and
helps plants with photosynthesis, it plays a crucial role
in the growth and development of crops. Consequently,
greater N will increase plant biomass. The increase in
plant biomass was mainly because of NPK supplementa-
tion in the crop. The outcomes made it obvious that all
the foxtail millet lines responded well to fertilizer appli-
cation. The results of this study are consistent with those
of Kalaghatagi et al. [33] and Hasan et al. [42]. The results
of Nadeem et al. [46] showed that macronutrients, like
N, are crucial for the millet crop because they raise plant
height, leaf area, biomass, harvest index, and grain pro-
duction. The harvest index of some foxtail varieties used
was reduced with an increase in concentration of NPK
applied. This decrease in harvest index followed the law
of diminishing returns, which states that an increasing
amount of any nutrient will increase the yield, but up to
an optimum concentration, an increase in dose above the
optimum will lead to decrease in yield [47]. Imran et al.
[48] stated that application of Nat higher rate increased
the growth and yield attributes, including plant height,
1000-grain weight, and grain yield of maize. The presence
of elements in plants is affected by both environmental
factors and genetic mechanisms. Importantly, consider-
able advancements have been made in the identification
of key transporters responsible for the accumulation of
diverse elements [49, 50]. The expanding datasets derived
from genome sequencing, re-sequencing, pan-genomics,
and RNA-sequencing serve as valuable resources for
investigating inherent variations in crucial genes related
to mineral transport and accumulation in plants [51].

The crop growth rate and net assimilation rate were
observed to be highest (Tables 3 and 4) with the highest
dose of NPK, while growth parameters like plant height,
spike length, and yield (Tables 5, 6 and 7) were decreased
by the higher dose. These variations may be linked to
the genetic makeup of the lines that are more responsive
at the vegetative growth stage and some reproductive
growth stage. The lines with low vegetative growth attri-
butes and high reproductive growth may a have higher
capacity for assimilates’ translocation from source to
sink. Therefore, in this study, we investigated the effect
of fertilizers on agronomic traits, yield, and yield com-
ponents. Studies have shown that different NPK com-
binations have significant effects on the nutritional and
growth characteristics of foxtail millet [18, 52]. In the
present study, we found that there were significant dif-
ferences in the effects of N, P, and K fertilizers and their
interactions on the yield and quality in foxtail millet. Pre-
vious studies suggested that N fertilization was the most
important factor in foxtail millet with respect to grain
yield and aboveground produce [18]. Reasonable NPK
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ratios improved nutrient absorption, biomass accumu-
lation, and crop yield; this phenomenon has also been
observed in other crops including foxtail millet [18, 23].
In the present study, it was observed that a higher dose of
NPK increased the growth attributes while yield compo-
nents decreased and vice versa. This depicts that reason-
able NPK-balanced fertilization promoted growth and
development, whereas excessive fertilization inhibited it,
and the current findings are supported by Xing et al. [24].

Chlorophyll is the green pigment that helps plants in
photosynthesis. The chlorophyll contents of the foxtail
varieties used increased with increasing the concentra-
tion of NPK applied. NPK plays a critical role in chloro-
phyll production, which is essential for photosynthesis.
N, in particular, is a key component of chlorophyll mol-
ecules, and its availability directly influences the chlo-
rophyll content. P and K also contribute by improving
energy transfer and stomatal functioning, enhancing
overall photosynthesis. Higher NPK levels (50:30:30 kg
ha™) increased chlorophyll a and b concentrations by
23% and 15.8%, respectively. These increments in chlo-
rophyll correlate strongly with increased photosynthetic
activity, leading to higher biomass and grain yield. The
relationship between NPK and chlorophyll content is
consistent with findings from other studies where higher
nitrogen levels led to increased photosynthetic efficiency
and crop yields. Nadeem et al. [46] reported an increase
in chlorophyll contents due to application of N fertil-
izer. The data demonstrates that different foxtail lines
responded differently to applied NPK levels, although the
higher amount of NPK (50:30:30) was most important in
boosting all the foxtail lines’ growth and yield metrics.
When given NPK ratios, V111 among the varieties per-
formed noticeably better. Line V106 showed the highest
chlorophyll a and b contents under treatment T5, which
could be attributed to better nutrient uptake and pho-
tosynthetic efficiency Loudari et al. [53]. Application of
plant growth promoters also plays an important role in
improving the concentration of chlorophyll contents
[54]. According to Ciecko et al. [12], the application of
N and Mg fertilizers significantly increased the concen-
tration of chlorophyll contents in potatoes. They also
reported that mineral fertilization enhanced the synthe-
sis of chlorophyll pigments, which were responsible for
higher yield as well. The discrepancy in pigment content
may be due to overcrowding, as suggested, resulting in
shading effects. Overcrowding likely caused increased
plant height (Table 5) and competition for light, leading
to higher carotenoid levels, which act as photo protective
pigments. The high chlorophyll b content compared to
chlorophyll a content, and elevated carotenoids indicate
a shading effect likely caused by dense plant populations.
This supports the observation of increased plant height
and lower harvest index due to competition for light.
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Lines like V106 and V107 excelled under high-input
conditions (T5), other lines, such as V19, showed mod-
erate performance under the T2 treatment. V19 had a
consistent yield and chlorophyll content, suggesting that
it can maintain a reasonable growth rate even under
reduced nutrient input. This line could be a candidate
for further breeding aimed at developing low-input vari-
eties. Low-input agriculture is becoming increasingly
important for sustainable farming, and exploring these
responses is crucial for future research Sarkar et al. [55].

Conclusions

The current study was carried out to investigate the
impact of various levels of NPK fertilizer on the growth,
development, and yield of foxtail millet lines from USDA
germplasm; U2, V19, V73, V93, V101, V106, V107, and
V111. Application of NPK at the rate of 50:30:30 kg ha™*
produced maximum chlorophyll a (23%), b (15.8%), total
chlorophyll contents (14.2%), plant fresh biomass (2.06%),
and grain yield (23.6%) as compared to control treatment.
A higher concentration of chlorophyll contents was
found to be responsible for the higher biomass and yield,
as a positive correlation was observed between the chlo-
rophyll contents and biomass. The practical implications
of this study include demonstrating the importance of
optimizing NPK levels to enhance foxtail millet yield and
quality. Since foxtail millet is a resilient crop, capable of
thriving under marginal environments, the findings sug-
gest that its cultivation can be promoted in nutrient-poor
soils. Policy-wise, the study provides evidence for pro-
moting foxtail millet as a climate-resilient crop, suitable
for low-input sustainable agriculture, which aligns with
global climate adaptation strategies. Furthermore, these
findings are from the preliminary study of pot experi-
ments. For efficient recommendation, field experiments
are required regarding the optimal time, dose, and meth-
ods for nutrient application.

Recommendations and future thrusts

Future research should focus on conducting multi-season
field trials to validate the findings from this preliminary
pot experiment under variable environmental conditions.
Additionally, it would be beneficial to explore the interac-
tion of NPK with organic fertilizers or bio-based inputs
to further optimize yield while promoting sustainable
farming practices. Investigating genetic traits that make
certain lines, such as V107 and V111, more responsive
to NPK application can also provide valuable insights for
breeding programs.
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