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ABSTRACT 

The present study aimed to demonstrate the use of two strains of Streptomyces albus (CAI-24 and 
KAI-27) and one strain of S. griseus (MMA-32) for plant growth-promotion (PGP) and improving 
pearl millet yield and nutrient content under greenhouse and field conditions. Two hybrids, a 
low-Fe (PA-9444; non-biofortified hybrid) and high-Fe (ICMH-1201; biofortified hybrid), treated 
with selected Streptomyces strains, significantly enhanced a range of traits including grain yield in 
the glasshouse (13–23%) and field (9–12%) over the control. In the greenhouse experiments an 
enhanced stover and grain nutrient concentrations were observed in ICMH-1201 (Fe 53% and 
40%; Zn 15% and 10%; Ca 11% and 29%) over the control, while such nutrition augmentations 
were not found in PA-9444. The field harvested stover and grain nutrient concentrations were 
also increased over the control in both hybrids. A higher stover nutrient concentration was 
found in ICMH-1201 while PA-9444 had an increase in grain nutrient concentration indicating the 
significance of these Streptomyces strains' PGP role in the non-biofortified hybrid. Based on this study, 
strains KAI-27 and MMA-32 significantly improved shoot weight, root weight and grain yield while 
CAI-24 and MMA-32 improved nutrient concentrations including Fe contents (up to 49%) 
in grain as well as in stover. Further, the stover samples of pearl millet contained a higher Fe 
concentration (150–200%) compared to grain samples. This study confirms that the selected 
Streptomyces strains have the potential for enhancing PGP and stover and grain nutrient 
concentrations in pearl millet and can complement the existing conventional biofortification strategies. 

Keywords: beneficial bacteria, biofortification, iron, nutrition, pearl millet, PGP, PGP microbes, 
Streptomyces. 

Introduction 

Pearl millet is one of the most important foods and forage crops, largely cultivated in sub-
Saharan Africa (approximately 16 million ha) and Asia (approximately 10 million ha). India 
stands as one of the largest producers of pearl millet with 7 m ha area and 8.6 m t production 
with an average productivity of 1243 kg ha−1 (Directorate of Millets Development 2020). 
Pearl millet is historically consumed by low and middle-income groups of the population, 
where a higher magnitude of malnutrition was reported. Malnutrition is mainly affecting 
children; therefore, it’s become one of the world’s leading causes of child mortality, also 
accounting for over 45% of deaths in children under the age of 5 years (WHO 2020). 

Biofortification of staple food crops with specific micronutrients  has  emerged as  a  
potent solution to fight against malnutrition, especially in developing countries, where the 
populations are economically impaired to afford fruits, vegetables, legumes, fish and 
other food products to meet their daily essential nutritional requirements. Biofortification 
complements, but differs from, food fortification by improving nutrients of food crops at 
genesis, besides its complementation. The HaversetPlus-supported global biofortification 
programs delivered nutri-dense hybrids largely through conventional breeding. As a 
result, many biofortified food crops are in the market such as orange, sweet potatoes, 
maize, cassava, squash, iron (Fe) enriched beans, lentils, pearl millet, zinc (Zn) enriched 
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rice, wheat, lentil, sorghum and cowpea (Wakeel et al. 2018). 
In future, biofortification by genetic modification using 
modern biotechnology may improve the breeding efficiency 
for long-term sustainability. These hybrids are developed 
by conventional breeding methods, which took a long 
developmental time (≤8–10 years). Agronomic approaches 
are short-term alternatives to address malnutrition through 
optimised crop nutrition. In this context, apart from fertiga-
tion, selective microbial applications can help in achieving 
biofortification for targeting micronutrients. Although the 
native beneficial microflora supports crop fitness to a nominal 
level, application of plant growth-promoting (PGP) microbes as 
biofertilisers certainly enhance the crop growth to achieve its 
genetic potential yields and even act as phytopathogen 
fighters for plant protection (Nosheen et al. 2021). Numerous 
beneficial soil microbes are reported including bacteria, fungi, 
cyanobacteria, actinomycetes and mycorrhiza (Gopalakrishnan 
et al. 2020a, 2021; Yadav et al. 2020a, 2020b). 

Currently, PGP microbes’ uses are demonstrated for 
biofortification of specific micronutrient(s) with their ability 
to solubilise the integral soil micronutrient and convert them 
to easily bioavailable forms for plant uptake (Prasanna 
et al. 2016). Different mechanisms are involved in these 
PGP microbes for micronutrient enhancement from soil, 
where micronutrient accessibility is limited by various soil 
factors, moisture, nutrients, physico-chemical interactions 
and microbial activity (Kumar et al. 2016). A recent study 
reported beneficial microbes such as Acinetobacter, Bacillus, 
Burkholderia, Enterobacter and Pseudomonas for micro-
nutrient enhancement in agriculturally important crops 
including rice, wheat, chickpea, pigeonpea and soybean 
(Kaur et al. 2020). Apart from the above-mentioned beneficial 
microflora, Streptomyces are widely reported for their 
usefulness in crop production and protection and in soil 
health management (Gopalakrishnan et al. 2011a, 2011b). 
Impact of Streptomyces inoculation on crop plants is 
well divulged for bio-fertilisation, bio-stimulation and 
bio-protection applications in agriculture. Streptomyces are 
Gram-positive, aerobic, filamentous, and spore-forming 
bacteria, which can survive as both saprophytes and 
endophytes by colonising the rhizosphere and/or rhizoplane 
of the plant roots (Saleem et al. 2016; Vijayabharathi et al. 
2018; Gopalakrishnan et al. 2020b). Streptomyces release 
the free phosphate from soil rock phosphate by acidification 
and secrete organic acids like malic acid and gluconic acid 
(Hamdali et al. 2008). Also, they are reported to increase the 
number of branches and later roots, shoot length, and 
nutrient levels like Fe, Mn and P in wheat (Jog et al. 2014). 
Even the mineral supply to plants was promoted by 
Streptomyces by synthesising siderophores and siderophore 
uptake systems (Sadeghi et al. 2012). Apart from bio-
fertilisation capability, Streptomyces are also reported as 
bio-stimulants of plant growth by the production of plant 
growth promoters such as indole acetic acid (IAA). PGP 
Streptomyces are also reported to be micronutrient fortifiers 

(mainly Fe and Zn) in the harvested grains of chickpea and 
pigeonpea (Sathya et al. 2016). However, such reports of 
microbial effect for pearl millet grain nutrient enrichment 
have not been investigated. 

The present study aimed to evaluate two strains of 
Streptomyces albus (CAI-24 and KAI-27) and one strain of 
S. griseus (MMA-32), for improved crop growth, yield and 
nutritional traits in pearl millet hybrids in both greenhouse 
and field conditions. Use of these strains was demonstrated 
previously for PGP and enhanced mineral nutrients in 
rice (Gopalakrishnan et al. 2012, 2013a, 2013b), sorghum 
(Gopalakrishnan et al. 2013a), pigeonpea (Gopalakrishnan 
et al. 2016b) and chickpea (Gopalakrishnan et al. 2015a, 
2015b, 2015c; Sathya et al. 2016). The novelty of this study 
is to exploit the potential for PGP Streptomyces spp. to 
complement the existing conventional biofortification 
strategies for enhancing yield and nutrition traits in grains 
and stover of pearl millet hybrids. 

Materials and methods 

Streptomyces strains and pearl millet hybrids 

Two Streptomyces albus strains (CAI-24 and KAI-27 with 
WGS GenBank accession numbers: JAANOE010000000 
and JAANNU000000000, respectively) and a Streptomyces 
griseus strain (MMA-32 with WGS GenBank accession 
number: JAANNS000000000) (Subramaniam et al. 2020) 
demonstrated previously for PGP and biofortification of 
mineral nutrients in rice (Gopalakrishnan et al. 2012, 
2013a, 2013b), sorghum (Gopalakrishnan et al. 2013a), 
pigeonpea (Gopalakrishnan et al. 2016b) and chickpea 
(Gopalakrishnan et al. 2015a, 2015b, 2015c; Sathya et al. 
2016) were used in this study. Pearl millet hybrids with 
different Fe acquisition capabilities, one with low Fe 
contents Pro-Agro 9444 (hereafter referred to as PA-9444) 
and another with high Fe contents ICRISAT Millet Hybrid 
1201 (hereafter referred to as ICMH-1201) were acquired 
from pearl millet breeding, ICRISAT, Patancheru, India. 

Evaluation of Streptomyces strains for plant 
growth, yield and nutrition traits 

Greenhouse experiment 
A total of four treatments, including three test strains 

CAI-24, KAI-27 and MMA-32 and one control inoculate 
only with water, were made and evaluated on two hybrids of 
pearl millet (PA-9444 and ICMH-1201) with six replications. 
The trial was conducted in a completely randomised design 
(CRD). A pot mixture, comprising red soil and farmyard 
manure in 3:1 ratio, was used to fill 8-inch plastic pots (for 
taking observation of plants at 40 days after sowing; DAS) 
and 10-inch plastic pots (for taking observations of plants 
at harvesting). Seeds of both the pearl millet hybrids were 
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surface sterilised with 2.5% sodium hypochlorite solution in 
water for 3 min and rinsed several times with sterilised 
distilled water. The surface sterilised seeds were soaked in 
an actively grown test Streptomyces spore suspension (at 
107 colony forming units (CFU) mL−1) for 45 min, whereas 
sterile water treated seeds served as the control. At the end 
of soaking, three treated seeds were sown immediately in 
each pot and thinned to one plant per pot after 
germination. Booster doses (5 mL) of the test strains were 
applied on both 8-inch and 10-inch plastic pots by the soil 
drench method at 15 day intervals. At 40 DAS, 8-inch pots 
were dismantled and PGP traits such as plant height 
(cm plant−1), leaf area (measured with a leaf area meter, 
LI-3100C LI-COR, USA), shoot dry weight, (g plant−1) root 
volume and root length (cm plant−1) were recorded. At 
harvest, 10-inch pots were dismantled and PGP traits such 
as plant height (cm plant−1), shoot, root and panicle dry 
weight (g plant−1) and grain yield (g plant−1) were recorded. 

Field experiment 
The three test Streptomyces strains, CAI-24, KAI-27 and 

MMA-32 assessed in the greenhouse, were also evaluated 
for their PGP potential on pearl millet under field 
conditions at ICRISAT, Patancheru (17°30 0N; 78°16 0E; 
altitude 549 m) during 2016–2017. In the cropping season, 
a maximum temperature ranging from 28.2 to 37.8°C and a 
minimum temperature ranging from 11.1 to 17.6°C were 
recorded. Soils at the experimental site are classified as red 
soils having 90.47% non-soluble material, 3.61% iron, 
2.92% aluminium, 1.01% organic matter, 0.7% magnesium, 
0.56% lime, 0.3% carbon dioxide, 0.24% potash, 0.12% 
soda, 0.09% phosphorus and 0.08% nitrogen. A total of 
four treatments, including three test strains such as CAI-24, 
KAI-27 and MMA-32 and one control, were made. The 
experiment was carried out with three replications in 4 m 
plots with a spacing of 75 cm between the rows and 15 cm 
between the plants in a Randomised Complete Block design 
(RCBD). A basal dose of 100 kg ha−1 of DAP (Di-ammonium 
phosphate which carries 18% N and 46% P) was applied 
once at the field preparation and a 100 kg ha−1 of urea 
(which carries 46% N) was applied once as side-dressing 
after the thinning. Seeds of pearl millet hybrids PA-9444 
and ICMH-1201 were treated with test Streptomyces strains 
(coated with a peat formulation of test Streptomyces strains 
using 2% carboxymethyl cellulose (CMC) and air dried in 
shade) and sown at a distance of 10 cm between plants and 
at 3 cm depth. Booster doses of Streptomyces strains were 
applied (at 107 CFU mL−1) by the soil drenching method once 
in every 15 days up to the flowering stage. Control plots were 
applied only with water without any test Streptomyces. 

All the agronomic practices including weeding and 
irrigation were carried out as and when required. At 40 
DAS, plant height (cm plant−1), leaf area (measured with a 
leaf area meter), shoot dry weight (g plant−1), root volume 
and root length (with EPSON TWAIN Pro window in 

Adobe Photoshop and winRHIZO Pro software (Regent 
Instruments)) were recorded. The crop was harvested 
manually at physiological maturity and the growth and 
yield parameters such as plant height (cm plant−1), shoot, 
root and panicle dry weight (g plant−1) and grain yield 
(t ha−1) were recorded. At harvest, 5–6 panicles with self-
seed sets that shared above 80% of mature seeds in each 
plot were harvested and sun dried for 15 days. 

Grain and stover nutrition analysis 

After harvest of both greenhouse and field grown pearl millet, 
grain samples of every replication were made into ground 
samples. All the grain and stover samples were analysed for 
mineral nutrient densities of iron (Fe), zinc (Zn), calcium 
(Ca) and magnesium (Mg). Grain and stover samples of 
both greenhouse and field experiments were ground in a 
titanium-coated mill (SuperMill 1500, Newport Scientific 
Europe Ltd.). The samples were analysed in an Inductively 
Coupled Plasma-Mass Spectrometer (ICP-MS; Agilent 7500c, 
Agilent Technologies) for the elements Fe, Zn, Ca and Mg and 
expressed in ppm. 

Statistical analysis 

The data collected from two experiments (glasshouse and 
field) were subjected to statistical analysis through ANOVA 
(Genstat 20. ver.) to examine the efficiency of the selected 
three test Streptomyces strains on pearl millet growth 
and yield parameters along with biofortification efficiency. 
Post hoc analysis for significant differences between means 
was performed through Tukey’s HSD test for multiple 
comparisons by setting the P value to 0.05 (Tukey 1977). 

Results 

Greenhouse experiment 

In greenhouse conditions, both the pearl millet hybrids, 
PA-9444 and ICMH-1201, recorded significant increases in 
agronomic and yield traits in plants treated with each of the 
three test Streptomyces strains (CAI-24, KAI-27 and MMA-32) 
over the control. At 40 DAS, in PA-9444 and ICMH-1201 
hybrids, all the three strains significantly enhanced the 
plant height (up to 8.8% and 11.9%, respectively), leaf area 
(up to 12.9% and 11.1%, respectively), shoot dry weight 
(up to 5.3% and 3.2%, respectively), root dry weight (up to 
17.5% and 8.5%, respectively), root length (up to 11% and 
6%, respectively) and root volume (up to 15.5% and 9.4%, 
respectively) over the control. At harvest, in PA-9444 and 
ICMH-1201 hybrids, all the three strains significantly 
enhanced the plant height (up to 5.3% and 4.3%, respec-
tively), shoot dry weight (up to 13.2% and 9.8%, respectively), 
root dry weight (up to 33.4% and 31.4%, respectively), panicle 
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weight (up to 16.7% and 9.1%, respectively) and grain 
yield (up to 22.8% and 13%, respectively) over the control 
(Tables 1 and 2). Among the three tested Streptomyces 
strains, KAI-27 and MMA-32 exhibited good PGP potential in 
both the pearl millet hybrids. 

The harvested grains and the stover of the pearl millet 
hybrids were evaluated for their micronutrient contents. 
The hybrids, PA-9444 and ICMH-1201, treated with the 
selected strains enhanced the grain mineral contents of Fe 
(up to 49% and 40%, respectively), Zn (up to 13% and 
10%, respectively), Ca (up to 2.4% and 29%, respectively) 
and Mg (up to 19% and 13%, respectively) over the 
control. The hybrids, PA-9444 and ICMH-1201, treated 
with the selected strains also enhanced the stover mineral 
contents of Fe (up to 62% and 54%, respectively), Zn (up to 
10% and 15%, respectively), Ca (up to 17% and 11%, 

respectively) and Mg (up to 11% and 6%, respectively) 
over the control (Tables 3 and 4). Among the nutritional 
traits studied, only Fe was found to be significantly 
enhanced in both the hybrids by all the test strains, with 
PA-9444 being highest (49% in grain and 62% in stover). 
The highest Fe content was recorded in CAI-24 treatment, 
with a maximum of 258 and 237 ppm in grain and 256 and 
253 ppm in stover in PA-9444 and ICMH-1201, respectively. 

Field experiment 

In field conditions, the pearl millet hybrids treated with 
the three test Streptomyces strains (CAI-24, KAI-27 and 
MMA-32) also significantly enhanced the PGP traits. At 40 
DAS, in PA-9444 and ICMH-1201 hybrids, all the three 
strains significantly enhanced the plant height (up to 6% and 

Table 1. Comparison of the three test Streptomyces strains on their PGP traits in two pearl millet hybrids (PA-9444 and ICMH-1201) under 
greenhouse conditions at 40 days after sowing. 

Strains Plant height 
(cm) 

Leaf area 
(cm−2 plant−1) 

Shoot weight 
(g plant−1) 

Root weight 
(g plant−1) 

Root length 
(cm−2 plant−1) 

Root volume 
(plant−1) 

9444 1201 9444 1201 9444 1201 9444 1201 9444 1201 9444 1201 

CAI-24 143a 155b 1418a 1524a 10.54a 10.98a 5.06a 5.84a 11 779a 14 180a 32.7ab 34.4a 

KAI-27 153a 139ab 1383a 1690ab 10.90a 11.01a 4.92a 6.04a 11 464a 13 576a 30.5a 35.0a 

MMA-32 141a 147ab 1577ab 1534a 11.01a 10.90a 5.87a 6.22a 12 679a 13 702a 35.8b 36.8a 

Control 139a 136a 1373a 1503a 10.43a 10.66a 4.84a 5.69a 11 298a 13 331a 30.2a 33.3a 

Mean 144 144 1438 1563 10.72 10.89 5.17 5.94 11 805 13 697 32.3 34.9 

s.e.+ 5.8 3.7 42.8 52.6 0.44 0.35 0.23 0.14 309.4 585.6 0.90 1.98 

s.d. 12.0 14.02 99.29 99.42 0.58 0.47 0.53 0.33 760.59 1291.0 2.66 4.11 

CV% 7.0 4.4 5.2 5.8 7.2 5.6 7.8 4.3 4.5 7.4 4.9 9.8 

THSD 28.01 19.0 14.37 14.39 2.32 1.84 1.212 0.75 110.07 186.80 4.70 10.28 

Means having the same letter within a column do not differ significantly using Tukey’s test at P = 0.05. 
THSD, Tukey’s honestly significant difference; s.e., standard error; CV, coefficients of variation; s.d., standard deviation. 

Table 2. Comparison of the three test Streptomyces strains on their yield performance traits in two pearl millet hybrids (PA-9444 and ICMH-1201) 
under greenhouse conditions at harvest. 

Strains Plant height 
(cm) 

Shoot weight 
(g plant−1) 

Root weight 
(g plant−1) 

Panicle weight 
(g plant−1) 

Grain yield 
(g plant−1) 

9444 1201 9444 1201 9444 1201 9444 1201 9444 1201 

CAI-24 190a 195a 29.66ab 34.96a 7.20a 8.27a 29.78a 51.10a 22.47a 22.93a 

KAI-27 196a 196a 29.87ab 33.13a 7.24a 6.73a 48.58a 54.50a 24.35a 20.58a 

MMA-32 200a 189a 31.07b 36.18a 8.14a 9.33a 35.48a 60.50a 20.62a 23.61a 

Control 189a 188a 26.96a 32.65a 5.42a 6.40a 40.38a 55.00a 18.80a 20.54a 

Mean 194 192 29.39 34.23 7.00 7.68 38.58 55.30 21.56 21.92 

s.e.+ 5.7 7.3 0.62 1.41 1.34 0.96 4.20 3.15 2.92 1.82 

s.d. 8.7 20.1 1.8 2.0 2.0 1.7 8.8 6.2 4.1 3.1 

CV% 5.1 6.6 3.7 5.1 33.8 21.8 18.8 9.9 13.5 14.5 

THSD 28.7 25.1 3.229 4.21 0.35 0.32 1.29 0.92 0.63 0.49 

Means having the same letter within column do not differ significantly using Tukey’s test at P = 0.05. 
THSD, Tukey’s honestly significant difference; s.e., standard error; CV, coefficients of variation; s.d., standard deviation. 
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Table 3. Effect of the three test Streptomyces strains on grain mineral contents (on dry weight basis) in two pearl millet hybrids (PA-9444 and 
ICMH-1201) under greenhouse conditions at harvest. 

Strains Fe (mg kg−1) Zn (mg kg−1) Ca (mg kg−1) Mg (mg kg−1) 

9444 1201 9444 1201 9444 1201 9444 1201 

CAI-24 258a 237ab 30.7ab 41.6b 212a 243ab 1281ab 1353a 

KAI-27 125a 300b 28.8a 44.4ab 190a 309a 1149a 1503bc 

MMA-32 132a 227ab 33.7b 41.0ab 207a 229ab 1281ab 1560c 

Control 132a 180a 29.5ab 40.0a 207a 221a 1371b 1368ab 

Mean 162 236 30.7 41.8 204 250 1271 1446 

s.e.+ 27.4 21.2 0.88 0.75 6.51 17.1 36.7 28.5 

s.d. 66.1 57.0 2.1 1.9 12.0 43.4 96.8 97.5 

CV% 29.4 15.5 5.0 3.1 5.5 11.9 5.0 3.4 

THSD 9.56 8.24 4.59 3.89 1.75 6.27 14.01 14.11 

Means having the same letter within column do not differ significantly using Tukey’s test at P = 0.05. 
THSD, Tukey’s honestly significant difference; s.e., standard error; CV, coefficients of variation; s.d., standard deviation. 

Table 4. Effect of the three test Streptomyces strains on stover mineral contents (on dry weight basis) in two pearl millet hybrids (PA-9444 and 
ICMH-1201) under greenhouse conditions at harvest. 

Strains Fe (mg kg−1) Zn (mg kg−1) Ca (mg kg−1) Mg (mg kg−1) 

9444 1201 9444 1201 9444 1201 9444 1201 

CAI-24 256b 253b 28.2b 17.5a 9667a 8578b 4102a 4229ab 

KAI-27 118a 151ab 23.4a 20.4a 7716a 7936ab 3647a 4108ab 

MMA-32 171ab 154ab 28.0b 18.1ab 8716a 7765a 3985a 4301b 

Control 97a 118a 25.5ab 17.4a 8025a 7673a 3636a 4032a 

Mean 161 169 26.3 18.3 8531 7988 3843 4168 

s.e.+ 25.8 31.3 0.72 0.57 655.5 153.6 105.5 45.0 

s.d. 69.1 59.8 2.3 1.4 1358.9 437.3 254.8 153.3 

CV% 27.9 22.7 4.8 5.5 13.3 3.3 4.8 1.9 

THSD 10.00 8.65 3.78 3.0 196.60 63.28 36.87 22.18 

Means having the same letter within column do not differ significantly using Tukey’s test at P = 0.05; 
THSD, Tukey’s honestly significant difference; s.e., standard error; CV, coefficients of variation; s.d., standard deviation. 

12%, respectively), leaf area (up to 19% and 17%, respec-
tively), shoot dry weight (up to 21% and 19%, respectively) 
and root weight (up to 18% and 17%, respectively) over the 
control. At harvest, in PA-9444 and ICMH-1201 hybrids, all 
the three selected Streptomyces strains enhanced the plant 
height (up to 5% and 5%, respectively), panicle number (up 
to 4% and 6%, respectively), panicle weight (up to 9% and 
14%, respectively), stover yield (up to 19% and 20%, respec-
tively) and grain yield (up to 12% and 9%, respectively) over 
the control (Tables 5 and 6). As observed in the greenhouse 
conditions, here also KAI-27 and MMA-32 showed good PGP 
potential in both the pearl millet hybrids. 

The harvested grains and the stover of the pearl millet 
hybrids treated with the three test Streptomyces strains also 
enhanced micronutrients (Fe, Zn, Ca and Mg). The hybrids, 
PA-9444 and ICMH-1201, treated with the selected strains 
enhanced the grain mineral contents of Fe (up to 37% and 
14%, respectively), Zn (up to 16% and 5%, respectively), 

Ca (up to 25% and 45%, respectively) and Mg (up to 28% 
and 12%, respectively) and the stover mineral contents of 
Fe (up to 18% and 15%, respectively), Zn (up to 36% and 
15%, respectively), Ca (up to 13% and 21%, respectively) 
and Mg (up to 16% and 29%, respectively) over the control 
(Tables 7 and 8). Among the three test strains, only CAI-24 
significantly enhanced the Fe, Zn, Ca and Mg contents in 
both the grain and stover samples of both pearl millet 
hybrids. CAI-24 recorded the highest Fe contents, 90 and 
108 ppm in grains and 165 and 164 ppm in stover, in 
PA-9444 and ICMH-1201, respectively. 

Discussion 

Streptomyces and their secondary metabolites are widely 
reported to have PGP and biocontrol abilities against many 
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Table 5. Comparison of the three test Streptomyces strains on their PGP traits in two pearl millet hybrids (PA-9444 and ICMH-1201) under field 
conditions at 40 days after sowing. 

Strains Plant height (cm) Leaf area 
(cm−2 plant−1) 

Shoot weight 
(g plant−1) 

Root weight 
(g plant−1) 

9444 1201 9444 1201 9444 1201 9444 1201 

CAI-24 164a 173b 1895a 1886a 38.56a 43.60a 6.79a 6.92ab 

KAI-27 167a 184c 1865a 2242b 41.00ab 51.60b 7.62b 7.33b 

MMA-32 168a 173b 2248b 1990a 47.49b 42.52a 7.87b 6.47ab 

Control 157a 162a 1832a 1856a 37.61a 41.54a 6.44a 6.10a 

Mean 164 173 1960 1994 41.16 44.81 7.18 6.71 

s.e.+ 3.9 1.34 54.5 27.0 1.11 0.82 0.09 0.15 

s.d. 5.5 7.9 171.3 153.5 4.0 4.1 0.6 0.5 

CV% 3.4 1.1 2.8 1.9 3.8 2.6 2.0 3.3 

THSD 23.25 7.94 38.80 34.80 6.57 4.85 0.58 0.93 

Means having the same letter within column do not differ significantly using Tukey’s test at P = 0.05. 
THSD, Tukey’s honestly significant difference; s.e., standard error; CV, coefficients of variation; s.d., standard deviation. 

Table 6. Comparison of the three test Streptomyces strains on their yield performance traits in two pearl millet hybrids (PA-9444 and ICMH-1201) 
under field conditions at harvest. 

Strains Plant height (cm) Panicle number 
(m−2) 

Panicle weight 
(t ha−1) 

Stover yield 
(t ha−1) 

Grain yield 
(t ha−1) 

9444 1201 9444 1201 9444 1201 9444 1201 9444 1201 

CAI-24 177b 184ab 23.5b 15.5a 5.43a 4.77b 5.17b 3.70a 3.96b 3.51ab 

KAI-27 177b 187b 22.0a 14.5a 5.52a 5.06b 4.92b 4.44b 4.01b 3.70b 

MMA-32 177b 184ab 23.5b 15.5a 5.37a 4.71ab 4.98b 4.02ab 4.03b 3.61ab 

Control 169a 178a 22.5ab 14.5a 5.00a 4.33a 4.20a 3.55a 3.54a 3.38a 

Mean 175 183 22.9 15.0 5.33 4.72 4.81 3.92 3.88 3.55 

s.e.+ 0.96 0.90 0.20 0.40 0.082 0.058 0.068 0.084 0.053 0.036 

s.d. 3.41 3.30 0.78 0.71 0.22 0.27 0.38 0.35 0.21 0.14 

CV% 1.0 0.9 1.5 4.7 2.7 2.1 2.5 3.7 2.4 1.8 

THSD 6.01 5.64 1.27 2.54 0.51 0.36 0.42 0.52 0.33 0.22 

Means having the same letter within column do not differ significantly using Tukey’s test at P = 0.05. 
THSD, Tukey’s honestly significant difference; s.e., = standard error; CV, coefficients of variation; s.d., standard deviation. 

insect pests and pathogens of agriculturally important crop 
plants (Khamna et al. 2010; Gopalakrishnan et al. 2020a, 
2021; Ankati et al. 2021). However, the biofortification 
capabilities of Streptomyces in food crops are negligible 
and still need to be explored. Thus, in the present study, 
S. albus strains (CAI-24 and KAI-27) and S. griseus strain 
(MMA-32) were evaluated for their plant growth-promotion 
traits in pearl millet. All the Streptomyces strains (CAI-24, 
KAI-27 and MMA-32) significantly influenced the pearl 
millet growth characteristics in greenhouse and field 
conditions in relation to plant height (5–12%), leaf area 
(17–19%), shoot dry weight (19–21%), root dry weight 
(17–18%), root length (6–11%), root volume (9–15%), 
panicle weight (9–14%) and grain yield (9–12%) compared 
to the control plants. Superior root length is always more 

advantageous to plant growth, assisting with higher 
absorption of water, nutrients and vitamins from the deeper 
zones of the soil. This was already reported for various PGP 
bacteria including Streptomyces. The selected test strains 
previously demonstrated similar trait enhancement in 
rice, sorghum, pigeonpea and chickpea (Gopalakrishnan 
et al. 2012, 2013a, 2013b, 2015a, 2015b, 2015c, 2016b). 
Microbiomes do this by producing growth-promoting 
hormones such as IAA and adjusting the root morphology 
for nutrient and water absorption, thereby promoting root 
cell differentiation and root elongation (Sousa et al. 2008; 
Khamna et al. 2009). Likewise, in this study, pearl millet 
root length was significantly increased by Streptomyces treat-
ments, up to a maximum of 11% in the hybrids PA-9444 
by MMA-32. PA-9444 is widely adapted dual-purpose 
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Table 7. Effect of the three test Streptomyces strains on grain mineral contents (on dry weight basis) in two pearl millet hybrids (PA-9444 and 
ICMH-1201) under field conditions at harvest. 

Strains Fe (mg kg−1) Zn (mg kg−1) Ca (mg kg−1) Mg (mg kg−1) 

9444 1201 9444 1201 9444 1201 9444 1201 

CAI-24 90a 108a 35.9a 36.8a 153a 190a 1876b 1486a 

KAI-27 61a 100a 31.2a 37.1a 166a 115a 1416a 1313a 

MMA-32 58a 89a 32.0a 35.7a 151a 132a 1474a 1369a 

Control 56a 93a 30.0a 35.3a 125a 106a 1355a 1309a 

Mean 66 97 32.3 36.2 149 136 1530 1369 

s.e.+ 8.63 6.48 3.65 1.77 13.93 41.5 85.2 50.0 

s.d. 18.6 9.8 4.4 1.9 22.6 50.3 226.8 84.3 

CV% 18.4 9.4 16.0 6.9 13.3 43.3 7.9 5.2 

THSD 4.22 2.23 1.04 0.51 51.20 11.40 51.45 19.12 

Means having the same letter within column do not differ significantly using Tukey’s test at P = 0.05. 
THSD = Tukey’s honestly significant difference; s.e., = standard error; CV, coefficients of variation; s.d., standard deviation. 

Table 8. Effect of the three test Streptomyces strains on stover mineral contents (on dry weight basis) in two pearl millet hybrids (PA-9444 and 
ICMH-1201) under field conditions at harvest. 

Strains Fe (mg kg−1) Zn (mg kg−1) Ca (mg kg−1) Mg (mg kg−1) 

9444 1201 9444 1201 9444 1201 9444 1201 

CAI-24 165a 164a 17.8a 14.5a 5392b 6112a 3742a 3949a 

KAI-27 135a 151a 22.7a 11.3a 5027b 4794a 3250a 3101a 

MMA-32 153a 143a 21.9a 12.0a 5143b 5173a 3132a 3430a 

Control 134a 140a 14.6a 10.7a 4704a 4816a 3146a 2800a 

Mean 147 149 19.2 12.1 5067 5224 3318 3320 

s.e.+ 10.58 27.5 2.51 1.91 350.3 533.6 199.7 403.9 

s.d. 16.1 37.1 4.5 2.3 396.0 706.6 365.5 580.7 

CV% 10.2 26.2 18.4 22.4 9.8 14.4 8.5 17.2 

THSD 3.66 8.41 1.05 0.59 89.81 160.26 82.90 131.71 

Means having the same letter within column do not differ significantly using Tukey’s test at P = 0.05. 
THSD, Tukey’s honestly significant difference; s.e., standard error; CV, coefficients of variation; s.d., standard deviation. 

hybrid, can withstand heat and moisture stress and is known 
for its drought tolerance compared to ICMH-1201, hence, 
root traits are highly responsive in PA-9444 (Yadav and Rai 
2013). Perhaps, this could be one of the reasons for the 
enhanced yield and shoot and root biomass observed in the 
Streptomyces treated plants, in contrast to the control. This 
is possible through mechanisms related to PGP bacteria 
including secretion of PGP hormones such as IAA, chelation 
of iron by producing siderophores, phosphorus solubilising 
acids and enzymes and antagonistic metabolites towards 
phytopathogens (Panhwar et al. 2012; Sreevidya et al. 2016). 
The selected Streptomyces strains (CAI-24, KAI-27 and MMA-
32) were earlier reported to produce hydrolytic hormones 
and enzymes such as IAA, siderophores, lipase, cellulase, 
protease, β-1,3-glucanase, chitinase and hydrocyanic acid 
(Gopalakrishnan et al. 2011a, 2011b). Hence, one of these 
mechanisms could be the reason for the selected 

Streptomyces strain’s growth promotion abilities in pearl 
millet. 

Besides producing siderophores and solubilising 
phosphate, Streptomyces are acknowledged for secreting 
enzymes including amylase, chitinase, cellulase, invertase, 
lipase, keratinase, peroxidase, pectinase, protease, phytase 
and xylanase, which supports the conversion of complex 
soil nutrients into accessible mineral forms (Jog et al. 
2016). However, their impact on grain and fodder nutrient 
profiles of crops is less known on different crops. Therefore, 
we looked for the micronutrient (Fe, Zn, Ca and Mg) levels 
in pearl millet grain and stover that are the two most useful 
plant parts for food and fodder. In the present study, all the 
three tested Streptomyces strains enriched micronutrients 
irrespective of hybrids studied (low Fe PA-9444 and high 
Fe ICMH-1201) in both greenhouse and field conditions 
in comparison with the control. However, the extent of 
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nutrient concentration change varied with respect to the 
hybrids used and Streptomyces strain applied. Among the 
three tested strains, Streptomyces strain CAI-24 significantly 
enhanced Fe contents in both the grain and stover in both 
the hybrids over the control, in both the greenhouse as well 
as field trials. Among the four nutritional traits studied, 
more Fe was found in the grains of hybrid ICMH-1201 
(20–63% higher) compared to PA-9444. Further, stover 
samples contained more Fe (150–200%) compared to grain 
samples. Thus, the selected Streptomyces stains, CAI-24, 
KAI-27 and MMA-32, complement the Fe contents (up to 
49%) of the ICMH-1201, which is already a high Fe 
containing hybrid. Up to 150–200% more Zn was found in 
grain samples compared to stover samples of both the 
hybrids. Ca was found at concentrations of up to 40–50 
times higher in stover samples over grain samples while Mg 
was also found at concentrations of up to 2–2.5 times 
higher in stover samples over grain samples of both the 
hybrids. This increase in mineral densities of grains and 
stover of Streptomyces treated plants, would be due to their 
mineral mobilising potentials via secretion of siderophores, 
which was earlier confirmed through our in vitro 
biochemical and gene level studies (Sathya et al. 2016). In 
the current study, although all the tested strains enhanced 
micronutrient contents in both grain and stover, there are 
variations in the specific micronutrient enriched and 
growth parameter enhanced. This might be due to the 
habituation potentials of the applied strains with the 
already existing microflora in the rhizosphere; its capability 
to ease the soil bound minerals and their expression levels. 

The current study revealed that stover samples of 
pearl millet contained more Fe (150–200%) compared to 
grain samples. Recent research on microbial biofortification 
demonstrated that many bacteria including Streptomyces spp. 
enhanced plant growth along with micronutrient concen-
trations in various crops. Bacillus pichinotyi reported 
increased Fe levels by 70% in kernels and 147% in stems 
over the un-inoculated wheat plants (Yasin et al. 2015). An 
enhancement of wheat Fe levels by 67% and 47% was 
reported in low and high Fe accumulating wheat genotypes, 
respectively, by Arthrobacter sulfonivorans DS-68 and 
Enterococcus hirae DS-163 (Singh et al. 2018). Microbial 
biofortification capabilities with Providencia sp. and 
its various combinations was reported to enhance the Fe, 
Zn, Cu, and Mn concentrations ranging from 13 to 16% 
in rice (Rana et al. 2015). Seven bacterial strains, 
namely, Pseudomonas plecoglossicida SRI-156, Brevibacterium 
antiquum SRI-158, Bacillus altitudinis, SRI-178, Enterobacter 
ludwigii SRI-211, E. ludwigii SRI-229, Acinetobacter tandoii 
SRI-305 and Pseudomonas monteilii SRI-360 significantly 
enhanced the mineral density in the grains of chickpea and 
pigeonpea (Gopalakrishnan et al. 2016a). Streptomyces 
strains were also reported to enhance micronutrition contents 
including Fe (10–38%), Zn (13–30%), Ca (14–26%), 
Cu (11–54%), Mn (18–35%) and Mg (14–21%) in the 

harvested grains of chickpea (Sathya et al. 2016). The 
higher level of Fe in some cases might be due to possible 
unavoidable contamination during sampling (grain and 
stover), however, the level of Fe in these two hybrids 
are well studied and reported (Govindaraj et al. 2019, 
2020). In contrast, other nutrients are not influenced by 
dust contamination. Hence, it is good to monitor sample 
contamination using index elements such as aluminium and 
titanium, which are largely present in dust/atmosphere. 

It is concluded that the tested Streptomyces strains 
improved PGP traits and enhanced yield of the selected 
hybrids of pearl millet under both greenhouse and field 
conditions. Of the three Streptomyces strains studied in the 
current investigation, KAI-27 and MMA-32 were found 
superior to CAI-24 in terms of their effects on root and 
shoot development and crop productivity whereas CAI-24 
was found superior in nutritional traits, especially on Fe, 
over KAI-27 and MMA-32 under both greenhouse and field 
conditions. Hence, application of all the three strains of 
Streptomyces as consortia will help to enhance the pearl 
millet crop yield and its nutritional contents. Further, this 
was the first study that suggests the use of Streptomyces 
inoculum as a complimentary tool for supporting existing 
biofortification strategies in order to enrich the essential 
nutrients of popular low mineral density cultivars. The 
results of this study merit further investigation on the 
genotype (G) × strain (S) interactions with the environ-
ment (G × S × E) for large-scale applications. Further 
experimental evidence is required to determine the 
mechanisms behind the mineral transfer from soil to seed 
and the effectiveness of these Streptomyces strains under 
different field conditions. 
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