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Drought severely affects gametophytic development in 
maize. To explore pollen tolerance to drought stress, 
the pollen grains of 16 inbred lines were subjected to 
osmotic stress (without and with osmolyte; 10 mM 
CaCl2) under in vitro conditions. The effect of stress 
was observed as a measure of intrinsic osmotic ad-
justment (OA) and induced OA. Evaluation of inbreds 
for drought tolerance in field indicated significant dif-
ferences for sensitivity drought index (SDI) among the 
lines. The Δ13 surrogate trait indicated genotypic dif-
ferences for drought tolerance. Significant negative 
correlation was observed between pollen OA and SDI 
values; and positive correlation between pollen OA 
and ∆13 values, suggesting correspondence in drought 
tolerance between pollen and sporophyte. The supe-
roxide dismutase isozyme expression also indicated 
the overlap drought tolerance mechanism. Thus, the 
present study provides an insight into overlapping  
behaviour regarding stress response mechanism of 
pollen grains and plants. 
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MAIZE is a major crop cultivated worldwide and highly 
productive under optimal environment and crop manage-
ment conditions. However, maize plants are highly sus-
ceptible to drought and moisture stress because yield 
losses are up to 90% when it occurs at reproductive 
stage1–4. Drought tolerance can be accomplished through 
development of moisture stress tolerant genotypes. Toler-
ance to drought is a complex character and difficult to 
screen the genotypes due to genotypes × environmental 
interactions. Therefore, an alternative technique like  
estimating water use efficiency (WUE) which relies on 
long term measurement of plant water consumption was 
also proposed5. A complementary selection strategy to 
rapidly identify high performing yield components in  
water deficient crop plants, Δ13 as an indirect indicator of 
WUE has been proposed6,7. However these large scale 
approaches are not feasible in individual plants screening 
efforts8,9 in plant breeding. 
 Reproductive development in higher plants is known to 
be very sensitive to abiotic stress which results in lower 

seed set in most crops10,11. During male reproductive de-
velopment, the young microspore is known to be highly 
sensitive to abiotic stress12,13. It was also reported that the 
in vivo viability, germination of pollen grains and the 
number of pollen grains reaching the ovary is also signif-
icantly reduced under moisture stress14. In vitro culture of 
pollen grains have shown that the pollen grains and  
pollen tube are very sensitive to osmotic changes in the 
medium15,16. At the whole plant level as well, plant cells 
accumulate different types of organic and inorganic  
solutes in the cytosol to lower osmotic potential, thereby 
maintaining cell turgor in response to improving water 
uptake17,18. The process of accumulation of organic  
solutes such as amino acids, glycerol, sucrose, lower  
molecular weight metabolites19 and inorganic ions mainly 
Na+, K+, Ca2+ and Cl– serve as a function to balance the  
osmotic potential in cells under osmotic stress20. Pollen 
grains, upon hyperosmolar shock, modulate the plasma 
membrane H+ ATPase activity. Consequently, the more 
negative membrane potential allows a higher ions influx 
that in turn promotes water uptake to readjust the turgor 
pressure21,22. Thus the osmotic adjustment taking place in 
pollen grains by adapting the turgor pressure under stress 
could be used for genotype screening for moisture stress 
tolerance. Male gametophytic screening as a non-invasive 
technique for various biotic and abiotic stress tolerance 
has been proposed in many crop plants15,23–25. In this 
study, an attempt has been made to measure the pollen 
osmotic adjustment (OA) and compare with drought sus-
ceptibility maize inbred lines, under field conditions. 
Considering that it is generally difficult to find a singular 
plant trait responsive for drought stress tolerance and 
yield advantage under drought stress conditions, this evi-
dence will be a remarkable proof that pollen OA sustains 
crop yield under drought stress. 
 Sixteen homozygous maize inbred lines, viz. BTM1, 
BTM2, BTM4, BTM5, BTM6, BTM7, BTM8, BTM10, 
BTM13, BTM14, BTM15, BTM 18, BTM 19, HT1, DT3 
and MAI105 specifically developed for abiotic stress to-
lerance were selected for the study26. The fresh pollen 
grains of inbred lines collected from the field grown 
plants in the morning hours (8–9 a.m.) were exposed to 
osmotic stress by incubating the pollen grains in 50% 
PEG-6000 solution. Further to study the response of pol-
len grains to osmolyte, the 50% PEG solution was sup-
plemented with 10 mM CaCl2 (refs 27, 28). The pollen 
grains were incubated in 50 μl of 50% PEG and 50% 
PEG + 10 mM CaCl2 solution in cavity slides for 24 h at 
70–80% RH under room temperature. For each inbred 
line and treatment, four cavities were prepared.  
 The size of the pollen grains was measured after 24 h 
using a compound microscope with a projection screen at 
a magnification of 400×. The circumference of the pollen 
grains on the screen was recorded using inbuilt software 
(Imagefocus v3.0). For each treatment 20 pollen grains 
were randomly selected from each cavity to record  
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observations. The normal size of the pollen grains (con-
trol) was measured immediately after dispersing the  
pollen grains into distilled water in cavity slides.  
 The following pollen parameters were determined for 
all the genotypes according to Patil and Ravikumar28. 
 Normal size of the pollen grains (A): The size of the 
pollen grains measured immediately after dispensing into 
distilled water. 
 Effect of osmotic stress on pollen grains (B): The  
pollen grain size dispensed in 50% PEG solution meas-
ured after 24 h.  
 Response to osmolyte (C): The pollen grain size dis-
pensed in 50% PEG with 10 mM CaCl2 solution meas-
ured after 24 h.  
 The ratio B/A indicates intrinsic OA and C/A  
indicates induced OA mechanism operating in pollen 
grains.  
 The sixteen inbred lines were grown following a split 
plot design with two main plot (stress and non-stress) and 
16 sub-plot (inbred lines) treatments during summer 2016 
in field conditions at GKVK, UAS, Bangalore. Each in-
bred line was grown in a single row of 3 m and two repli-
cations for each treatment. The stress environment was 
created by withdrawing water for 20 days starting from 
45th day after sowing. All the other agronomic practices 
were same for both the treatments. 
 Five plants per replication per treatment were selected 
for recording observations on cob length, cob diameter, 
number of rows per cob, number of kernels per row, 
number of seeds per cob, test weight and grain yield. 
Split plot design was used with moisture stress as main 
treatment and inbred lines as sub-plot for analysis of data. 
The sensitivity drought index (SDI) for each genotype 
was also determined for grain yield and yield related 
traits29.  
 

 Value in irrigation Value in stressSDI 100.
Value in irrigation

−
= ×  

 
For carbon isotope discrimination analysis, unstressed 
seeds of all inbred lines were oven-dried at 80°C for 48 h 
and ground to a fine powder. Carbon isotope composition 
was determined on 1 mg sample using Isotopic Ratio 
Mass Spectrometer (Model Thermo Finnigan, Bremen, 
Germany) situated at the University of Agricultural 
Sciences, Bangalore. Carbon isotope discrimination val-
ues (Δ13) were estimated and calculated according to 
Monneveux et al.6. 
 To study the strength of relationship between pollen 
OA and plant tolerance to moisture stress, the association 
between pollen parameters (B/A and C/A) and SDI for 
grain yield and yield components (cob length, cob dia-
meter, number of rows per cob, number of kernels per 
row, number of seeds per cob and test weight) and Δ13 
were determined using Spearman’s rank correlation  
co-efficient30. 

 Equal quality of fresh pollen grains of the two inbred 
lines BTM1 (drought susceptible) and BTM2 (drought  
tolerant) were given the following treatments. 
 T1: Fresh pollen collected on day of protein extraction. 
 T2: Pollen grains incubated at 90% RH for 24 hours. 
 T3: Pollen grains incubated in 50% PEG solution for 
24 h. 
 T4: Pollen grains incubated in 50% PEG + 10 mM 
CaCl2 for 24 h. 
 After incubation, the pollen grains in T3 and T4 were 
precipitated by centrifugation at 100 rpm for 45 sec and 
the supernatant was removed. The pollen grains were 
homogenized and the protein was isolated in phosphate 
buffer pH 7.8 (ref. 31) and quantified32. 
 Protein isolation from plants: Two inbred lines were 
grown in pots till the 40th day with sufficient moisture 
(100% field capacity). On the 40th day, the inbred lines 
were subjected to two levels of stress by withholding  
water for 2 and 3 days respectively. The control plants 
were watered continuously. The leaf samples (3rd and 5th 
position from top) were used for isolation of total protein 
in phosphate buffer and quantified32.  
 Polyacrylamide gel electrophoresis and staining for  
superoxide dismutase (SOD) activity: SOD enzymes were 
separated by non-denaturing separating gels (15%) at 4°C 
and the gels were stained for SOD enzyme activity ac-
cording to Fridovich33.  
 The ability of the crop plants to tolerate moisture stress 
is the main aspect of the crop stability and its improve-
ment has always been a challenge to breeders. The plants 
have evolved a series of mechanisms at the morphologi-
cal, physiological, biochemical and cellular levels to 
overcome water stress. Drought stress affects all the 
growth stages in plants from germination to grain filling 
and grain yield34. Maize, despite being an efficient water 
user, is badly affected by drought stress due to hypersen-
sitivity against water deficiency35. The studies on maize 
plants indicated that the moisture stress had a significant 
effect at all the growth stages and the genotypes showed 
differential sensitivity to moisture stress36–39. 
 In the present study, the moisture stress treatment had 
significant effect on all the traits (Table 1) and there was 
a significant reduction in grain yield and important yield 
components in stress treatment (Table 2). SDI for seed 
yield, which is a direct indicator of yield loss under mois-
ture stress ranged from 24.52% in BTM10 to 78.12% in 
BTM18. The inbred lines BTM1, BTM6, MAI105 and 
HT1 recorded significant reduction (higher SDI values) 
for grain yield and yield components indicating their  
susceptibility to moisture stress. On the other hand, the 
inbred lines BTM2, BTM4, BTM10, BTM13, BTM14 
and BTM5 recorded lower SDI values for grain yield per 
plant and other traits under moisture stress indicating 
their tolerance. The genotypic difference to moisture 
stress tolerance has also been reported earlier40–42.  
The Δ13 values, a surrogate trait for moisture stress 
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Table 1. ANOVA for growth and yield traits of different maize inbred lines in well irrigated and stressed condition 

Source Replication Main plot (C) Sub plot (G) G × C 
 

Cob length (cm) 0.042 62.13** 3.90** 2.33** 
Cob diameter (cm) 0.062 4.72** 0.25** 0.12** 
No. of rows per cob 2.49 821.89 46.60** 11.68** 
No. of kernel per row 0.55 364.06* 13.31** 10.05** 
No. of seeds per cob 20.62 608987.37* 15427.59** 9669.89** 
Test weight (g) 0.091 271.67* 109.66** 9.1** 
Grain yield per plant (g) 32.87 48304.91* 1108.49** 625.98** 

**Significant at 1% probability level; *Significant at 5% probability level. 
 
 

Table 2. Sensitivity drought index of yield parameters in well irrigated (N) and stressed condition (S) 

Genotype CL DM NOR KR NOS TW GY 
 

BTM 1 37.97** 32.20** 62.77** 54.22** 71.84** 35.15** 64.72** 
BTM 2 1.43 0.26 6.59 9.89 16.95 6.72 18.74 
BTM 4 18.40** 17.73** 41.30** 32.23** 53.69** 31.71** 45.26 
BTM 5 8.6 9.09* 5.22 30.00** 45.09 16.97** 34.51** 
BTM 6 14.88** 17.47** 34.60** 18.68 34.34** 12.54** 45.43 
BTM 7 3.8 16.32** 37.09** 43.93** 79.35** 1.51 68.81** 
BTM 8 13.54** 7.14 40.14** 15.88** 38.64** 6.38 31.77 
BTM 10 28.08** 17.36** 40.82** 25.26** 45.15** 38.71** 24.52 
BTM 13 17.16* 7.73 23.34 5.82 27.61 10.76 25.33 
BTM14 9.52 8.27 14.68 8.73** 29.49 5.18 33.3 
BTM 15 10.13 16.99** 37.42** 38.96** 75.49** 23.68** 61.25** 
BTM 18 31.54* 17.23** 35.65** 47.70** 67.03 4.6 78.12** 
BTM 19 13.68** 7.4 38.96** 32.85 53.09** 21.85** 42.92 
DT 3 26.51** 9.34** 26.44 14.49** 43.39 15.55** 49.13 
MAI 105 32.00* 22.33** 29.08 47.5 70.09** 26.08** 63.20** 
HT 1 22.06** 20.00** 31.58** 49.15** 57.00** 15.80** 63.62** 
CD @ 5% 1.6 0.32 9.12 3.36 108.61 2.61 42.97 
CD @ 1% 2.03 0.41 8.5 3.78 116.75 3.06 42.67 

CL, Cob length; DM, Cob diameter; NOR, Number of rows per cob; KR, Number of kernels per row; NOS, Number of seeds per 
cob; TW, Test weight; YP, Grain yield per plant. 
**Significant at 1% probability level; *Significant at 5% probability level. 

 
 

Table 3. Δ13 values of maize inbred lines 

Genotypes Δ13 
 

BTM1 2.77 
BTM2 2.90 
BTM4 2.40 
BTM5 1.55 
BTM6 1.52 
BTM7 2.09 
BTM8 2.12 
BTM10 2.80 
BTM13 1.97 
BTM14 2.71 
BTM15 1.92 
BTM18 1.65 
BTM19 2.57 
DT3 2.78 
MAI105 1.47 
HT1 1.92 

 
indicated difference among the inbred lines. The inbred 
lines BTM2, BTM10 and DT3 recorded high values while 
MAI105, BTM6 and BTM5 recorded low Δ13 values  
(Table 3). 

 The previous experiments support the hypothesis that 
the pollen expression and responses in the contrasting ge-
notypes to moisture stress were found in the association of 
the sporophyte or plant response15,27,28,43,44. In the present 
study, 50% PEG stress under in vitro conditions has  
reduced the size of the pollen grains of majority of the 
genotypes except BTM6 and BTM10 (Table 4 and Figure 
1). Pollen mortality due to dehydration was observed as 
moisture of pollen is lost due to drying conditions45. The 
retention of size in two genotypes could be due to inhe-
rent tolerance by accumulation of higher concentrations 
of osmolytes as the osmolytes assist in maintaining the 
turgor pressure21,27. The two genotypes did not show sig-
nificant grain yield reduction under moisture stress condi-
tions in field level as well. The intrinsic OA adjustment 
observed in pollen grains and plant prevent the loss of the 
turgor and maintains the pollen grain size, physiological 
and biochemical activities of the plant cell under moisture 
stress conditions. The correspondence between the  
intrinsic OA in pollen and plant response to tolerate 
moisture stress has also been observed in wheat27 and 
sorghum28. 
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Figure 1. Effect of osmotic stress and osmolyte on size and shape of pollen grains (a, Control; b, Pollen grains 
50% PEG; c, Pollen grains 50% PEG with CaCl2). 

 
 
Table 4. Intrinsic (B/A) and induced osmotic adjustment (C/A) in  
  pollen grains of maize inbred lines  

 50% PEG 
 

Genotypes B/A C/A 
 

BTM1 0.67** 0.79** 
BTM2 0.67** 0.97 
BTM4 0.79** 0.93 
BTM5 0.53** 0.99 
BTM6 0.98 0.98 
BTM7 0.63** 0.88* 
BTM8 0.63** 0.98 
BTM10 0.99 0.99 
BTM13 0.65** 0.89 
BTM14 0.52** 0.95 
BTM15 0.54** 0.77** 
BTM18 0.46** 0.79** 
BTM19 0.76** 0.88** 
DT3 0.70** 0.89* 
MAI105 0.56** 0.55** 
HT1 0.47** 0.49** 

A, Control; B, 50% PEG level; C, 50% PEG + CaCl2. 
**Significant at 1% probability level; *Significant at 5% probability 
level. 
 
 

 The pollen grains responded to supplemented osmolyte 
in the medium (Table 4 and Figure 1). The dependence of 
the pollen response to stress on calcium was also accord-
ing to the expectations based on previous work on plant 
cell, tissue and pollen grains27,46,47. The pollen grain size 
increased with the supplementation of 10 mM CaCl2 over 
PEG alone. Upregulation of related genes and accumula-

tion of osmolyte under moisture stress to protect the  
pollen grains through osmolytes was observed in plants48. 
The pollen grains responded to osmolyte Ca+ and the  
inbred lines BTM5, BTM6, BTM8 and BTM10 regained 
their original size indicating operation of induced OA in 
these genotypes. The genotypic differences, high and low 
OA types have been observed in maize49. 
 The carbon isotope discrimination (Δ13) is highly corre-
lated with plant water use efficiency and the moisture 
stress tolerance50. Several recent studies have demon-
strated that Δ13 may be used as surrogate to select for im-
proved moisture tolerance in plants. The increase in the 
Δ13 values increases the moisture tolerance of plant and 
vice versa6,7. Both intrinsic (B/A) and induced (C/A) os-
motic adjustment recorded positive correlation with Δ13 
values in this study suggesting pollen OA can be used as 
an alternative method to select for improved moisture 
stress tolerance. Highly significant negative correlation 
was observed between induced pollen OA with SDI for 
grain yield and other important yield components like 
number of seeds per cob, number of kernels per row and 
cob diameter (Table 5). Higher intrinsic and particularly 
greater induced OA in pollen grains of maize inbred lines 
recorded significant association with sporophytic toler-
ance to moisture stress in maize inbred lines. The results 
clearly demonstrate the association between gametophytic 
and sporophytic tolerance to moisture stress in maize. 
Therefore, the induced pollen OA can be used as surro-
gate to select moisture stress tolerance27,28. The results 
provide further evidence of the expression of genes in the 
male gametophyte similar to sporophyte51; hence its 
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Figure 2. Superoxide dismutase isozyme banding pattern in stressed and control pollen grains and plant samples 
of maize. a, Pollen grains; b, Plant (lanes 1, 3, 5, BTM1; lanes 2, 4, 6, BTM2). 

 
 
Table 5. Correlation between pollen parameters and sensitivity  
  drought index of different plant traits 

Treatments/ parameters 50 B/A 50 C/A 
 

Cob length 0.14 –0.37 
Cob diameter 0.05 –0.63** 
Number of rows per cob –0.42* –0.26 
Number of kernels per row –0.26 –0.85** 
Number of seeds per cob –0.21 –0.85** 
Test weight  0.45* –0.22 
Grain yield per plant  –0.35 –0.86** 
Δ13 0.44* 0.43* 

**Significant at 1% probability level; *Significant at 5% probability 
level. 
 
 
utility in plant breeding52. The leaf osmotic adjustment 
has been shown as an important drought tolerance me-
chanism in many crop plants such as rice53,54, wheat55, 
sorghum56 and maize57. Therefore, it is possible that pol-
len osmotic adjustment can be utilized as an alternate, 
easy and fast technique to identify drought tolerant geno-
types in breeding.  
 The overlap of pollen and sporophytic behaviour and 
gene expression was studied by means of SOD enzyme 
electrophoresis. Of the three isozymes found, two were 
expressed in both gametophyte and sporophyte and the 
remaining band was specific to pollen and leaves (Figure 
2). The estimated overlap of the common, sporophytic and 
gametophytic protein expression corresponds with the  
estimates obtained in other plant species58. The pollen 
responses are generally correlated to sporophytic beha-
viour43,59. It was also observed that there is an increase in 
the intensity of the bands both in plants and pollen grains 
under stress in both the genotypes. Plants protect them-
selves from drought induced oxidative damage, through 
an array of anti-oxidative enzymes like SOD and others. 
Several reports underline a direct relationship between 
enhanced SOD enzyme activities and increased tolerance 

to environmental stresses60,61. Previously it has been 
shown that drought stress is linked to pollen sterility dur-
ing the early reproductive stages62. Biochemically charac-
terizing the link between reactive oxygen species 
metabolism, protective enzyme activity and plant  
and pollen tolerance would further increase our under-
standing in this area. In summary, this study provides  
an insight into the overlap in the mechanism of moisture 
stress tolerance in pollen grains and plants in maize. 
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Synthesis and characterization of  
nano-selenium and its antibacterial  
response on some important human  
pathogens 
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Synthesis of nano-selenium was achieved from sodium 
selenite by a simple precipitation method using the 
reducing power of ascorbic acid. The high-speed  
centrifuge was used to separate selenium nanopar-
ticles from aqueous solution. The selenium nanopar-
ticles were characterized by UV–Vis spectroscopy,  
X-ray diffraction, Fourier transform-infrared spec-
troscopy (FT-IR), scanning electron microscopy, ener-
gy dispersive X-ray analysis and transmission electron 
microscope. Presence of various functional groups  
responsible for the production and stability of the  
nanoparticles was confirmed by FT-IR. Some of the 
important human pathogens like Staphylococcus au-
reus, Escherichia coli and Pseudomonas aeruginosa 
were used for examining the antibacterial response of 
selinium nanoparticles. Results of this study demon-
strate that synthesized selenium nanoparticles exhibit 
a spherical shape with average diameter range bet-
ween 15 and 18 nm. They can be used as an antibac-
terial agent and also in medicinal applications for the 
treatment of humans with certain bacterial diseases. 
 
Keywords: Antibacterial activity, characterization, 
human pathogens, synthesis, selenium nanoparticles. 
 
NANOTECHNOLOGY is able to observe, measure, manipu-
late and manufacture things at the nanometre scale1. Cur-
rently, many nanosubstances are produced with the help 
of this emanating technology which occupies an  
important place in scientific research. Chemical composi-
tion, size, shape and morphology of nanoparticles are 
dealt within the synthesis process which is considered as 
a vital step in nanotechnological research2. Due to the 
size of the nanoparticles, their properties accustomed to 
giving a larger surface area compared to the bulk material. 
Thus, materials made up in such a way will have atoms 
that have more contact with the external environment; 
whereas those which are considered as bulk hold the  
atoms closer to the centre3. Application of nanoparticles 
can be associated with many fields like medical, food  
industries, environmental studies, electronics production, 
energy generation and agriculture4. 
 The most commonly used nanoparticles which have 
wide applications are silver, gold, zinc, copper and iron. 
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