
ABSTRACT
Haloalkaliphilic bacteria are a specific group of bacteria known to us. The diversity of microorganisms is critical to the functioning 
of the ecosystem as there is the need to maintain ecological process such as decomposition of organic matter, nutrient cycling, soil 
aggregation and control of pathogens within the ecosystem. Microbial diversity as an indicator of the quality of agroecosystems has 
been widely debated, In the present study various saline soil samples collected from Bhavnagar and Uncha Kotda, Gujarat, India. 
The collected five samples were analysed for diversity study of soil sample for physicochemical analysis like pH, redox potential, 
conductivity, humidity, salinity and soil analysis for total nitrogen and organic carbon analysis also. Total 55 haloalkaliphilic bacterial 
morphotypes were isolated and screened for alkaline protease production on halophilic  agar medium. Out of them 76.4% gram 
positive bacilli, 21.8% gram positive cocci and 0.0002% were gram negative short rods. From total 55 morphotypes 33% were 
different morphotypes, 8% were zone of casein producer, and 16% of them were pigment producing morphotypes. All the pigmented 
colony producer morphotypes showed growth of orange, yellow, red, light pink and light-yellow colonies on 15%, 20%, 25%, 30% 
NaCl containing medium. Dominantly bacilli were found in all five samples. Diversity indices for metabolic characterization studies 
like Shannon-weiner index (H’), Richness, Evenness, Cho-1, Simpson’s index and Good’s coverage were calculated based on the 
site wise obtained different morphotypes. Phenotypic characteristics  were studied. The secondary screening  and tertiary screening 
were done on the basis of REA and different NaCl concentration accordingly. Identification of all haloalkaliphilic protease producers 
were confirmed by 16S r-RNA identification.

KEY WORDS: CORRElATION ANAlySIS, DANDOGRAPH, K-MEANS ClUSTER 
ANAlySIS, SCATTER PlOT, STACKED BAR CHART.

INTRODUCTION

Haloalkaliphilic organisms are essential for fundamental 
research and biotechnology perspectives (Ouelhadj et al. 
2020). Extremophilic organisms have unique adaptation 
strategies that give them an integral role in the remediation 
of polluted sites. Haloalkaliphilic peptide degrading bacteria 
is one of those groups. Higher salt concentration is necessary 
for growth of haloalkaliphiles for optimum growth, which is 
making those morphotypes and their products more suitable 
for use in a variety of all pharmaceutical sectors (sMechri 
et al. 2019; Rathakrishnan and Gopalan 2022).

Haloalkaliphilic organisms have adapted physiological 
mechanisms to survive with high pH and salinity in these 
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extreme environments. Haloalkaliphilic bacterial cells cope 
with the high salinity of the environment and compensate 
to prevent osmotic stress and water leakage. These 
organisms synthesise some osmoregulators of organic and 
inorganic compounds that avoid water loss. On the basis 
of intracellular accumulation of inorganic ions K+ and Cl-, 
halophilic archaea contains the salt in strategy which provide 
an osmotic balance (Mainka et al. 2021). Haloalkaliphiles 
are present in archaea, bacteria and eukarya all the three 
domains of life. Based on level of salt tolerance halophiles 
are classified as halotolerant, slight, moderate and extreme 
halophilic microorganisms. Halotolerant can grow, in 
saline environmenta but do not always required higher salt 
concentration for growth (Sysoev et al. 2021; Rathakrishnan 
and Gopalan 2022).

True halophiles are classified as slight (1-3% NaCl), 
moderate (3-15% NaCl) and extreme halophiles (15-30% 
NaCl) with comparision to sea water salinity approximately 
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3.2% according to the salt concentration they require for 
the growth (Sysoev et al. 2021). Microbial biodiversity 
is the degree of variation of life forms within a biome, 
ecosystem and biome that measures the health of an 
ecosystem. Microbes maintain life over areas with 
extreme physicochemical conditions like hot springs, 
acidic springs, saline-alkaline lakes, hot and cold deserts, 
ocean beds that are harsh for life (Delgado-García et al. 
2019). The enzymes isolated from saline bacteria have 
unique characteristics compared to non-halophilic bacterial 
enzymes (Rathakrishnan and Gopalan 2022).

Habitats of hypersaline environments are extreme with 
limited microbial diversity because of the combined 
effects of several environmental factors, including high 
salt concentrations, temperature, pH, low nutrient and 
oxygen availability(Ahmed and Mishra 2022). Biodiversity 
is a multidimensional property of a natural system (Santl-
Temkiv et. al. 2022). Shannon and Simpson diversity 
indices include the measurement of variety and community 
heterogeneity. A Shannon index measuring the object of 
information theory is the content system order or disorder; 
frequently, it describes individual species’ condition and 
uncertainty. The higher the uncertainty, the higher is the 
diversity that depends on two factors like the species 
richness and the evenness of species individual distribution. 
A large number of species can increase diversity (Davies 
et. al. 2022).

Diversity can uniformly increase with the uniform 
distribution of species among the different sites. If each 
individual belongs to another species, the diversity index is 
the largest, and if it belongs to the same species, its diversity 
index is the smallest. Diversity index is a quantitative 
measure that reflects how many different species in the 
community can simultaneously take into account the 
phylogenetic relations among the individuals distributed 
among those types (Davies et. al. 2022).

Simpson diversity index ‘D’ prospect that two randomly 
sampled individuals belong to different species. The more 
significant number of species in the community is the more 
uniform distribution of various individuals (Thumar and 
Singh 2009; Mahmood et al. 2022). The higher the index 
indicates a good diversity of the community. Simpson index 
is a scalar of α-diversity. The greater the Simpson index, the 
higher the diversity. Rare species play a minor role in this 
index, while common species play a more significant role. 
Simpson index is more weighted on dominant species than 
Shannon index (Mahmood et al. 2022). This study reports 
the cultivable bacteria diversity with particular reference 
to alkaline protease producers of saline soil from various 
samples collected from Bhavnagar and Uncha Kotda, 
Gujarat, India.

MATERIAl AND METHODS

Five different saline soil samples were collected from 
various locations of the coastal area of Bhavnagar (21.7645 
“N to 72.1519 “E) and Uncha Kotda (21.1274 “N to 71.9705 
“E), Gujarat, India. Distance between the two points of 
the sample collection was about 30 to 50 m. Samples were 

collected in sterile zip lock pouches. Before analysing soil 
samples, all the soil samples were suspended in the distilled 
water (1:4 w/v) separately and allowed to settle the particles 
(Chaudhari 2013). Physico-chemical analysis like pH was 
measured using a glass-calomel combined electrode (HM 
digital pH meter, India) from the sample suspensions, and 
humidity was measured using a portable analyser (Infrared 
thermometer, India). The soil sample conductivity was 
analysed by a portable multi-meter analyser (Aquasol 
Power Max, India). Total nitrogen and organic carbon 
were measured accordingly by the Kjeldahl method and 
Walkley-Black chromic acid wet oxidation manual method 
(Vera-Gargallo and Ventosa 2018). Salinity was measured 
by a meter (lutron salt meter PSA311, India).

For isolation all the five collected samples were separately 
added in sterile distilled water to prepare 10% w/v solutions, 
which were serially diluted up to 10-3 using sterile distilled 
water in triplicate. After serial dilutions, all the samples 
were plated on (i) haloalkaliphilic agar medium (Hi-media, 
India) supplemented with casein 5% (ii) Skimmed milk 
agar medium (iii) Alkaliphilic agar medium and Nutrient 
agar medium. All the media were supplemented with 10% 
NaCl and pH was adjusted to 10.5±0.5 using 1 N NaOH. 
After inoculation, all the plates were incubated at room 
temperature (34±4ºC) for 48-72 h. During the incubation 
period at regular intervals, colonies showing diverse 
visible morphological characteristics were picked up and 
transferred in the respective medium sequentially three to 
four times to get pure isolated culture. 

All the pure morphotypes were preserved at 4ºC on the 
individual medium up to analysis (Vijayaraghavan et al. 
2012; Vaishnav et al. 2014; Jothi et al. 2015; Maruthiah 
et al. 2015; Kim et al. 2017). In primary screening all the 
morphotypes were characterised based on the different 
morphotypes of colony characters, colonies with and 
without zone of casein hydrolysis, cell morphology, site-
wise different types, total count and pigmented colonies.  
Moreover, the morphotypes were selected based on their 
growth in 10% NaCl and pH 10.5±0.5 containing alkaline 
media.

Alpha diversity marks concise the form of an ecological 
community concerning its richness and evenness as many 
contents affect the alpha diversity of a group summarising 
and comparing community structure by alpha diversity. 
In microbial ecology, analysing the alpha diversity of 
primer sequencing data is a common first approach to 
assess differences between environments. Based on the 
phenotypic characteristics of bacterial morphotypes, the 
Diversity indices, Shannon Weiner diversity index (H’), 
Richness (Rmargalef, Rmenhinik) and Evenness (EPielou), Chao-1 
were calculated using the standard formula (Oueriaghli et 
al. 2014).

Simpson’s index (D) was also calculated for diversity, 
reciprocal and evenness. Good’s Coverage was used for 
checking the percent of total species present in the samples 
(Martínez-Olivas et al. 2019; Sorokin et al. 2022). All the 
above-mentioned diversity indices were calculated using 
‘PAST’ software (PAST 4.03, Paleontological Statistics). 
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Diversity indices were calculated on the basis of results of 
primary screening. Biochemical tests like the presence of 
endospore and capsule, production of catalase, oxidase, 
gelatinase, amylase and lipase, vancomycin test and 3% 
KOH test for Gram reaction were performed for all selected 
bacterial morphotypes (Chen et al. 2022). All the selected 
morphotypes were used to check relative enzyme activity 
(REA) and colony characters in secondary screening on 
10% to 25% NaCl containing a haloalkaliphilic medium 
(Gaffney et. al. 2021). The morphotypes were selected for 
the tertiary screening based on the high REA results on 
different NaCl containing medium plates (Ariaeenejad et 
al. 2022).

The morphotypes from secondary screening were 
selected for final tertiary screening based on their 
growth in different NaCl containing broth and REA. In 
tertiary screening, protease production was checked in a 
production broth medium containing NaCl and alkaline 
pH. The salt concentrations studied was from 5% to 25%, 
while the medium pH tested were 9, 10, 11 at each NaCl 
concentration in the production medium. The composition 
of haloalkaliphilic protease production medium consist 
(g/l): yeast extract, 1.0; glucose, 6.0; malt extract, 1.0; 
FeSO4.7H2O, 0.1; MgSO4.7H2O, 0.5; K2HPO4, 0.5; peptone, 
2; NaCl, 10.0; casein, 1.0 (Gupta et al. 2015). All the 
selected morphotypes were categorised as slight halophile 
or halotolerant (1-5% or 0.2-0.85 M NaCl), moderate 
halophiles (5-20 % or 0.85-3.4 M NaCl) and extreme 

halophiles (20-30 % or 3.4-5.1 M NaCl) (Bhatt and Singh 
2017; Upadhyay et al. 2019; Asitok et al. 2022).

Species identification of morphotype were confirmed 
by 16S rRNA gene sequencing. The 16S rRNA gene 
sequences of selected all morphotypes were also submitted 
to the GenBank and sequence id accession number were 
obtained. All the obtained sequences were aligned with a 
multiple sequence alignment and phylogenetic tree of the 
morphotypes was constructed by the neighbour joining 
analysis using “Molecular Evolutionary Genetics Analysis 
Version 7.0 software (Saitou and Nei 1987; Kumar et al. 
2016; Zuo et al. 2022).

RESUlTS AND DISCUSSION

Physico-chemical characters of collected soil samples: The 
results of the physicochemical analysis of all the samples are 
presented in Table 1. The pH of the samples collected from 
Bhavnagar ranged from 10.5 to 11.62, and samples from 
Uncha Kotda ranged from 11.12 to 11.73. The alkalinity 
of the samples was due to the presence of different salts 
present in the saline soil. The temperature at the time of 
sample collection was 34±5ºC. The redox potential of the 
samples collected from Bhavnagar ranged from 105 to 122 
mV, and samples from Uncha Kotda ranged from 130 to 150 
mV. The conductivity ranged from 15.69 to 36.9 mS and 
13.08 to 18.7 mS for samples from Bhavnagar and Uncha 
Kotda, respectively.

Parameters Sample 1 Sample 2 Sample 3 Sample 4 Sample 5

pH 10.5 11.62 10.98 11.73 11.12
Temperature (ºC) 32.2 33 32 34.2 35
Redox potential (mV) 110 105 122 130 150
Conductivity (mS) 15.69 20.7 36.9 18.7 13.08
Humidity (%) 75 80 75 56 49
Total nitrogen (mg/kg) 0.23 0.26 0.18 0.28 0.32
Organic carbon (%) 0.73 0.79 0.80 0.99 0.96
Salinity (mg/l) 4890 20800 26500 4980 3640
      
     

Table 1. Physico-chemical analysis of the samples

Total nitrogen and organic carbon ranged from 0.18 to 0.32 
mg/kg and 0.73 to 0.96% respectively. While salinity of the 
samples from Bhavnagar ranged from 4890 to 26800 mg/l, 
and samples from Uncha Kotda ranged from 3640 to 4980 
mg/l. Salinity and conductivity have a linear relationship. 
Results here mentioned in table 1. As salinity increases, 
the conductivity of the sample also increases (Rusydi, 
2018). Samples (1, 2 and 3) from Bhavnagar showed more 
redox potential, salinity, and conductivity than samples 
(4 and 5) from Uncha Kotda. The results measured here 
are of one specific day of sample collection, and hence 
the variation was due to the different sample collection 
sites. The collected saline soil samples were diverse in 

physicochemical characters and therefore showed variation 
in the results from site to site. The results indicated the 
presence of dissolved solids, salts and impurities in the form 
of hydroxides, carbonates and bicarbonates with sodium 
chloride imparting a slightly alkaline nature to the habitat 
(Dave and Desai, 2006). Moreover, Bhavnagar and Uncha 
Kotda are situated 84 km away from each other.

Isolation of haloalkaliphilic morphotypes: The 
haloalkaliphilic morphotypes were isolated from saline 
soil of Bhavnagar and Uncha Kotda, Gujarat, India. Total 55 
morphologically different types (morphotypes) of bacteria 
were isolated on a 10% NaCl containing medium. Of the 
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obtained bacterial morphotypes, 9.18% were halotolerant, 
9.6% were moderate halophiles, and 11% were extreme 

halophiles. Table 2 shows the site-wise total count of 
obtained bacterial morphotypes.

Medium  Total viable count (CFU/ g)
 Sample number
 1 2 3 4 5

Haloalkaliphilic medium  5.65×104 8.01×104 9.06×104 2.36×104 2.89×104

(Jothi et al. 2015) 
Alkaliphilic medium 0.68×103 0.044×103 0.88×102 0.03×102 0.5×102

(Vijayaraghavan et al. 2012)
Skimmed milk agar 0.12×101 0.03×101 0.05×101 0.4×102 0.02×102

medium (Vaishnav et al. 2014)
Nutrient agar medium 0.7×101 0.5×101 0.3×101 0.8×101 0.01×101

Table 2. Site-wise total bacterial count on various media

Saline soil samples collected from Bhavnagar showed more 
morphotypes as compared to Uncha Kotda. The majority of 
the morphotypes were found present in each sample. Table 
2 shown the site-wise bacterial count results obtained on the 
studied different media, and the haloalkaliphilic medium 
containing 10% NaCl and 5% casein was the most suitable 
one. Site 3 showed the highest 9.06×104 CFU/g. In contrast, 
skimmed milk agar and nutrient agar medium resulted in 
the lowest bacterial count. Haloalkaliphilic agar medium 
was selected as an appropriate medium for the isolation and 
further screening of the bacteria from the saline soil.

Primary screening: Colony and cellular characters were 
recorded in terms of all the colony characters like size, 
shape, margin, elevation, texture, opacity and pigmentation 
as mentioned in Table 3, with particular prominence on 
pigment colour and casein degradation zone.

Among 55 morphotypes, cellular characteristics showed the 
dominance of 39 gram-positive bacilli, and the remaining 
were 15 gram-positive cocci and one gram-negative short 
rod. The obtained morphotypes showed growth on 10, 15 
and 20% NaCl concentrations. All the samples showed 
the presence of a wide variety of haloalkaliphilic protease 
producing bacteria. A total of 40 morphotypes showed 
a zone of casein hydrolysis that were screened out after 
primary screening. Morphologically different morphotypes 
with a zone of casein hydrolysis were used for secondary 
screening. Site-3 gave the highest CFU/g (Table 2) of the 
collected soil sample. Site-1 gave the highest number of 
bacterial morphotypes. It was also observed that sample 
1 showed the maximum bacterial diversity at alkaline pH 
and higher NaCl concentration. The colony characters of 55 
morphotypes are mentioned in Table 3. Many morphotypes 
were common to all sites. Out of these 55 morphotypes, 41 
were gram-positive bacilli comprising 76.4%, 13 gram-
positive cocci (21.8%), and only one isolate (0.0002%) 
gram-negative short rod (Qu et al. 2022).

Site-wise total morphotypes, morphotypes with a zone of 
casein hydrolysis and their morphology are mentioned in 
Figure 1 of correlation analysis (Minitab software). Figure 

1 depicts that the correlation coefficient ranges from -0.94 
to 1.0. We found maximum morphotypes of bacilli as 
compared to cocci and short rods, respectively. Bacilli 
to cocci correlation observed were -0.94 and -0.09 in the 
case of bacilli to short rods. Total morphotypes found were 
between -0.82 to 1.0, bacilli with 0.80, cocci with -0.82 and 
short rod with -0.04. This analysis suggests the diversity of 
species similarity of all sites. From total morphotypes, casein 
hydrolysing zone forming morphotypes were in the range 
of 0.19 to 1.0. Halophilic morphotypes are pleomorphic as 
they can survive in high NaCl concentrations (Patel et al. 
2006; yadav and Patil 2020).

Figure 1: Correlation analysis of 55 morphotypes based on 
the zone of casein hydrolysis and their morphology

Halobacteriales needs high salt concentration for their 
structural steadiness. The non-coccoid forms of bacterial 
structure lie under 10% NaCl concentration (Dave and Desai 
2006). Here majority of morphotypes were gram-positive 
bacillus (Qu et al. 2022). This statistical (Minitab 20) 
technique was used to determine the dependence between 
two or more variables. Here this correlation design shown 
a positive correlation ship between all variables. It offers 
a strong dependency relation of variables pairs. The extent 
to which two variables vary together were also determined 
apart from the relationship of strength and direction.



Site wise study of pigmented morphotypes: Out of 55 
morphotypes, 33% were different morphotypes, and from 
all of them, 8% of morphotypes showed a zone of casein 
hydrolysis, and 16% of the morphotypes produced a variety 
of pigments. Among the 55 morphotypes and 40 different 
significant casein hydrolysis zone-producing morphotypes 
that could grow at 10%, NaCl concentrations were selected 
further. Colonies of the selected 55 morphotypes showed 
various pigment formations like orange, red, pink, light 

Table 3. Colony characters observed on casein agar plates (pH 10.5) from samples

Note- ‘*’ for colonies with a zone of casein hydrolysis.

Figure 2: Site-wise morphotypes of pigmented bacteria 
compared with the total number of isolate and non-
pigmented morphotypes. 

pink, yellow on Haloalkaliphilic agar medium plates. Figure 
2 represents the comparison of total bacterial morphotypes 
with pigmented and non-pigmented bacterial morphotypes. 
Sample from site 3 showed the highest number of total 
bacterial morphotypes with pigmented colonies. Site 2 and 
site 4 equally showed the highest number of pigmented 
colonies than the other sites (Qu et al. 2022).

light pink-coloured bacterial morphotypes were dominating 
among all the morphotypes. All the pigmented bacterial 
morphotypes were gram-positive bacilli or cocci. Generally 
dominant red and orange pigmented colonies presented at 
25% NaCl, pink at 20%, yellow at 15%, whereas colourless 
colonies dominated at 10% NaCl concentration. The pigment 
intensity and pigment producer morphotypes increased with 
NaCl concentration in the medium (Dave and Desai 2006; 
Purohit et al. 2016; Qu et al. 2022). Here we can conclude 
that in all the collected saline soil samples, greater diversity 
in the bacterial colony observed on haloalkaliphilic agar, 
indicating that obtained morphotypes could be halophilic 
(Hegazy et al. 2020).

Study of diversity indices: The results of various diversity 
indices are shown in Figure 3. Shannon Weiner index 
(H’) ranged from 2.9 to 4.39. Shannon’s diversity index 
for bacterial community reported from 2.97 to 5.48 for 
microbial diversity (Maron et al. 2018). Shannon’s index 
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was also reported 1.47 to 2.04 for Halomonas community 
from saline soil of Rambla Salada (Oueriaghli et al. 2014). 
Samples 1 and 5 had a lower value of Shannon Index above 
2, whereas samples 2, 3 and 5 had 3.24, 4.39 and 3.89 
accordingly. Shannon’s evenness index reported as 2.3 
(Sharma et al. 2021) whereas, our results showed evenness 
that ranged from 1.26 to 2.62. Site 3 offered the highest 
evenness of 2.62. Simpson’s evenness for haloalkaliphilic 
archaea reported from 0.40 to 0.78 from marine samples 
(Martínez-Olivas et al. 2019; Hegazy et al. 2020).

19.57, 9.25 to 21.29 12.59 to 24.44, respectively. Isotype 12 
showed the highest relative frequency of presence to all the 
respective 5 sites. Colony types 1-10 and 12 were observed 
in sample 1 from site-1. Colony types 1-3 and 11-15 were 
present in sample 2 from site-2. Colony types 2, 8, 10-15 
were observed in sample no. 3 from site-3. Colony types 
12, 16-20 were present in sample no. 4 from site-4. Colony 
types 12, 16, 18 and 20 were present in sample no. 5 from 
site-5. Colony numbers 1-4 and 11 showed similar colony 
morphology visually that were present in samples 1 and 2 
(Sharma et al. 2021; li et al. 2022). Colony numbers 2 and 
10-15 were morphologically similar colonies in samples 
2 and 3. Colony no. 12, 16-20 were present in samples 4 
and 5. Morphotype 12 was dominantly present in all the 
sites. Figure 5 scatter plot showen the site-wise presence of 
different morphotypes based on colony morphology.

Figure 3: Site-wise diversity indices calculated based on 
species observations

Figure 4: Study of relative frequency and relative density 
of totally different morphotypes

Richness ranged from 0.8 to 1.73, RMargalef ranged from 0.7 
to 1.69, and RMenhinick ranged from 0.291 to 0.7. Bacterial 
diversity richness reported from 313 to 1004  (Maron et al. 
2018). For lignite mine bacteria, RMargalef reported from 0.0 
to 15.88, and RMenhinick reported from 0.87 to 5.89  (Patel et 
al. 2009; Maron et al. 2018). In our results, site 1 showed 
the highest species richness, whereas site 5 showed the 
lowest species richness than other sample collected sites. 
RMargalef and RMenhinick of 2.3 and 1.7 for haloalkaliphilic 
actinobacteria had been reported (Sharma et al. 2021). 
Relative frequency and relative density depicted in Figure 
3 concerning obtained total morphotypes from all 5 sites 
(Sharma et al. 2021).

Variety no. 12 (Table 3) showed the highest relative 
frequency among all sites in the study. Site 1 gave relative 
density ranged from 3.8 to 23.07, whereas sites 2, 3, 4 and 
5 showed relative density ranged from 8.42 to 16.34, 7.3 to 

Figure 5: Site wise morphotypes (based on colony 
characters)

Figure 6: Site wise similarity index

The similarity index (Figure 6) could be explained based 
on the ecosystem of the respective site. Site 1 showed the 
highest richness and diversity indices, while site 3 showed 
the least richness and diversity of bacterial morphotypes. 
All the other indices calculated were in support of these 
observations. Chao1 abundance-based species richness 
estimator for missing morphotypes was 1.3 from species 
morphotypes. From the study of all the diversity indices, it 
has been determined that sample number 1 had overall low 
density, whereas sample number 3 showed high density, 
evenness and richness.
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Simpson’s index (D) is shown in Figure 7. It was 
demonstrated the numerical proportion of similarity 
probability between various randomly selected species. 
It ranges from 0 to 1 with representing infinite diversity 
and no diversity, respectively. The higher the value of 
Simpson’s diversity index greater the ecological diversity. 
The ecological values of Simpson’s index site-wise were 
0.4, 0.98, 0.97,0.98 and 0.98 accordingly. The Simpson’s 
index of diversity 0.78 shown rich haloalkaliphilic 
bacterial diversity. Simpson’s index has been reported for 
haloalkaliphilic archaeal microbial diversity from 0.70 to 
0.97 and evenness from 0.07 to 0.48 (Martínez-Olivas et 
al. 2019). Simpson’s reciprocal index site-wise from site 1 
to 5 were 25.08, 59.7, 55.4, 60.24 and 40.81 accordingly. 
For haloalkaliphilic bacterial archaea. It has been reported 
from 27.08 to 61.27 (Martínez-Olivas et al. 2019; Sharma 
et al. 2021).

gives more weight to the low abundance of the singletons 
and doubletons were used for estimation number of missing 
species (Oosterkamp et al. 2019; Sikorski et al. 2022).

Site-wise missing morphotypes (Figure 8) were ranged from 
1.2 to 10.5. Site 1 was shown the highest value of Chao-1 
analysis 12.7, whereas site 5 was shown a lower value of 
Chao 1 analysis 4. Site 1 revealed maximum variables and 
missing morphotypes of bacterial morphotypes. Oosterkamp 
et al. (2019) reported the Chao-1 index was from 410 to 
1091 range for microbial community diversity. Whereas, 
for haloalkaliphilic archaeal diversity Chao-1 index of 70 to 
349.14 was given by Martínez-Olivas et al. (2019). Where 
Zhang et al. (2018) reported Chao-1 index from 74.33 to 
799.0 for microbial diversity. 

Good’s coverage (Coverage= 1-(singlets/total morphotypes)) 
of all the sites 1 to 5 was calculated as, 0.37%, 0.32%, 0.67% 
and 0.63% respectively. It estimates the percentage of total 
species present in the sample. It was an alpha diversity 
metric. Good’s coverage was reported for bacterial diversity 
in the range of 0.50% to 0.82% and halophilic archaea 
0.55% to 0.94% (Martínez-Olivas et al. 2019). Moreover, 
Zhang et al. (2018) reported Good’s Coverage value ranged 
from 0.38% to 2.47% for microbial diversity.

Figure 7: Simpson’s diversity index-based comparison 
between the selected sites

Figure 8: Site-wise Chao 1 analysis

From the Shannon’s and Simpson’s indices studies, it was 
observed that most diverse bacterial morphotypes were able 
to grow at different salt concentrations with a variety of 
pigment production could be the reason for its high diversity 
value (li et al. 2022). There was a need to evaluate how well 
a sample reflects the true diversity of a specific niche. The 
diversity of a particular niche always synonymouses with 
species richness and relative abundance in time and space. 
Accurate assessment of species richness is instrumental 
for each biological community. With other indices, Chao1 
was a nonparametric method for estimating the number of 
species in a community (Farheen et. al. 2022). Chao 1 was 
based on the concept that rare species infer most information 
about the missing species as the Chao 1 richness estimator 

Figure 9: Cluster bar chart for the biochemical test of 55 
morphotypes

Phenotypic characterisation of organisms: Figure 9 
represents the cluster bar chart for all 9 biochemical tests. 
This analysis showed a pictorial representation analysis of 
biochemical tests of 55 bacterial morphotypes obtained on 
the haloalkaliphilic agar medium. Clustered bar chart allows 
the direct comparison of multiple data series per category, 
which shown change over time. Each sector denotes a 
compatible part of the whole. The figure represented the 
categorical data of catalase, oxidase, KOH, vancomycin, 
endospore, capsule, gelatine degradation, lipase production, 
and starch hydrolysis tests. Total 54 morphotypes showed 
catalase, oxidase, KOH, vancomycin, gelatine, lipase 
and starch hydrolysis test positive. At the same time, one 
isolate showed these mentioned tests negative. Sixteen 
morphotypes showed the formation of endospore, and 
39 gave the test negative. Ten morphotypes showed the 
presence of a capsule, and 45 morphotypes were non-
capsule former. It offers the inner products between the 
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observations and variables. One bacterial isolate showed 
a difference in most biochemical tests in the plot that 
correlates to the Chol-1 index whereas, the rest of the 
bacterial morphotypes showed similarity. It could be due to 
its various metabolic properties (Sikorski et al. 2022).

Secondary screening based on REA: After the primary 
screening, all the obtained 40 morphotypes spreaded on 
the haloalkaliphilic agar medium of pH 10.5±0.5 and 
supplemented with 5% skimmed milk containing different 
NaCl concentrations of 10% to 25% (Figure 10). Site 
3 was found rich in a number of bacterial morphotypes 
shown zone of casein hydrolysis at 15%, 20% and 25% 
NaCl concentration. Therefore, 20 morphologically distinct 
morphotypes were selected for the salt tolerance test from 
20 % NaCl and pH 10.5±0.5 containing haloalkaliphilic 
agar medium with higher REA activity. The relative 
enzyme activity (REA) of the selected 40 morphotypes 
shown in Figure 11. REA values of 21 to 40 mm giving 20 
morphotypes were further selected for the haloalkaliphilic 
protease production test.

The salt and pH requirements vary among the morphotypes 
even obtained from the same site indicating extensive 
diversity. From Figures 10 and 11, it can be concluded 
that a few of the morphotypes from 2B, 4I, 3K, 4D, 3E, 
5F, 1D, 4B, 2C, 1G 1C, 3I, 1E, 3C, 5H, 2D, 5B, 3A, 3H, 
4A might be the good haloalkaliphilic protease producers. 
Site 3 from Bhavnagar showed the highest six morphotypes 
among the selected best at 15-20% NaCl and REA 31-50 
mm. In contrast, site 5 from Uncha Kotda showed fewer 
morphotypes compared to other sites at extreme conditions. 
The number of haloalkaliphilic bacterial morphotypes and 
diversity can be lower at the same site because of an increase 
in the extremity of pH and salt during the enrichment 
process of isolation (Purohit et al. 2014; Bhatt et al. 2018). 
Figure 12 shown a clear zone of casein hydrolysis of 
selected morphotypes (Sikorski et al. 2022).

Tertiary screening for haloalkaliphilic protease 
production with different pH and NaCl concentrations: 
Significant haloalkaliphilic protease producing bacteria 
were selected based on REA. Figure 13(a, b) shown the 
fermentative production of haloalkaliphilic protease.

Selected 7 morphotypes denoted as 1D, 2B, 3E, 3K, 4D, 
4I and 5F were checked for haloalkaliphilic protease 
production at different pH (9, 10 and pH 11), and NaCl 
concentrations (10%, 15%, 20% and 25%). At least one 
isolate from each site was selected. Further, the isolate that 
gave the best result at pH 11 and 20% NaCl concentration 
within 24 h will be used to optimise the enzyme production. 
The tertiary screening results based on pH 11 and 20% NaCl 
concentration, isolate 2B, 3E, 4I, 5F and 3K were selected 
for further experiments.

Figure 12: REA of selected morphotypes

Figure 10: Secondary screening based on REA

Based on REA, the morphotypes can be categorised into 
three groups. (REA= Zone diameter of casein hydrolysis/
Colony diameter in mm). REA>5mm is magnificent, REA 
>2 to 5 mm is satisfactory and REA<2 is the deficient 
producer of protease (Jadhav et al. 2016). Here, the zone of 
casein hydrolysis on haloalkaliphilic agar medium shown 
the presence of protease producing bacteria. Some strains 
showed clear hydrolysis zones around the bacterial colonies 
on the haloalkaliphilic agar medium with 10% NaCl, which 
indicates a dominant amount of protease (Cui et al. 2015; 
Sikorski et al. 2022).

Figure 11: REA of morphotypes (Stacked bar) on the basis 
of zone of casein hydrolysis
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Phylogenetic analysis of the morphotypes: The 
biochemical tests determined the metabolic activity of 
the bacterial morphotypes. 16S rRNA gene sequencing 
of selected morphotypes were used for the identification 
of bacteria and phylogenic analysis as the “optimum 
mark”. It was reported that molecular based identification 
of morphotypes by 16s rRNA gene sequencing helps at 
the genus level identification (Patel et al. 2019). On the 
basis of 16S rRNA partial gene analysis selected isolates 
represented 24 different genera and species of that genera. 
By this way it was showed morphological and metabolical 



diversity. Pareto plot analysis of the morphotypes showed 
that most of the morphotypes belonged to the genus 
bacillus species and identified as Bacillus halodurans, 
Bacillus megaterium, Bacillus subtilis, Bacillus oxytoca, 
Micrococcus, Planococcus, Halomonas, Pedicoccus, 
Oceanobacillus spp., Exiguobacterium, Bacillus cereus, 
Enterobaceter aerogenes, Bacillus thermophiles, 
Lactobacillus mali, Bacillus licheniformis, Penibacillus, 
Bacillus oryzaecoeticis, Lysinibacillus, Bacillus pumilis, 
Bacillus coagulans, Halobacterium salinarum, Bacillus 
halodurans, Bacillus firmus, Bacillus awamori, Bacillus 
halodurans, Bacillus qingdaonensis. Bacillus halodurans 
was present frequently in all the sample collection sites 
(Sikorski et al. 2022).

Figure 12: Tertiary screening of different pH and NaCl 
concentration (a) pH (b) NaCl

Figure 13 Pareto plot for bacterial phylogenetic analysis

All the morphotypes were gram positive except one 
gram negative morphotype Enterobacter. Rest of the 
other morphotypes were present distinctively at all the 
sites. Based on 16S r-RNA gene analysis, evolutionary 
relationship between cultivable morphotypes isolated from 
different locations of Bhavnagar city and Uncha kotda 
Gujarat, India.

Tree diagram of taxonomic relationship for site wise 
morphotypes with distance and similarity  shown in the 
figure 15. The hierarchial clustering algoritham shown 
similar objects into cluster groups.The end point was a set 
of clusters which was distinct from each other clusters and 
objects within each cluster are broadly similar to each other. 
Here, site 1, 2, 3, 4 and 1, 4 and 5 were showing diversity 
similarity which matches to the similarity results of the 
Simpson’s diversity index results mentioned above.The 

evolutionary distance of morphotypes is depicted by the 
length of the horizontal line (Daly et al. 2018).The branch 
point similar with the horizontal line was the divergence 
point of two microbial species (Mulango et al. 2020). On 
the basis of this diversity studies it has been concluded that 
the hypersaline soil sample containing all the sites were 
augmented with a vast number of morphotypes showing 
divergent metabolic potential (Sikorski et al. 2022).

Figure 15: Cluster dandogram showing relationship 
amongst all morphotypes Hierarchical Cluster analysis of 
taxonomic identification  

CONClUSION

The study of culture-dependent biodiversity from 
Bhavanagr and Uncha Kotda from Gujarat coast showed 
species richness and evenness. Site 3 from Bhavnagar 
was offering the highest variation in the diversity study. 
Moderately halophilic bacterial morphotypes were selected 
for further analysis. Haloalkaliphilic bacteria are capable 
of showing function under higher alkaline pH and salt 
conditions. They showed diversity based on their colony 
correlated cultural and morphological features, gram 
reaction, biochemical properties, secretion production 
of enzymes and metabolites. Diversity, physiology 
and metabolic studies of haloalkaliphilic bacteria help 
understand biopower and surveillance of these organisms 
under extreme conditions. Here, we can conclude that in 
all the collected samples, we observed a greater number 
of cultivable morphotypes with different pigments on 
haloalkaliphilic agar that indicate isolated morphotypes 
to be halophilic bacteria. Further halophilic aspects of 
morphotypes will be confirmed by SDS-PAGE analysis by 
correlation of molecular weight of the isolated morphotypes 
with standard molecular weight of haloalkaliphiles. All 
selected five morphotypes that indicated a potential for high 
production of haloalkaliphilic protease would be used for 
scale-up of process application. 
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