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Abstract
The cyanobacterium BTA 903 isolated from Manipur state of India was identified as Anabaena sp. after phylogenetic 
analysis. BTA 903 contained ash (5.84% w/w), carbohydrate (42.36% w/w), protein (33.46% w/w), lipid (16.46% w/w), and 
moisture (1.88% w/w), respectively. BTA 903 required 0.3 M glycine and 5 mM sodium glutamate as supplements in BG 11 
media in order to achieve the highest amount of cell growth along with C-phycoerythrin (PE) production. The light intensity 
of 6 k Lux, along with a photoperiod of 14:10 (L:D) was revealed to be optimal for increased productivity. The yields of 
C-phycoerythrin, C-phycocyanin, allophycocyanin, chlorophyll-a, and ammonia excretion after 30 days of incubation of 
Anabaena sp. were 49.96, 27.53, and 30.39, 6.9, and 31.2 mg per gram of biomass, respectively. The biomass productivity 
of Anabaena sp. BTA 903 was found to be 39  mgL−1  day−1after 30 days of incubation. PE from Anabaena sp. was extracted 
using 0.05 M phosphate buffer (pH-7). The deactivation process of PE was investigated using a first-order kinetic model. 
The rate constant  (kd) was found to be in the range of 0–0.01  h−1 when the deactivation study was carried out at pH 7 and 
temperatures ranging from 10 to 30 °C. The highest level of PE deactivation was found at 80 °C and pH 12 due to a higher 
 kd value (0.671  h−1). At pH 7, the highest Gibb’s free energy for PE was found to be 103.70–115.69 kJ/mol. PE’s pH and 
thermal tolerances suggested that it could be used for industrial applications.

Keywords Anabaena sp. · C-phycoerythrin · Rate constant · Production kinetics · Stability analysis

1 Introduction

Cyanobacteria produce a variety of biologically active 
compounds in the industry due to their inherent ability to 
synthesize a wide range of chemically distinct biochemical 

compounds. It is evident that natural reddish colourants have 
a growing market in the beverage manufacturing industry. 
Because these colourants are extremely rare in nature, manu-
facturers rely on synthetic colourants. Therefore, the food 
industry is looking for natural reddish colourants that can be 
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stable for a more extended period in a robust condition. Pro-
tein is the second most abundant nutrient in most cyanobac-
teria. PE is a naturally occurring reddish colourant, one of 
the light-harvesting proteins available in cyanobacteria [1]. 
A variety of factors, including nutritional limitation, photo-
periods, and light intensity, are required for cyanobacterial 
growth and PE production [2]. Furthermore, the majority 
of pigments are produced in proportion to the amount of 
biomass produced. As a result, biomass production must be 
optimized in order to boost PE productivity. Furthermore, 
while large-scale PE production was carried out in the indus-
try, it was found that kinetic studies of PE production are 
critical for reactor design [3, 4].

The homogenization and freezing–thawing methods are 
extensively used to extract PE from algal biomass. Although 
these methods produce significantly more PE, the active form 
of PE was lost due to harsh techniques. Extraction and purifica-
tion of PE have been critical tasks due to their thermolability 
[5]. Aqueous two-phase systems were used as an alternative 
method to separate thermolabile biomolecules because they 
provide an aqueous environment and mild operating condi-
tions. Hence the molecule’s native conformation will be pre-
served during separation. Temperature-dependent two-phase 
aqueous micellar systems have recently drawn interest in the 
separation of thermolabile biomolecules due to their biocom-
patibility and low cost. The proper temperature manipula-
tion resulted in the formation of two phases of this system. 
When the temperature rises above the cloud point, two dis-
tinct macroscopic phases emerge. This system can be further 
manipulated by adding salts, cosurfactants, or ionic liquids 
[6]. Deep eutectic solvents are another approach that is task 
specific. They are also more effective, simple to synthesize, 
and biodegradable. Furthermore, while the extraction is being 
performed, this system maintains the buffer condition for the 
active bioproducts. The reaction of an organic acid with qua-
ternary ammonium salts or sugar molecules yields protic deep 
eutectic solvents. Their acidic nature, combined with the abil-
ity to form aqueous two phases, makes them a better approach 
for disruptive purification medium for PE [5]. The purification 
of PE was carried out using ammonium sulfate precipitation 
followed by various chromatography methods [7].

Since radical scavenging, anti-inflammatory, and hepatopro-
tective properties are three important health-promoting char-
acteristics found in PE, its use in the food and pharmaceutical 
industries is increasing [8, 9]. The vivid bright colour of PE is 
one of the reasons for its increased demand as an additive in 
the food industry. The primary disadvantage of PE has been 
observed to be its instability over a wide pH range and at higher 
temperatures. Several physicals (temperature and pH) and 
chemical parameters have been found to influence PE stabil-
ity [10]. To be used effectively in a variety of industries, PE 
must be stable at high temperatures and over a wide pH range 
[11]. As a result, new sources of PE must be sought in order to 

achieve significantly improved stability when used in a wide pH 
range and at high temperatures [12]. PE's stability is calculated 
by measuring the amount of colour that remains after being 
exposed to various environmental conditions [13]. PE stability 
analysis is critical for biotechnological applications because it 
provides a complete physical understanding of its three-dimen-
sional structure [14]. According to our current knowledge, only 
a limited research work has been reported on the deactivation 
study of PE. The majority of studies have focused on the bio-
chemical characteristics of PE; however, there has been little 
research done on its thermodynamic behaviour under various 
environmental conditions. As the thermodynamic behaviour of 
PE has the potential to affect stability, the investigation of deac-
tivation studies of PE has been highlighted in this manuscript.

In the present study, various process factors were optimized 
in order to achieve a higher PE yield from BTA-903.To iden-
tify the BTA 903, microscopic and molecular characterization 
were performed. Biochemical characterization of BTA 903 was 
performed in order to understand the types of bioproducts that 
could be produced from it. Furthermore, the batch kinetic inves-
tigation of PE production was investigated in order to ascertain 
various kinetic parameters required for reactor design. Fur-
thermore, the stability analysis of PE was performed better to 
understand the effects of pH and temperature on it.

2  Material and methods

2.1  Isolation of BTA‑903

The cyanobacterium employed in this investigation was isolated 
from semisolid samples obtained from rice fields in Manipur, 
India. The spatula was used to collect the samples, which were 
then stored in plastic bottles. While the collected sample was 
diluted with distilled water, the ratio of 1:2 w/v was maintained. 
While sampling was taking place, a global positioning system 
device helped to pinpoint the exact position of the sample col-
lecting location. BTA 903 was chosen from among other strains 
for this study due to its high PE synthesis yield when grown 
in BG 11 liquid media. The pure strain was produced in BG 
11 solid media using the striking method. The aforementioned 
pure strain was registered to IBSD-Imphal, a National Algae 
Repository financed by DBT, Government of India, with acces-
sion id of BTA-903. The maintenance of cyanobacterium BTA 
903 was carried out on BG-11 medium [15]. BTA 903 was 
subcultured every one-week interval in BG 11 liquid media in 
order to achieve a healthy cyanobacterium strain.

2.2  Morphological and molecular characterization 
of BTA 903

The BTA 903 was identified through molecular charac-
terization and morphology. The BTA 903’s morphology 
was investigated using a trinocular Nikon Eclipse 80i 
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research microscope with 63X objectives. 16S rRNA 
technique was used for molecular characterization [16]. 
The gene bank available at the NCBI site was used to 
understand the level of similarity of the gene sequence 
of 16S rDNA present in BTA 903 using a nucleotide 
BLAST search [17]. The BTA 903 was identified by 
comparing its 16  s rDNA sequence to those of other 
cyanobacterium in the database. MEGA 7.0 software was 
used to construct a maximum likelihood phylogenetic 
tree and determine evolutionary distance bootstrap values 
using the Jukes-Cantor model of neighbour-joining [18].

2.3  Cultivation of BTA 903

The preparation of seed culture of BTA 903 was carried out 
in a 500-ml Erlenmeyer flask where 100 ml BG 11 media 
was taken. The inoculation of a single loop of pure BTA 
903 cultures, which was previously grown, was taken in 
BG 11 liquid media having pH of pH-6.8, and incubation 
was carried out at 28 °C for 7 days. The intensity of light 
and a day/night ratio were maintained 4 k Lux and 12:12, 
respectively. After a 24-h interval, the media was manually 
agitated to ensure uniform mixing of the media components. 
After seed culture preparation, 5% fresh seed culture was 
inoculated into 100 ml of BG 11 media in a 500-ml Erlen-
meyer flask. The culture was grown for thirty days in the 
same conditions described in seed culture preparation. The 
samples were taken every 2 days and analysed to determine 
the biomass and PE production level using the previously 
described protocol [19].

2.3.1  Determination of optimum level of glycine, sodium 
glutamate, light intensity, and photoperiod 
on biomass and PE production

Two media components, glycine and sodium glutamate, 
and two process parameters, light intensity and photoper-
iod, were optimized to better understand their effects on 
cyanobacterial growth and productivity of PE. Here, the 
level of glycine was optimized first, followed by sodium 
glutamate, light intensity, and photoperiod. The level of 
biomass and PE production was assessed using previously 
described protocol [19]. Glycine was added to the BG liq-
uid medium at various concentrations ranging from 0.1 M 
to 0.4 M, and sodium glutamate was added at levels rang-
ing from 2.5 M to 10 M to determine the optimum level of 
them on PE growth and productivity. To better understand 
the role of light intensity and photoperiod on PE growth 
and productivity, light intensity was varied from 4 k Lux 
to 8 k Lux, and photoperiod was adjusted to 16:8 (light/
dark), 14:10 (light/dark), 12:12 (light/dark), and 8:16 
(light/dark). The higher amount of biomass and PE were 
the factors taken to determine the optimum level of all 

parameters. When cultures were grown for thirty days in 
the same conditions described in seed culture preparation, 
biomass and PE production in BG liquid media without 
any nutrients were presumed as controls. Every experi-
ment was done in triplicate.

2.4  Determination of PE

After 30 days of incubation, the cells were separated by 
centrifugation at 6500 g for 10 min at 4 °C. The harvested 
cells were homogenised using REMI  Lab Homogen-
iser RQ-127A/D with 5 ml of phosphate buffer (0.05 M) 
having pH-7 was taken. To remove cell debris, the homog-
enised cells were centrifuged at 6500 g for 10 min at 4 °C, 
and the supernatant was used to determine the PE content 
[20]. All experiments were performed in triplicate.

2.4.1  Growth and PE production kinetics

Initially, 100 ml of sterilized BG liquid media was pre-
pared in a 500-ml Erlenmeyer flask, and 5% of freshly 
prepared seed culture of BTA 903 was added. The incu-
bation was carried out at 28 °C for 30 days. The optimal 
levels of glycine and sodium glutamate were also added 
to BG 11 liquid media, and the light intensity and photo-
period obtained in previous experiments were kept. The 
withdrawal of samples was carried out at two-day inter-
vals and the analysis of biomass and PE production was 
performed. Equation (1) was used to calculate the specific 
growth rate (µBAT 903) of BTA 903 [21], where,  XBAT 903is 
biomass concentration  (gL−1), and µBAT 903is the specific 
growth rate of BTA 903 (1/h).

In the batch study, the kinetic nature of PE production 
was represented by the Leudeking-Piret (LP) model [22]. 
The specific production rate (νPE) of PE was calculated using 
Eq. (2). It is evident from Leudeking-Piret model that the 
specific PE production rate (νPE) depends on the specific 
growth rate (µBAT 903) of BTA 903 (Eq. 3)

where α and βrepresent the growth-associated constant and 
the non-growth-associated constant, respectively. The spe-
cific production rate (νPE) of PE and specific growth rate 
(µBAT 903) of BTA 903 were calculated in each time interval.

(1)�BTA903 =
1

XBTA903

dXBTA903

dt

(2)vPE =
(

1∕XBTA903

)

(

dPE

dt

)

(3)vPE = a�BTA903 + �
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2.5  Analysis of cellular components, PBPs, 
chlorophyll‑a, ammonia excretion of BTA 903

The proportion quantity of lyophilized BTA 903 cell was 
measured to determine the major cellular components. The 
amount of ash, moisture, carbohydrate, protein, and lipid 
content present in BTA 903 were measured. Lyophilized 
cells were heated in a furnace at 550 °C to determine ash 
content, and the weight difference before as well as after 
heating was measured. To determine the quantity of mois-
ture, the sample was heated at 105 °C for one day in the 
dry oven. The weight difference between before and after 
heating was calculated [23]. Total protein content was deter-
mined using the Lowry method, with bovine serum albumin 
(BSA) serving as a standard [24]. To estimate total carbo-
hydrate content, Anthrone method was used with glucose 
serving as a standard [25]. To estimate lipid content, gas 
chromatography was used [26]. The samples’ phycobilipro-
tein, chlorophyll-a and ammonia excretion content was 
determined using a previously described protocol [9, 19]. 
All experiments were conducted in triplicate.

2.6  Thermodynamics and stability of PE

The thermal and pH stability of PE was investigated at vari-
ous temperatures and pH combinations for 1 h. The pH range 
was maintained from 2 to 12 using Britton-Robinson buffer 

to achieve a stable pH range. Thermal deactivation of PE 
was investigated at each pH with temperatures ranging from 
10 to 80 °C. After a 15-min interval, the remaining PE con-
tent in the withdrawn sample was determined [9, 19]. The 
PE incubated at 4 °C and pH 7 in Britton-Robinson buffer 
was used as a control.

3  Results and discussion

3.1  Morphological, and molecular characterization 
of BTA 903

BTA 903 was isolated from semisolid samples obtained 
from rice fields in Manipur, India (Altitude: 782  m,N 
24˚52´09.0´´E094˚1´12.9´). BTA 903 was identified using 
morphological analysis and molecular characterization. The 
discrete biological aspect of individual strain and model 
arrangements that take into account identification methods 
in biology were employed. Figure 1A shows optical micro-
scopic images of isolated BTA 903 at 63X magnification. 
The figure depicts cyanobacterium with various differentia-
tions within the framework, displaying physiological and 
structural complexity. BTA 903 has straight filaments or 
coiling and a sinuous appearance. The heterocyst shapes 
ranged from oval to globular to elongate-barrel, and terminal 
heterocysts were also linked to frayed filaments, indicating 

Fig. 1  (A) BTA-903 isolate’s microscopic appearance, and (B) phylogenetic tree depicting the relationships between BTA-903 isolate partial 
16S rRNA sequences
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that the BTA 903 is Anabaena sp. According to Nath et al., 
(2021), Anabaena sp.’s structure has distinct demarcations 
and a diverse distribution of niche arrays [19]. Microscopic 
examination revealed a distinct biological feature that 
explains its unique metabolic processes. Anabaena sp. has 
a high structural and physiological complexity level and 
occupies a wide range of niches in terrestrial, freshwater, 
and marine environments [19].

For molecular characterization of BTA 903, genomic 
DNA was extracted, and this cyanobacterium’s consen-
sus 16S rDNA sequences was amplified using PCR. The 
amplified gene was loaded in agarose gel, and only one 
897 base pair band was found for BTA 903. The forward 
and reverse primers were universal and were used for 
PCR amplicon amplification. The amplification-derived 
16S rDNA gene sequence of BTA 903 was deposited in 
the NCBI GenBank database with the accession number 
of KJ652540. The consensus sequence of BTA 903 was 
compared using the BLAST program to the available 
sequences of cyanobacterium in the NCBI Genbank data-
base. MEGA 7 software created a phylogenetic tree using 
the neighbour-joining method, as shown in Fig. 1B [27]. 
A bootstrap consensus tree inferred from 1000 replicates 
was used to represent the evolutionary history [28]. The 
evolutionary distances of BTA 903 were computed using 
Kimura 2-parameter method. The units of the number of 
base substitutions per site represent evolutionary distances 
between BTA 903 and its ancestors [29]. From molecular 
characterization, it is found that cyanobacterium BTA 903 
is Anabaena sp. after phylogenetic analysis.

3.2  Determination of the optimum level 
of glycine, sodium glutamate, light intensity, 
and photoperiod on biomass and PE production

Cyanobacteria produce PE via a de novo biosynthe-
sis pathway that can be aerobic or anaerobic in nature. 
δ-Aminolevulinate (ALA) is the first committed precursor of 
PE and can be synthesized via either the C4 or C5 pathways. 
ALA synthase produces ALA from glycine in the C4 pathway 
[30]. Furthermore, glycine provides the carbon atoms for the 
PE nucleus. As a result, glycine in the medium is expected 
to regulate the growth of BTA 903 and PE production. The 
experiments were conducted to determine the role of glycine 
in BG media on the growth of BTA 903 and PE productivity. 
Therefore, 0.1 M, 0.2 M, 0.3 M, and 0.4 M glycine concentra-
tions were separately added to BG 11 medium and inoculated 
with Anabaena sp. BTA 903. The incubation temperature 
of the incubator was maintained at 28 °C for 30 days with 
a light intensity of 4 k Lux and a day/night ratio of 12:12. 
Figure 2 a depicts the biomass concentration of BTA 903 as 
well as the production of PE at various glycine levels. The 
results show that the growth and production of PE increase 

with increasing glycine concentration up to 0.3 M for BTA 
903. There was no significant increase in biomass and PE 
yield as glycine concentration was increased further. Because 
each cyanobacteria requires an optimal level of nutrients for 
growth and product formation, 0.3 M of glycine in BG 11 
media is thought to be optimal for maximum growth and PE 
yield. Tiwari et al. (2019) investigated the role of glycine on 
PE production from Oscillatoria sp. while glycine was sup-
plemented in BG 11 media and found similar findings [26]. 
After 30 days of cultivation, the maximum yields of biomass 
and C-phycoerythrin (PE) from BTA 903 were 0.912 g/l and 
45.57 mg/l, respectively, when 0.3 M of glycine was addition-
ally supplemented in BG 11 media.

The role of sodium glutamate was investigated by varying 
concentrations of it in BG liquid media containing 0.3 M 
glycine. In BG 11 liquid media, sodium glutamate con-
centrations were 2.5 M, 5 mM, 7.5 mM, and 10 mM. BTA 
903 was incubated for 30 days at 28 °C in a rotary shaker 
with the light intensity and photoperiod set to 4 k Lux and 
12:12 day-night ratio, respectively. Figure 2 b depicts the 
biomass yield as well as the production of PE under various 
glutamate concentrations. The results show that glutamate 
concentration influences BTA 903 growth and PE accumu-
lation. The first committed precursor for cyanobacterial PE 
synthesis is ALA. In the C5 pathway, three enzymes are 
involved in the production of ALA from glutamate [30]. The 
N atoms in the tetrapyrrole nucleus of PE are supplied by 
glutamate. The biomass and PE production yield for BTA 
903 increases with increasing glutamate concentration up to 
5 mM. However, increasing the glutamate concentration fur-
ther reduces both biomass yield and PE production. Because 
each cyanobacterium has its own micronutrient requirements 
for growth and pigment yield, 5 mM of sodium glutamate 
was optimal for BTA 903 to achieve higher biomass and 
PE yields. A similar dependence on sodium glutamate was 
observed for PE accumulation and BTA 170 growth [26]. 
According to Wanner et al. (1986), the level of expression 
of PE-encoding genes in cyanobacteria is modulated by the 
availability of various nutrients in the media [31]. After 
30 days of cultivation, 1 g/l of cyanobacterial biomass and 
50.45 mg/l of PE were obtained when 0.3 M of glycine and 
5 mM of glutamate were added to BG 11 media.

The role of light intensity on the growth of BTA 903 and 
the accumulation of PE was investigated at varied intensities 
of light when the incubation was carried out for 30 days. The 
light intensity was set to 4 k Lux, 6 k Lux, and 8 k Lux. The 
temperature and photoperiod were kept constant at 28 °C 
and 12:12 h of day/night, respectively. 0.3 M of glycine and 
5 mM of glutamate were supplemented in BG 11 media. Fig-
ure 2 c depicts the concentration of BTA 903 biomass and 
PE concentration after 30 days of cyanobacterial incubation. 
The results show that growth and PE accumulation increase 
as light intensity increases from 4 to 6 k Lux. However, 
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when the light intensity was increased further, there was a 
significant reduction in biomass and PE biosynthesis. Light 
stress causes photo-oxidative damage to cyanobacterium’s 
photosynthetic machinery and thus has an indirect effect 
on the growth and accumulation of PE [32]. Bryant et al. 
(1981) revealed that light intensity influenced the controlled 
synthesis of light-harvesting phycobiliprotein. Furthermore, 
light intensity regulates the expression of various subunits 
of light-harvesting phycobiliprotein [33]. Because genes 
involved in cyanobacterial growth and pigment accumula-
tion are regulated by light intensity [33], 6 k Lux is regarded 
as the optimum level of light intensity for achieving higher 
levels of biomass production and PE accumulation. Tiwari 
et al. (2019) investigated the role of light intensity on PE 
production from Oscillatoria sp. and found similar findings 
[26]. After 30 days of cultivation, the maximum biomass 
and PE yields were 1.06 g/l and 53 mg/l, respectively, when 
0.3 M of glycine and 5 mM of glutamate were supplemented 
in BG 11 media.

The photoperiod is regarded as a critical factor influenc-
ing the growth of cyanobacteria along with pigment accu-
mulation [34, 35]. The photoperiod of light clearly regulates 
the level of composition within the cyanobacteria [36]. The 

photoperiod of light condition was varied in this experiment 
to comprehend the role of photoperiod on the growth of 
BTA 903 and the production of PE, while light intensity 
and incubation temperature were kept at 6 k Lux and 28 °C, 
respectively. The photoperiod of light was kept at 12:12 for 
light and dark, 14:10 for light and dark, and 8:16 for light 
and dark. Figure 2 d depicts the biomass and PE yields. 
The biomass content and PE yield of BTA 903 increased 
from 0.88 to 1.17 g/L and 44 to 58.45 mg/L, respectively, 
when the photoperiod was altered from 8:16 (light:dark) to 
14:10 (light:dark). When the photoperiod was shifted from 
14:10 to 16: 8 of light and dark, the biomass concentration 
decreased from 1.17 to 1.07 g/L and the PE yield reduced 
from 58.45 to 53.77 mg/L, respectively. Because the pho-
toperiod of 14:10 (light:dark) produced the highest yield 
of biomass and PE yield, it is considered optimal. Tiwari 
et al. (2019) conducted similar research and found that BTA 
170 biomass concentration increased to 2.9 from 2.07 g/L, 
when the photoperiod was altered to 14:10 (light:dark) from 
8:16 (light:dark) [26]. The BTA 170 biomass concentration 
decreased when the photoperiod of light was altered from 
14:10 of light and dark to 16:8 of light and dark. Tiwari et al. 
(2019) made a similar observation when studying the role of 

Fig. 2  The role of (a) glycine, (b) sodium glutamate, (c) light intensity, and (d) photoperiods on PE and biomass production by BTA-903



19745Biomass Conversion and Biorefinery (2024) 14:19739–19751 

1 3

photoperiod on PE accumulation [26]. After 30 days of cul-
tivation, the maximum biomass and PE yields were 1.17 g/L 
and 58.45 mg/L, respectively, when 0.3 M of glycine and 
5 mM of glutamate were supplemented in BG 11 media.

3.3  Batch kinetic study

The prior studies show that various media supplements, such 
as glycine and sodium glutamate levels, and process condi-
tions, such as light intensity and photoperiod, can influence 
both BTA 903 and PE production growth. As a result, during 
the batch kinetics study, BTA 903 was inoculated in 100 ml 
BG 11 liquid media. However, additional supplements of 
0.3 M glycine and 5 mM sodium glutamate were added to 
the BG 11 media. The batch kinetics study was conducted 
for 30 days at 28 °C. The light intensity and photoperiod 
maintained during the batch kinetics study were 6 k Lux 
and 14:10 light and dark, respectively. Figure 3 a depicts 
the amounts of biomass and PE produced. When looking 
at the growth curves of BTA 903, three distinct phases are 
visible: lag, log, and stationary. Figure 3 a shows that the 
BTA 903 growth curve lag phase was observed for two days 
after inoculation in BG 11 liquid media. However, the log 
and stationary phases were extended for 18 and 10 days, 
respectively. When studying the growth of cyanobacteria, 
Tiwari et al. (2019) made a similar observation [26]. The 
biomass productivity of Anabaena sp. BTA 903 was esti-
mated to be 39  mgL−1  day−1. Based on log phase data, the 
specific growth rate of BTA 903 was calculated and found 
to be 0.150  day−1. For BTA 903, the doubling time was esti-
mated to be 4.6 days. The specific growth rate of Oscillato-
ria sp. is found to be 0.206  day−1, which is higher than the 
Anabaena sp. BTA 903 [26]. Figure 3 a shows that during 
the log phase, the rate of PE production increased as the 
biomass of BTA 903 increased. Furthermore, sufficient PE 
yield was observed in the stationary phase. A contradictory 
observation was made while evaluating the kinetics of PE 
production in Oscillatoria sp. in BG 11 media [26]. Tiwari 
et al. (2019) reported that the PE production rate is promi-
nent in the log phase, but there is no significant increase in 
the the stationary phase [26]. After 30 days of cultivation, 
the PE and biomass production yields were 58.45  mgL−1 and 
1.17  gL−1, respectively.

PE production patterns were examined using the Leudek-
ing-Piret (LP) model, as shown in Eq. (3). Equations (1) and 
(2) were used to calculate the specific growth and produc-
tion rates, respectively. Figure 3 b depicts the relationship 
between the specific PE production rate and the specific 
growth rate. According to Fig. 3 b, the growth-associated 
constant (α) and non-growth-associated constant (β) for 
PE were determined to be 0.0027 and 0.0024, respectively. 
The results show that PE was produced in both log phase 
and the stationary phase. Tiwari et al. (2019) reported that 

PE production is associated with growth, while PE produc-
tion from Oscillatoria sp. was studied in BG 11 media [26]. 
The value of growth associated (α) and nongrowth associ-
ated (β) constants for PE were found to be 0.114 and zero, 
respectively, for Oscillatoria sp. In the present studies, it 
is evident that PE is a secondary metabolite for BTA 903. 
Table 1 summarizes the current state of phycoerythrin pro-
duction in various cyanobacteria. However, after 30 days 
of cultivation, BTA 903 can produce 58.45  mgl−1 of PE. 
Since Anabaena sp. has significantly more PE than other 
cyanobacterial strains reported in the literature, commercial 
production of PE from this strain is possible to meet the 
industry’s demand for PE.

3.4  Analysis of BTA 903 composition, PBPs, 
chlorophyll‑a, ammonia excretion of BTA 903

To determine ash, carbohydrate, protein, lipid, and moisture 
content in Anabaena sp., 1.631 g of lyophilized BTA 903 
was used in this experiment. Anabaena sp. is made up of 

Fig. 3  (a)  Time-dependent profile of biomass, and C-phycoerythrin 
(PE) production by BTA-903, and (b) relation between specific PE 
production rate vs. specific BTA 903 growth rate
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a variety of components which are either organic or inor-
ganic. Because the lyophilized form was used to determine 
the composition in BTA 903, it is obvious that the moisture 
percentage will be attributed. The inorganic components of 
BTA 903 were analysed by the determination of ash con-
tent, which was performed at 550 °C in a furnace. Figure 4 
a depicts the major cellular constituents of Anabaena sp. 
It contains 5.84% (w/w) ash, 42.36% (w/w) carbohydrate, 
33.46% (w/w) protein, 16.46% (w/w) lipid, and 1.88% (w/w) 
moisture, as shown in Fig. 4 a. Nath et al. (2021) investigated 
the different cellular contents of 1.545 g of lyophilized Ana-
baena sp. CCC 744[19]. They found that lyophilized CCC 
744 contained 6.61%, 26.10%, 38.57%, 27.13%, and 1.6% 
ash, carbohydrate, protein, lipid, and moisture, respectively. 
According to their research, it is reported that the major 
component of CCC 744 was protein, followed by lipid and 
carbohydrate [19]. According to the present findings, carbo-
hydrate is the most important cellular component, followed 
by protein and lipid. The availability of major components 
within cyanobacteria is affected by strain type, environmen-
tal parameters, and the method used to determine compo-
nents. The correct strain for any industrial application must 
be chosen after analysing the level of major components 
present within cyanobacteria, as major components are not 
fixed for any type of strain. Since Anabaena sp. BTA 903 
contains 42.36% carbohydrate and 16.46% lipid, the strain is 
more suitable for industrial bioethanol and biodiesel produc-
tion. However, a high carbohydrate content can be beneficial 
in producing chemicals. Furthermore, as it contains 33.46% 
protein, BTA 904 can be used in animal feed and as a source 
of various bioproducts.

The levels of phycobiliproteins (PBPs) such as C-phyco-
cyanin (PC), along with allophycocyanin (APC), and C-phy-
coerythrin (PE) were measured after 30 days of cultivation 
of Anabaena sp. BTA 903. PE production was found to be 
highest among PBPs, followed by APC and PC (Fig. 4b). 
After 30  days of cultivation in a previously optimized 
medium, 49.96 mg PE/g biomass, 27.53 mg PC/g biomass, 
and 30.39 mg APC/g biomass were produced. Environmen-
tal factors, as well as nutritional parameters, can affect the 
physiology and biosynthesis of pigments, resulting in vari-
ation in dye production within species. Chlorophyll-a is a 
pigment used by cyanobacteria to collect solar energy for 
photosynthesis. The chlorophyll-a production was found to 
be 6.9 mg/g of biomass after 30 days of cultivation of Ana-
baena sp. BTA 903 in previously optimized media (Fig. 4b). 
According to Nath et al., (2021), the content of chlorophyll-a 
was measured as 2.98 and 7.44 g/mg of biomass after fifteen 
and thirty days of incubation in BG 11 media, respectively 
[19]. Chlorophyll-a concentrations may be increasing due to 
changes in irradiation or cell density [37]. Since the growth 
of all of the cells tool place under constant illumination, the 
current investigation concludes that decreasing the density 
of cell is the cause of the lower level of chlorophyll-a. Many 
cyanobacterial strains are capable of nitrogen fixation. The 
ability to fix nitrogen results in diazotrophic cyanobacteria 
that can survive in nitrogen-limiting environments [38]. The 
cyanobacterial species that are frequently used in the field 
as green manure replace synthetic manure [39]. Anabaena 
sp. develops heterocysts, a type of cell known for nitrogen 
fixation, under nitrogen-depleted conditions. The nitrogen 
fixation enzyme nitrogenises fixes nitrogen from the air. 

Table 1  The level of 
phycoerythrin found in various 
cyanobacteria

SL. No Name of the strains Phycoerythrin Reference

1 Nostoc sp. 65.04 µg/mL [46]
2 Oscillatoria sp. BTA170 62.54 mg/L [26]
3 Anabaena CCC 744 12.39 µg/mg [19]
4 Pseudanabaena sp. 39.2 mg/L [47]
5 Oscillatoria sp. 31.25 mg/g [48]
6 Pseudanabaena sp. 14.9 mg/L [47]
7 Porphyridium sp. CCAP 1380 33.85 mg/g [49]
8 Nostoc sp. HKAR-2 0.105 mg/mL [50]
9 Nostoc sp. PACC-8205 0.018 mg/mL [51]
10 Nostoc sp. PACC-8646 0.035 mg/mL [51]
11 Lyngbya sp. CCNM 2053 22.99 ± 0.52 mg/g [52]
12 Pseudanabaena sp. 32.2 mg/L [47]
13 Microcoleus autumnalis PACC-5505 0.132 mg/mL [51]
14 Microcoleus autumnalis PACC-5522 0.201 mg/mL [51]
15 Microcoleus autumnalis PACC-5527 0.136 mg/mL [51]
16 Microcoleus autumnalis PACC-5511 0.106 mg/mL [51]
17 Anabaena sp. PACC-8632 0.069 mg/mL [51]
18 Anabaena sp. BTA 903 49.96 ± 1.46 mg/g Present study
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Ammonia is considered a nitrogen reserve (inorganic) pri-
marily used by most cyanobacteria [40]. Ammonia appears 
to be an essential intracellular intermediate of nitrogen-fixer 
strains for nitrogen integration [41]. Anabaena sp. BTA 
903’s ammonia excretion competence was investigated 
after inoculating the strain in previously optimized media 
and withdrawing samples after thirty days of incubation. 
Figure 4 b depicts the content of ammonia excretion found 
after 30 days of incubation. The amount of ammonia excre-
tion was found to be 31.2 mg/g of biomass. To investigate 
the ammonia excretion capability of Anabaena sp. CCC 744, 

Nath et al., (2021) inoculated the strain in BG 11 liquid 
media and collection of the samples was carried out after fif-
teen and thirty days of incubation [19]. They revealed that as 
the incubation time of CCC 744 was increased, the amount 
of ammonia excretion increased, reaching 12.3 g/mg after 
15 days and 33.7 g/mg after 30 days, respectively.

3.5  Thermodynamics and stability of PE

PE deactivation studies were carried out under various 
pH and temperature conditions. The deactivation of PE is 
assumed to follow first-order kinetics.

PAPE denotes an active PE that is directly transformed into 
an inactive state  PDPE. It is presumed that no intermediates 
are developed during the deactivation phase. The deactiva-
tion process is denoted as:

The  kd denotes PE deactivation rate constant. After inte-
grating of Eq. (5) yields Eq. (6)

where, a =
PDPE

PAPE

After plotting ln (α) versus t, slope was used to calculate 
 kd. Equation (7) was used to calculate the half-life  (t1/2) of 
PE. The time required for 50% deactivation of PE is defined 
as its half life.

Table 2 shows the calculated deactivation rate constants 
for PE under various conditions. Table 2 shows that the deac-
tivation of PE is prominent in the presence of various temper-
atures and pH. When experiments were carried out at a par-
ticular pH, the  kd values of PE increased as the temperature 
went up. Protein integrity is maintained by the orientation of 
its secondary, tertiary, and quaternary structures. When the 
structure of a protein changes, it deactivates due to changes 
in its environment [26]. The functional property, as well as 
stability analysis of purified PE, was conducted by Rastogi 
et al. (2015), where various temperatures and pH were used 
[42]. They looked into the stability of purified PE in different 
environments. The role of pH and temperature on PE stabil-
ity was investigated separately in their study; however, the 
synergistic role of these factors on PE has yet to be explored 
properly. When incubated at 80 °C for 1 h, they found that 
84.33% of the PE remained active. When incubated at pH 12 
for 1 h, the residual fraction of PE was found to be 60.86% 

(4)PAPE → PDPE

(5)
dPAPE

dt
= −kd

[

PAPE

]

(6)a = exp
(

−kt
d

)

(7)t
1∕2 =

ln2

kd
=

0.693

kd

Fig. 4  a) Comparison of cellular components including ash, carbohy-
drate, protein, lipid, moisture, and b), PE, PC, APC, chlorophyl- a, 
and ammonia excretion of BTA-903
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[42]. Tiwari et al. (2019) studied the stability of PE in the 
presence of temperature and pH [26]. They reported that the 
deactivation rate constants for PE were zero when stability 
analysis was performed in the temperature range of 10–40 °C 
and pH of 7. Almost identical findings in the temperature 
range of 10–30 °C were made in the current studies. The 
deactivation rate constants for PE at pH 7 were determined 
to be 0.062 and 0.115 at 37 °C and 40 °C, respectively. Fur-
thermore, when compared to other pHs tested at the same 
temperature, the lowest  kd value for PE was found at pH 7, 
which various researchers also observed. The deactivation 
process for crude PE is faster at high alkaline pH than at 
acidic pH. It was found that pH 12 is more detrimental to 
PE, and the highest  kd value (0.671) was obtained when the 
experiment was conducted at 80 °C. After 1 h of incubation 
at pH 12 and 80 °C, it was found that PE retained 51.10% of 
its active concentrations [26]. Tiwari et al. (2019) reported 
a nearly identical observation, with 56.8% of PE remaining 
active after a 1-h incubation at pH 12 and 80 °C [26]. Elec-
trostatic and hydrogen bonds are the two types of bonds that 
maintain protein structures. If these bonds in PE structure are 
disrupted due to environmental changes, protein deactivation 
occurs [26]. Equation (7) was used to calculate the effect of 
temperature on half-life time at various pH levels. When the 
investigation was carried out within the range of 10 to 80 °C 
and a specific pH, the half-life of PE decreased as tempera-
ture increased. It is also clear that the decay of the half-life of 
PE is faster in alkaline conditions than in acid environments. 
When crude PE was studied at temperatures of 80 °C and pH 
12, it showed the shortest half life (1.03 h), indicating that PE 
is more unstable at these temperatures and pH levels. Tiwari 
et al. (2019) revealed the shortest half-life (1.22 h) of crude 
PE at 80 °C and pH 12 [26]. Protein stability is determined 
by various structures and bonds, such as electrostatic and 
hydrogen bonds. As a result, the half-life value varies when 
studied at different pH and temperature levels [26].

In the deactivation study, various thermodynamic param-
eters were measured to evaluate the mechanism of PE deac-
tivation process. Initially, entropy (ΔS∗) and enthalpy (ΔH∗) 

were measured, followed by Gibb’s free energy (ΔG∗) and 
activation energy  (Ea) of the biochemical process [43]. The 
relationship between temperature and the deactivation rate 
constant is shown as:

Or

ΔH∗ and ΔS∗ are represented as enthalpy and entropy, 
respectively. R and T are gas constant and absolute tem-
perature, respectively. Plank’s constant is denoted as h, and 
Boltzmann’s constant is represented as ‘k’. After plotting ln 
(kd/T) versus 1/T, the values of enthalpy and entropy were 
computed.

The following Eq. (10) was used for calculation of Gibb's 
free energy (ΔG ∗)

The Arrhenius equation was used to calculate activation 
energy  (Ea) from Eq. (11).

Or

The frequency factor is denoted by  k0, calculated by plot-
ting ln  (kd) against 1/T. The activation energy value was 
also calculated using the same graph. Table 3 shows the 
values of various thermodynamic parameters like enthalpy 
and entropy of crude PE at different pH levels. The values 
of  H∗ and  S∗ are affected by the solvent and structural effects 
of PE. Entropy is commonly used to represent the random-
ness or disorder in protein structure. Protein deactivation 
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kT
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Table 2  The role of temperature 
and pH on the deactivation rate 
constant  (kd) of PE

Deactivation rate constant  (kd,  hr−1)

Temp. (oC) pH (2) pH (4) pH (6) pH (7) pH (8) pH (10) pH (12)

10 0.443 0.232 0.115 0.000 0.167 0.257 0.473
20 0.457 0.247 0.130 0.001 0.182 0.273 0.488
30 0.472 0.260 0.144 0.010 0.195 0.286 0.503
37 0.483 0.272 0.155 0.062 0.207 0.297 0.512
40 0.504 0.293 0.177 0.115 0.228 0.319 0.534
50 0.536 0.324 0.208 0.135 0.260 0.351 0.566
60 0.555 0.345 0.228 0.155 0.280 0.371 0.587
70 0.582 0.371 0.255 0.178 0.307 0.397 0.612
80 0.641 0.431 0.313 0.200 0.365 0.456 0.671
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occurs due to a change in the interaction of the protein and 
the solvent, which is measured by entropy. Positive entropy 
values indicate higher order of disorder in the system and are 
responsible for the deactivation or denaturation of PE. Nega-
tive entropy values, on the other hand, support higher stabil-
ity by indicating a low level of randomness in the system 
[44]. Table 3 shows that the entropy values for PE are nega-
tive at all experimented pH ranges. The results show that PE 
is more compact in all tested pHs, resulting in less disorder 
in the PE molecule [43, 45]. The entropy value was found to 
be -313.69, -308.7, -298.40, -299.74, -304.50, -309.80, and 
-313.90 at pH of 2, 4, 6, 8,0, and 12, respectively. Tiwari 
et al. (2019) found a similar observation, and the value of 
entropy (-198.90 J/mol K) was found to be minimum at pH 
7 [26]. Enthalpy represents the quantity of energy needed 
for the denaturation process of PE. As a result, higher-order 
PE stability is denoted by a greater value of deactivation 
process enthalpy [44]. The maximum values of enthalpy for 
PE were revealed at pH 7 and calculated as 9.88 kJ/mol. 
Enthalpy was found to be the lowest (1.45 kJ/mol) at pH 12. 
More acidic and alkaline environments reduce the enthalpy 
of the PE deactivation process. Because of the compact-
ness of the PE structure, the negative entropy and positive 
enthalpy values found in all tested pHs are suitable for PE 
stability [43]. Tiwari et al. (2019) found a similar observa-
tion, with the maximum value of enthalpy (47.13 kJ/mol) 
found at pH 7 [26].

A higher order of S* indicates that more PE molecules 
have entered a transition state, resulting in a lower value of 
G*. G* is an essential thermodynamic parameter to assess 
protein stability rather than entropy and enthalpy because 
it results from entropy and enthalpy changes. The value of 
G* was calculated for PE at various pHs and temperatures 
and is given in Table 3. Table 3 shows that the calculated 
G* value of PE is positive for all pHs tested, implying 
that the PE is stable mainly in the above environmental 
conditions. At pH 7, PE had a higher Gibb’s free energy 
(103.70–115.69 kJ/mol), indicating that it is mostly sta-
ble. Tiwari et al. (2019) revealed a similar result, with the 
highest value of Gibb’s free energy (109.38–117.34 kJ/

mol) observed at pH 7 [26]. Equation (11) represents the 
Arrhenius equation, from which the changes in  kd with 
temperature can be calculated. The activation energy  (Ea) 
was calculated after plotting ln  (kd) and 1/T, and the value 
of  k0 was also computed using the same plot.  Ea calculated 
at pH 7 was found to be 9.88 kJ/mol, higher than the other 
tested pH for PE. In particular, the higher the activation 
energy, the slower the deactivation of PE. Tiwari et al. 
(2019) revealed a similar result, with the highest value of 
activation energy (49.89, kJ/mol) observed at pH 7 [26].

4  Conclusion

Cyanobacterium BTA 903, isolated from Manipur, India, 
was identified as Anabaena sp. based on morphological 
identification and phylogenetic analysis. Cyanobacterium 
cellular components have a high carbohydrate, protein, 
and lipid content, indicating they could be used as feed-
stock in various industrial applications. PE production is 
found to be associated with mixed growth. The amount 
of glycine and sodium glutamate in the media and the 
appropriate light intensity and photoperiod influences PE 
biosynthesis. Anabaena sp. produced chlorophyll-a, phy-
cobiliproteins (PBPs), and ammonia excretion, which can 
be used in various manufacturing applications. Tempera-
ture and pH are essential factors in the deactivation of 
PE. Compared to other pHs at specific temperatures, pH 
7 had the lowest  kd value of PE. Furthermore, the deacti-
vation process for crude PE was found to be faster at high 
alkaline pH compared to acidic pH. Higher acidic and 
basic conditions are responsible for lowering the value 
of entropy and enthalpy for PE. PE had higher positive 
G* values in all tested pHs, indicating that PE is mostly 
stable across the pH and temperature ranges tested. When 
all tested pHs were compared, G* values in pH-7 were 
found to be more favourable for PE. According to the 
findings, BTA 903 can be used as a feedstock and for 
producing PE in the industry.

Table 3  The values of 
thermodynamic properties 
during PE thermal deactivation

pH Enthalpy  (H*)
(kJ.mol−1)

Entropy  (S*)
(J/mol K)

Activation energy  
(  Ea), (kJ.mol−1)

Frequency factor  
(  k0),  (sec−1)

Gibb’s free 
energy  (G*) (kJ.
mol−1)

2 1.67 -313.69 4.3 73X10−5 90.44–112.40
4 4.65 -308.7 7.2 134X10−5 92–113.62
6 9.22 -298.40 11.85 463X10−5 93.67–114.56
7 9.88 -299.74 12.64 414X10−5 103.70–115.69
8 6.57 -304.50 9.25 222X10−5 92.74–114
10 4.08 -309.80 6.71 117X10−5 91.76–113.44
12 1.45 -313.90 4.08 71X10−5 90.29–112.26
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