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Abstract

This study investigates the physiological and biochemical resilience of four cyanobacteria strains,
Calothrix parietina, Aulosira fritschii, Tolypothrix bouteillei and Nostoc punctiforme following exposure
to 0.5 kGy/hr gamma radiation. Results indicate a significant capacity for recovery, suggesting potential
resistance against radiation. C. parietina exhibited a 63.2% growth increase after 60 min of exposure
with absorbed dose 0.5 kGy while T. bouteillei showed a 61.9% biomass increase at the 90 min dose
with absorbed dose 0.75 kGy by day 25. N. punctiforme initially suffered on day 5 due to filament
shattering but eventually achieved an 8.9% increase over control levels. While initial exposure caused
immediate morphological trauma, including filament breakage and pigment leaching, these stressors
triggered a stress-adaptation mechanism. Chlorophyll ain C. parietina rose by 107.7% and carotenoids
in T. bouteillei increased by 31.5%. Primary metabolites surged, with carbohydrate content reaching
550 ug/mLin T. bouteillei and total antioxidant activity in C. parietina peaking at 800 pug/mL. Moreover,
protein content rose and carbohydrate levels surged, reaching high concentrations in T. bouteillei to
fuel energy-intensive repair processes and potentially produce protective extracellular polysaccharides.
Spectrophotometric analysis confirmed that rather than degrading, concentrations of chlorophyll a and
carotenoids significantly increased to quench reactive oxygen species and protect the photosynthetic
apparatus. Collectively, these observations project a radiotolerance architecture in these filamentous
organisms that effectively utilizes the physical stress of ionizing radiation as a catalyst for metabolic
surge, transforming initial cellular damage into a stimulus for enhanced biochemical production and
long-term survival.
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INTRODUCTION

Cyanobacteria represent the most
ancient lineage of autotrophic prokaryotic
organisms, with a fossil record extending back
over 3.5 billion years.? During the Precambrian
period, these pioneer organisms initiated the
production of oxygen through a process identical
to modern plants, fundamentally altering the
Earth’s atmosphere.? There was no protective
ozone layer on the planet during its early period,
so microorganisms suffered from intense, ionizing
radiation and exposed UV radiation.? This ancient
environmental pressure forced the evolution
of internal mechanisms to manage extreme
radiation stress, laying the groundwork for the
radiotolerance feature observed in modern
strains. The resilience developed during the
Precambrian era provides a biological foundation
for understanding how cyanobacteria interact with
high-energy stressors like gamma radiation today.*

y radiation, characterized by the
shortest wavelengths and highest energy in the
electromagnetic spectrum, acts as a modern proxy
for the intense radiation of early Earth.* It induces
cellular damage through two primary pathways: (i)
direct action, which denatures proteins and causes
double-strand DNA breaks (ii) indirect action
through the radiolysis of water.® This radiolysis
generates highly reactive oxygen species (ROS),
such as hydroxyl radicals which randomly attack
cellular components and disrupt homeostasis.” The
survival of cyanobacteria under such catastrophic
stress is not merely passive but involves a dynamic
physiological response aimed at neutralizing ROS
and maintaining metabolic integrity.®

Modern physiological research focuses on
the major upregulation of cellular defenses such as
pigments and primary metabolites that contribute
to survival tactics.” Non-enzymatic antioxidants,
particularly carotenoids, play a critical role by
qguenching singlet oxygen and stabilizing cell
membranes against radiation-induced oxidative
damage. Simultaneously, the maintenance and
upregulation of photosynthetic pigments like
chlorophyll a are essential to ensure a continuous
energy supply for cellular repair processes.® The
functional status of these pigments serves as a
vital indicator of an organism's ability to withstand
ionizing radiation stress without suffering from

lethal bleaching. Beyond pigment stabilization, the
shift in primary metabolism toward the synthesis
of proteins and carbohydrates is a hallmark of
the radiotolerance response.'* Enhanced protein
synthesis is required to produce enzymes for
repair that restore proteostasis following radiation
exposure. Furthermore, the massive accumulation
of carbohydrates serves as a vital energy reserve,
fuelling the energy-intensive repair of the
system and providing precursors for protective
extracellular structures.'? These physiological
shifts, alongside the activation of a systematic
antioxidant network, allow cyanobacteria to
recover from an initial shock phase. Despite
the ecological importance of these organisms,
the specific physiological limits and biochemical
strategies of different filamentous strains under
gamma radiation remain relatively unexplored.
The present study aims to evaluate the
impact of a 0.5 kGy/hr dose rate of gamma radiation
on the growth rate, photosynthetic pigments,
primary metabolites and total antioxidant activity
(TAA) of four filamentous cyanobacterial strains:
Calothrix parietina, Aulosira fritschii, Tolypothrix
bouteillei and Nostoc punctiforme over a 25 day
period to define the functional boundaries of
their radiotolerance and identify the metabolic
strategies employed to survive ionizing stress.

MATERIALS AND METHODS

Culture of cyanobacteria

For the conduction of experiment, four
cyanobacteria species were included as test
organisms: Calothrix parietina (VBU 23), Aulosira
fritschii (VBU 118), Tolypothrix bouteillei (VBU
268), and Nostoc punctiforme (VBU 298). All
cyanobacterial species were obtained from the
Algal Biotechnology and Molecular Systematics
Laboratory, Berhampur University, Bhanja
Bihar, Odisha. For culturing and maintaining
cyanobacterial species, we used BG-11 medium
under light (30 p mol photons/m?¥s) at 25 + 2 °C,
following a 14:10 hour light/dark cycle with pH
7.0.83

vy radiation exposure

For the irradiation experiment, a 10 days
old culture was used. The cultures were aseptically
dispensed into sterile tubes and exposed to a y
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dose rate (0.5 kGy/hr) for different time intervals
(30 min, 60 min, 90 min) using a Co-60 y-source,
along with a control and then kept under the same
culture conditions for 25 days. The absorbed dose
can be calculated using the given formula. The
absorbed dose would be 0.25 kGy, 0.5 kGy and 0.75
kGy with different times of y exposure, 30 min, 60
min and 90 min, respectively. The overall workflow
for assessing the biochemical and physiological
changes of cyanobacterial strains in response to y
radiation is represented in Figure 1.

Absorbed dose = Dose rate x Time of exposure

Growth of the y-exposed strains

The growth patterns of all test organisms
were studied under different time periods such
as 30 min, 60 min and 90 min of y radiation
exposure. The growth was measured by using UV-
visible spectroscopy at 750 nm (BioSpectrometer,
Eppendorf).*

Morphological alterations under y exposure

The morphological changes that occurred
in the strains exposed to different y dose rates
were observed by microscopy (Olympus BX53F2).

0.5 kGy/hr |

v
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Photosynthetic pigment content

The total chlorophyll and carotenoid
content of samples treated with different hourly
doses of y (30 min, 60 min, 90 min) was determined
onday 5 and day 25 using the Wellburn method.*

Primary metabolite content

The total protein content of samples
treated with different hourly doses of y (control,
30 min, 60 min, 90 min) was estimated by the
Bradford method and compared with the control
at 5 day intervals over 25 days.'® The total
carbohydrate content of the algal samples treated
at different hourly doses of y (control, 30 min, 60
min, 90 min) was estimated on day 5 and 25 using
the Anthrone assay.”’

Total antioxidant activity

The TAA of the ethanolic extract of
the test organisms was determined using the
phosphomolybdate method. A volume of 0.1 mL
of the ethanolic extract was mixed with 1 mL of
the reaction mixture, followed by incubation for
90 min at 90 °C and the absorbance of the TAA
sample was measured at 695 nm (Unit: ug/mL).%
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- Wiy
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Figure 1. Schematic representation of the experimental workflow assessing the biochemical and physiological

responses of cyanobacterial strains to gamma radiation
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UV-Vis spectroscopy

The ethanolic extracts were scanned
through a UV-Vis spectrophotometer within
the 250-700 nm range for the presence of any
pigments.*®

Statistical analysis

A triplicate was performed for each
experiment. The experimental results were
statistically analysed by ANOVA using MS Excel and
GraphPad Prism. Following that, a Tukey test was
performed. Results were expressed as mean + SD
and statistical significance was defined as P-values
<0.05.

RESULTS

Growth

An upregulated growth curve indicates
tolerance and survival of a species under stress. In
our experiment, irradiated samples have exceeded

the biomass of control samples, indicating a
high level of resilience by cyanobacterial strains
are shown in Figure 2. After continuous 60 min
exposure, C. parietina showed substantial growth
stimulation, reaching an absorbance of 1.73 by day
25, while the control stood at 1.06. As shown in
the study, the growth of A. fritschii peaked at 30
min of exposure with an absorbance of 1.32 by day
25. However, the growth of the 90 min exposed
sample slowed toward the end. The growth curve
for T. bouteillei showed an unusual pattern, with
a significant absorbance of 1.25 at day 10 before
levelling off. Interestingly, at day 25, the 90 min
group (0.34) exhibited greater growth than the
control value 0.21. The 30 min exposure group
N. punctiforme consistently outperformed the
control, reaching an absorbance of 1.34 by day 25
compared to the control.

Morphological observations
Microscopic analysis of C. parietina,
A. fritschii, T. bouteillei and N. punctiforme
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Figure 2. Growth of gamma irradiated cyanobacteria strains plotted in terms of absorbance at 750 nm. A control
group and an irradiation group were studied for post-irradiation outgrowth (a) C. parietina, (b) A. fritschii, (c) T.
bouteillei, (d) N. punctiforme. Error bars indicate the standard deviation across a minimum of three independent

experiments
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provided visual evidence of the physical impacts
with the following 0.5 kGy/hr gamma dose
exposure (Figure 3). All four filamentous strains
exhibited distinct in structural alterations,
including clear points of filament breakage and
fragmentation. In N. punctiforme, the beads-on-
a-string multicellular chains suffered extensive
physical shattering, which was accompanied
by pigment leaching visible as a diffuse cloud
of cellular contents surrounding the disrupted
filaments (Figure 3h). C. parietina displayed
dense, tapering depicted in filaments that formed
clumped aggregates (Figures 3a, e and i). For T.
bouteillei, microscopic observations revealed
disruptions occurring at the branching points of
its complex filamentous structure, as shown in
Figures 3c and k.

Photosynthetic pigments

Radiation exposure generally led to a dose-
dependent increase in pigment concentrations,
suggesting an adaptive response to oxidative
stress. Chlorophyll a in all four strains exhibited
an increase in chlorophyll a as the radiation
exposure period increased. T. bouteillei produced
the highest mean concentration, rising from
5.55 pg/mL (control) to 6.24 ug/mL (90 min). In

C. parietina the chlorophyll a content increased
twice from 0.13 pg/mL to 0.27 pg/mL at the 90
min mark are shown in Figure 4a. In the case of
Carotenoids similar to chlorophyll, carotenoid
levels increased with dose. In T. bouteillei, levels
rose from 2.32-3.05 pg/mL. A. fritschii and N.
punctiforme also showed steady increases, peaking
at 0.78 pg/mL and 0.81 pg/mL, respectively, after
90 min and are depicted in Figure 4b.

Primary metabolites

The synthesis of proteins and
carbohydrates was significantly stimulated by
gamma radiation. Protein content showed a
consistent upward trend across all strains as
exposure time increased from 30-90 min. In C.
parietina, the highest protein concentration was
7.44 pug/mL (90 min) exposure evaluated, while in
N. punctiforme increased from a control of 3.96-
4.5 ug/mL as described in Figure 5a. Carbohydrate
content of T. bouteillei accumulated significantly
higher levels of carbohydrates than any other
strain, reaching 550 pug/mL at the 90 min exposure.
A. fritschii also showed a high concentration,
peaking at 148.53 pg/mL as illustrated in Figure
Sb.
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Figure 3. Effect of gamma radiation on the morphology of C. parietina, A. fritschii, T. bouteillei and N. punctiforme
following initial gamma radiation exposure, including filament breakage (a-d), pigment leakage (e-h), and cell

shrinkage (i-1)
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Total antioxidant activity (TAA)

The antioxidant defence systems of the
cyanobacteria were heavily activated by radiation.
C. parietina displayed the highest baseline and
stimulated TAA, with levels reaching approximately
800 pg/mL in the 90 min exposure sample. N.
punctiforme showed a clear dose-dependent
increase, rising from roughly 180 pg/mL (control)
to over 220 pg/mL (90 min). T. bouteillei and A.
fritschii maintained lower TAA levels generally
below 150 pg/mL but still followed the trend of
increasing activity with higher radiation exposure
are depicted in Figure 6a.

UV-Visible spectroscopy

Spectroscopy dataillustrated in Figure 6b
reflect a wide variety of pigments and proteins of
cyanobacteria that show how different doses of
gamma radiation alter their pigment concentration
for survival. The primary investigation includes
pigment such as scytonemin (350-400 nm),
phycobiliprotein (620 nm) and peaks in blue, red
regions are the primary indicators of chlorophyll a
(670 nm), carotenoid (450-500 nm), respectively.
The 500 nm and 600 nm correspond to light
harvesting accessories protein like phycoerythrin
and phycocyanin and allophycocyanin as illustrated
in Figure 6b.
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DISCUSSION

The cyanobacteria are ancient
prokaryotic photoautotrophs that invented
oxygenic photosynthesis over 3.5 billion years
ago.?° They can often fix atmospheric nitrogen
through their oxygenic photosynthesis.?* They
thrive in extreme environments, including hyper-
arid deserts, volcanic hot springs and radioactive
spent nuclear fuel ponds which are inaccessible to
most life forms.?? In Earth's harshest environments,
their resilience makes them resistant to extreme
conditions such as desiccation, vacuum, and
ionizing radiation.”

In this study, four distinct strains of
the cyanobacterium C. parietina, A. fritschii, T.
bouteillei and N. punctiforme were evaluated
in terms of morphological changes, primary
metabolites and photosynthetic pigment after
different hour of y exposure. In this experiment,
a 0.5 kGy/hr dose of y radiation was applied over
three discrete time periods of 30, 60 and 90 min.
Different variables were evaluated at different
time points, such as day 5, which was selected for
the immediate physiological and the initial shock
phase following the 0.5 kGy/hr y exposure. While
day 25 was selected to assess the stability and long-
term success of the radiotolerance architecture
for species like C. parietina and A. fritschii.
Furthermore, the reason for using multiple time
intervals is to identify the specific point at which
radiation stops being a simple stressor and begins
to act as a physiological catalyst. The 30, 60, and 90

min intervals allow for the observation of a linear
or progressive biochemical response.

All four strains, C. parietina, A. fritschii,
T. bouteillei and N. punctiforme, show remarkable
resistance and survival skills against gamma
radiation. To counter radiation stress, these
cyanobacteria use radiation-induced growth
stimulation as a primary strategy, which is
reflected in the study of the resilience strategy of
filamentous cyanobacteria such as Anabaena sp.
strain PCC 7120, which tolerates very high doses
of Co-60 y radiation and prolonged desiccation
by Singh et al.?* It is demonstrated that C.
parietina and N. punctiforme can exceed control
growth levels when exposed to these ionizing
radiation dosages. Upregulation of growth is only
possible when high amounts of pigment, protein,
and antioxidants are synthesised to protect
cellular metabolic activity and ensure survival.
Similar findings found in the study of protection
and damage repair mechanisms in survival of
Chroococcidopsis sp.?> Over 25 days, cyanobacteria
undergo an initial shock phase, as reflected
in the growth graph and exhibit enhanced
biomass production compared to the control
sample towards the end of the observation. This
phenomenon is also reflected in the study of
chronic low dose rate irradiation induce transient
effect on cyanobacteria Limnospira indica by
Fahrion et al.?® C. parietina demonstrated the
most aggressive growth response among the four
species exposed to radiation. Increased growth
rate with the increase of radiation exposure
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suggests that the physiological stress induced by
0.5 kGy/hr of gamma radiation acts as a catalyst,
potentially triggering over-compensation in
cellular repair and division mechanisms.? Its
superior growth can be correlated with protein and
total antioxidant activity, providing the necessary
molecular machinery for rapid action in the study
of oxidative stress in cyanobacteria by Rezayian
et al.?® A similar kind of trend can be observed in
species N. punctiforme, which shows resistance
particularly at moderate exposure levels. The 30
min exposure group-maintained growth by day 25,
outperforming the control. But high time exposure
causes a severe initial growth lag, dropping on day
5. Later, it showed a robust recovery by the end of
the study. This lag-and-recover phase is typical of
radio-tolerant organisms that must first prioritize
DNA repair before resuming normal cell cycles. In
contrast to the above two species, A. fritschii and
T. bouteillei displayed different survival strategies.
Both species show slow but steady growth, which
is likely supported by their massive accumulation
of carbohydrates which serve as energy reserves
for long-term survival. This trend can be marked
in the study of carbohydrate accumulation, which
surged high to support the growth in Oscillatoria
sp. by Foy and Smith.*

As illustrated in Figure 3, morphological
damage triggers protective responses to gamma
radiation. The morphological study confirms that
0.5 kGy/hr of gamma radiation causes significant
immediate response in the form of filament
breakage and pigment loss. However, the resilient
filamentous structure and the ability to reallocate
primary metabolites allow these cyanobacteria to
transform this initial damage into a stimulus for
enhanced biochemical production and growth.

Radiation damage in sensitive species
results in pigment bleaching, but these
cyanobacteria utilize the stress to boost their
antioxidant capacity. Chlorophyll a is the primary
pigment for light harvesting and energy conversion.
According to the result, all four strains exhibited
higher chlorophyll a levels as the duration of
radiation exposure increased from 30-90 min.
This suggests that the radiation treatment did
not degrade the photosynthetic apparatus but
instead triggered a compensatory response to
ensure energy production remained sufficient for
cellular repair processes. Carotenoids serve as vital

secondary pigments and powerful antioxidants
that protect cells from reactive ROS generated
by ionizing radiation. The result demonstrate a
clear upward trend in carotenoid levels across all
species. The increase in these pigments is crucial
because they quench singlet oxygen and dissipate
excess energy that could otherwise lead to DNA
fragmentation and protein denaturation. In strains
such as T. bouteillei and C. parietina, pigments may
provide a protective shield for the photosynthetic
machinery, which directly contributes to robust
growth recovery. The impact of radiation on
these pigments highlights a sophisticated stress-
adaptation mechanism.

There is a significant increase in the
production of primary metabolites after 0.5 kGy/
hr gamma radiation, especially in C. parietina and
N. punctiforme. These cyanobacteria survive and
thrive despite high-energy radiation stress by
upregulating proteins for repair and carbohydrates
for energy and protection.>® In response to 0.5 kGy/
hr gamma radiation, proteins and carbohydrates
undergo a significant metabolic shift for protection
and recovery.

Stress-response protein induction
is strongly associated with this upward trend
in protein synthesis. In the wider study, C.
parietina had a robust protein response, which
correlated directly with its superior growth
recovery and high antioxidant activity. The
synthesis of carbohydrates also showed a marked
increase in radiation treatment. A similar study
can be noticed in Spirulina platensis irradiated
at 6 kGy, which showed the highest recovery of
protein and carbohydrates, indicating enhanced
extraction of these compounds post-irradiation
by Ali et al.3* High carbohydrate concentrations
are essential for radio-tolerant cyanobacteria for
two primary reasons. As a first step, they fuel the
energy-intensive process of repairing the cells by
providing carbon and energy.*? Due to its massive
carbohydrate levels, T. bouteillei may prioritize
producing an EPS sheath to protect itself from
environmental stressors.

Spectrophotometry bridges the gap
between the physical exposure to gamma radiation
and the biological response of the cyanobacteria.
The stable spectral scans and the increased
absorbance at specific markers for growth,
pigments and metabolites collectively project
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a robust radiotolerance architecture.®® These
organisms use the stress of 0.5 kGy/hr radiation
to boost their biochemical defenses, a trend that
is quantitatively proven by the consistent upward
trajectory of their spectrophotometric data. The
spectral scans of the cyanobacterial extracts
provide a qualitative fingerprint of the cellular
health and pigment composition post-irradiation.
The peaks observed in the absorbance spectra
specifically the high absorbance in the blue region
(400-450 nm) and the sharp peak near 670 nm
confirm the presence and functional status of
carotenoids and chlorophyll a, respectively.?*
Despite the high-energy gamma exposure, these
spectral profiles remain well-defined, indicating
that the chemical structures of these pigments
have not been degraded so far. In fact, the
guantitative data show that absorbance levels for
these pigments actually increased, particularly in
T. bouteillei, which exhibited high chlorophyll a
concentration at the 90 min exposure.

CONCLUSION

In this study, 0.5 kGy/hr of y radiation acts
as a physiological catalyst for these filamentous
strains, triggering metabolic overcompensation
despite initial structural trauma. The significant
baseline increases in growth, pigments, and
carbohydrates, notably in C. parietina and T.
bouteillei, highlight a robust radiotolerance
architecture. These findings suggest potential
avenues for future research, such as investigating
these strains for the bioremediation of radioactive
waste or as oxygen producers in space life-support
systems. Furthermore, exploring the genetic
triggers for such resilience may tentatively inform
the development of radioprotective strategies or
resilient industrial microbes.
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