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Abstract
Microalgae as one of the key components of food chains in aquatic environments are promising biological models for investi-
gating gamma irradiation effects on eukaryotic organisms. Understanding resistance mechanisms in these organisms as simple
models might illuminate how gamma irradiation resistance improves in these algae and even more complex organisms. The
present study aimed to investigate the effects of ionizing irradiation on Chlorella vulgaris as a stress-tolerant microalga and to
find how the eukaryotic cells would tolerate such stressful conditions. The physiological responses and biochemical alterations of
C. vulgaris were analyzed at three different time points (0, 16, and 48 h) after 600 Gy gamma irradiation. Compared to the
control, gamma-irradiated algae had slower growth rate with significantly longer lag phase, less chlorophyll and protein contents
at time 0, which were compensated and recovered during the next 48 h. The results also showed spontaneous H2O2 burst
accompanied by a higher rate of lipid peroxidation and electrolyte leakage, a rapid increase of catalase activity and more ferric
reducing antioxidant power immediately after irradiation. During a 48-h period, most alterations stabilized. Raising trends were
observed in the carotenoid contents, the ratios of carbohydrates, amide I and amide II to fatty acids. Principal component analysis
and hierarchical clustering suggest two possible distinct mechanisms: a “quick” one including spontaneous responses by boosting
H2O2, amplifying enzymatic antioxidant systems, and increasing compatible solutes like proline and a “delayed” responsive
strategy including the increase of soluble carbohydrates, carotenoids, and stress-related proteins triggered several hours after
irradiation.
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Introduction

There are several phases motivated by absorbed energy be-
tween the initial stage of absorption of ionizing radiation (IR)
and the final damage of biological systems. In this process,
two main forms of interaction can be defined: direct and indi-
rect actions. Deposition of the radiation energy, directly into
the targets is materialized in “direct actions,”while in “indirect
actions,” diffusible intermediates produced by energy

absorption of an external medium, attacks cell components
(Lee et al. 2009; Esnault et al. 2010). The exposure of water
to ionizing energy generally results in a range of free radicals
such as ionized water molecules (H2O

•+) as well as H• and
•OH radicals. Subsequently, ionized molecules produce sec-
ondary reactive oxygen species (ROS) such as O2

•− and H2O2

via a chain of reactions, which eventually cause oxidative
stress (Lee et al. 2009). However, as it is maintained in liter-
ature, there are other factors that could be operative and bring
about different effects in response to IR-induced oxidative
stress. These include the radiation types, dose rates, genotype,
and developmental stages, as well as variations of interindi-
vidual responses. Therefore, it is difficult to predict a typical
response of photosynthetic organisms to ionizing radiation
(IR), although there appear to be some common patterns
(Boyer et al. 2009; Kim et al. 2009). Thus, determining cell
sensitivity and resistance to radiation is a matter of inquiry
which requires further detailed investigation. To some degree,
it is evident that the efficient removal of harmful ROS enables
the cells to defend themselves against oxidative stress, which
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is a crucial process in IR-resistant microorganisms (Daly
2011; Pavlopoulou et al. 2016). It has been shown that
Deinococcus radiodurans and Halobacterium salinarum, for
instance, due to their ability to accumulate small antioxidant
molecules, could defend their proteins from oxidation and
preserve the function of enzymes needed to repair and reorga-
nize IR-damagedDNA and thereby survive (Daly 2009; Slade
and Radman 2011; Robinson et al. 2011; Ishino and Narumi
2015). Matching the collected reports from D. radiodurans
R1 has shown a link between desiccation resistance and the
radiotolorance of D. radiodurans. These experiments have
indicated that sensitive IR strains also have some degree of
sensitivity to dryness. Furthermore, according to gene expres-
sion, common responses to these stresses show that they are
associated with necessary proteins for repairing double-strand
DNA breaks and protective responses to oxidative stress.
Thus, two views exist for IR resistance in D. radiodurans:
(i) there are putative genes with repairing functions or (ii) a
number of antioxidant protection compounds result in con-
ventional repair pathways (Mattimore and Battista 1996; De
Groot et al. 2005; Gabani and Singh 2013). Besides, in addi-
tion to these nonphotosynthetic model organisms, selected
sources of cyanobacteria and microalgae were reported to be
impervious to UV, X-ray, and gamma-ray radiation, which
makes them appealing objects to investigate and further reveal
molecular standards of cellular radiation resistance of photo-
synthetic organisms (Posner and Sparrow 1964; Asato 1971;
Kovacs and Keresztes 2002; Ermavitalini et al. 2017; Shabana
et al. 2017).

Eukaryotic microalgae can thrive and grow under a vast
range of environmental conditions in fresh and marine aquatic
ecosystems and produce valuable products, such as carotenoids,
pharmaceuticals, and nutraceuticals (Safi et al. 2014). Although
these microorganisms play an important ecological role and are
recognized as reliable indicators of environmental conditions,
few studies have investigated their responses to ionizing radia-
tion. It is worth mentioning that eukaryotic microorganism re-
sponses to ionizing radiation are more complex and while there
are only a few eukaryotes found to be ionizing radiation-resis-
tant, limited experiments have concentrated on them to consider
and clarify the principles of this phenomenon (Santier et al.
1985; Joiner et al. 2001;Wang et al. 2004). For example, recent-
ly, a new microalga species, Coccomyxa actinabiotis, was iso-
lated from a nuclear facility.Coccomyxa actinabiotis could resist
against a high dose of ionizing radiation (up to 20,000 Gy),
(Rivasseau et al. 2016). However, no detailed information about
its resistance mechanism has been reported as yet.

Among the green eukaryotic microalgae, Chlorella
vulgaris is one of the best-known examples which are able
to be resilient and adapt to a range of extreme and severe
conditions (Priyadarshani and Rath 2012). This unicellular
microalga has the capability to mature in environments with
high doses of salt or heavy metals, extreme temperatures or

light intensities. This alga is also able to resist ionizing radia-
tion from intense ultraviolet (UV) radiation to gamma rays, as
well as charged particles (Malanga and Puntarulo 1995;
Evseeva et al. 2010; Cheng et al. 2013). Chlorella vulgaris
exposed to different levels of UV-B showed cell growth inhi-
bition and stimulated carotenoid accumulation. Additionally,
transcriptomic analysis of Chlorella grown at evaluated UV
condition demonstrated various expressed genes, related to
preservation and remobilization of resources of energy, pro-
tein protection, certifying lipid homeostasis of membrane, and
modifying antioxidative mechanisms (Poong et al. 2018). By
imposing stress on a cell, its physiological state will change,
which in turn can illuminate regulatory mechanisms and sys-
tem relationships of the altered cell and its cellular metabolic
functions. Although there are several reports on the suscepti-
bility or tolerance of microalgae such as C. vulgaris to UV
radiation (Wong et al. 2015; Lai et al. 2018), a comprehensive
morphological and physiological analysis of the resistance
and response of microalgae to ionizing radiation seems to be
lacking. Due to outstanding resistance of this alga to different
types of stresses mentioned in the above studies, we hypoth-
esized that C. vulgaris can tolerate high doses of gamma irra-
diation. We also predicted that the mechanism recruited to
resist or avoid radiation-induced oxidative damage possibly
would be similar to its responses to salinity, heavy metals, and
UV. We were also interested to find which distinct strategic
mechanisms would be used by C. vulgaris in response to
gamma radiation and whether the gamma-related responses
would be similar to those reported for gamma-resistant bacte-
ria or other photosynthetic organisms.

Consequently, this study aimed to identify and account for
specific responses of C. vulgaris to IR in detail, in order to
obtain a clearer picture of its cellular resistance mechanism
against irradiation. For this purpose, chemical and physiolog-
ical responses of C. vulgaris strain UTEX 265 to acute doses
of gamma rays were investigated by FT-IR analyses and ex-
amining physiological parameters. We considered C. vulgaris
as a good eukaryotic model organism to examine the effect of
ionizing radiation on unicellular algae. This approach allowed
us to diagram the dynamics of the responses and related met-
abolic pathways over specific time courses. According to our
knowledge, little is known about Chlorella genus IR resis-
tance and the physiological abilities of this alga to withstand
gamma irradiation have not been investigated as yet.

Materials and methods

Culture conditions

Chlorella vulgaris strain UTEX 265 was from the UTEX cul-
ture collection of algae (University of Texas, Austin, USA).
The alga was cultured under sterile control conditions at 25 °C
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temperature, 100 μmol photons m−2 s−1 light intensity and
18:6 h (light/ dark) photoperiod in Bold’s Basal Medium
(BBM) in 250-mL Erlenmeyer flasks containing 100 mL
growth medium (Chia et al. 2013). The algal suspensions with
equal volume and cell number were prepared after determin-
ing the growth stationary stage for the next step.

Gamma radiation

In a preliminary experiment, gamma irradiation-withstanding-
ability was monitored with different gamma doses (control,
300, 600, 1200 Gy at a dose rate of 0.5 Gy s−1 at exposure
times of 10, 20, and 40 min, respectively), selected according
to previous related studies (Tale et al. 2018). For all doses,
equal volumes (250 mL) of algal batches with the same con-
centration of cells (40 × 106 cells mL−1) were prepared and
irradiated in a 60Co irradiator source at the Atomic Energy
Organization’s Energy Agency (Tehran Atomic Energy
Organization, I.R.I) with gamma. Subsequent to irradiation,
irradiated and nonirradiated (control) batches were transferred
to Erlenmeyer flasks with 1000 mL volumes, with equal vol-
umes of new medium (250 mL) added and incubated as de-
scribed in section 2.1. The algal growth curve was plotted at a
time course of 96 h and according to the median lethal dose
(LD50), using erythrosin B (erythrosin B turns dead cells red).
Gamma irradiation of 600 Gy was selected to be used in the
main stage of the experiment for further analysis. Therefore, a
new batch of algal culture was prepared as before and was
irradiated with 600 Gy at the same dose rate and then analyzed
over a period of 48 h. Each treatment (irradiated at 600 Gy and
nonirradiated control) was repeated at least three times (N = 3)
independently. Nine flasks (1000 mL Erlenmeyer) were used
for the whole procedure. For biochemical and physiological
analyses, samples were taken at three time points (0, 16, and
48 h) from three flasks which were either immediately used or
fixed in liquid nitrogen for subsequent analyses.

Algal growth

In order to demonstrate algal ability to recover from gamma
irradiation conditions, the growth curve of algae was plotted
by calculating cell concentration. The cell concentration was
determined using a hemocytometer over a 96-h period.
Besides, the specific growth rate (μ) was determined by fol-
lowing equation (Fogg and Thake, 1987): μ = (lnN2 − lnN1)/
(t2 − t1), where, N1 and N2 are cell concentration at time t1
(time point 0) and t2 (time point 48 h).

Photosynthetic pigments

Şükran et al. (1998) method was modified and employed to
measure algal pigments including chlorophylls and caroten-
oids. Algal suspensions (10 mL) were centrifuged for 10 min

at 5900×g. After disruption of cell walls with pellet pestle and
repeating freeze/thaw cycles, the pellets were homogenized in
20 mL chilled acetone 80% (v/v) in darkness and the mixtures
were centrifuged as before. The supernatant was collected and
the absorption was read at 663, 646, and 470 nm. The content
of pigments was calculated using the Wellburn and
Lichtenthaler (1984) formulas as mg per mL, divided by the
cell concentration and expressed as pg per cell.

Electrolyte leakage

In order to determine cell membrane stability under gamma
irradiation, Liu’s method was employed to determine the elec-
trolyte leakage (EL) (Bajji et al. 2002). Ten milliliter of algal
suspension was centrifuged at 2400×g for 10 min, washed
twice with 10 mL of distilled water, resuspended in 10 mL
of distilled water, and incubated in water at 25 °C in darkness
for 24 h. After that, a conductivity meter (Jenway, Model
4510) was used to measure initial electrolyte leakage (EC1).
Later, the samples were heated at 100 °C for 20 min and the
secondary electrolyte leakage (EC2) was measured. The fol-
lowing equation was applied for EL calculation: (EL)
(%) = (EC1/EC2) × 100.

MDA content

Malondialdehyde (MDA) content was used as a marker to
assay the rate of lipid peroxidation (Xiong et al. 2014). The
pellet obtained from 10 mL of algal culture was homogenized
in 5 mL trichloroacetic acid (TCA) solution 10% (w/v), and
the mixture was centrifuged at 9300×g for 15 min. For each
1 mL aliquot of the supernatant, 1 mL of 0.5% (w/v) thiobar-
bituric acid (TBA) solved in 20% (w/v) TCA was added and
the mixture was heated at 96 °C for 30 min and then cooled in
an ice bath. The absorbance of the supernatant was read at 532
and 600 nm. The extinction coefficient of 155/(mM cm) was
used for calculating MDA concentration.

Proline content

Free proline content was determined based on the method
proposed by Bates et al. (1973). Pellets from 10 mL algal
culture were extracted in 5 mL of 3% sulfosalicylic acid and
centrifuged for 15 min at 5900×g. Two milliliter of superna-
tant was added to 2 mL ninhydrin and 2 mL of glacial acetic
acid. The mixture was then heated for 60 min at 100 °C and
then cooled quickly in an ice bath. Subsequently, 4 mL of
toluene was added into the solution and was vortexed for
30 s. The organic phase containing proline was used for ab-
sorbance reading at 520 nm. By reference to L-proline (Sigma,
USA) the proline content was calculated.
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Glycine betaine content

Glycine betaine was quantified as previously described by
Sairam et al. (2002). Harvested cells from 10 mL algal culture
were washed with distilled water and then centrifuged. The
pellets added with an equal volume of 2 N H2SO4 and 0.8 mL
chilled in KI–I2 reagent (1.75 g I2 and 2 g KI in 10 mL deion-
ized water) were briefly vortexed and incubated in an ice bath
for 16 h. One milliliter of the homogenate was carefully mixed
with 1 mL of 1,2-dichloroethane and was incubated for 3 h at
room temperature. The absorbance of the organic phase was
read at 365 nm. Glycine betaine (GB) concentration was esti-
mated through a curve prepared from known amounts of stan-
dard glycine betaine (Merck, Germany). The results were
expressed as μg GB per cell.

Soluble carbohydrates

The soluble sugars were measured according to the Kochert
(1978) method. For this 100 mL of algal suspension was used
for each measurement and was repeated three times at every
time point. The cultures were centrifuged for 10 min at
5900×g and the resulting pellets were dried overnight at
70 °C. Dry algal powder (0.1 g) was homogenized in 70%
ethanol (v/v). One milliliter of the extract was adjusted to a
volume of 2 mL by adding deionized water and then it was
mixed with 1 mL of 5% phenol solution (w/v) (Biobasic,
Canada). The optical density of the samples were measured
by spectrophotometer after adding 5 mL of 80% sulfuric acid
at 480 nm for rhamnose, 485 nm for glucose, and 490 nm for
mannose. The sugars are quantified through their standard
curves and results are stated as μg carbohydrate per cell.

H2O2 assay

H2O2 concentration was defined based on Alexieva et al.
(2001). Pellets from 10 mL of algal culture were suspended
in 2 mL of 0.1% (w/v) chilled TCA in an ice bath. The mixture
was centrifuged at 16,000×g for 15 min. Afterwards, 1 mL of
the supernatant was mixed with 1 mL of 10 mM potassium
phosphate buffer (pH 7.0) and 2 mL of 1 M KI. The mixture
absorbance was recorded at 390 nm. The concentration of
H2O2 was estimated from a standard curve and results
expressed as nmol of H2O2 per cell.

Enzyme assay

Pellets from 10 mL algal culture were homogenized with
50 mM potassium phosphate extraction buffer on ice. Cell
disruption was performed using a pellet pestle and freeze/
thaw cycles were repeated. The disruption was checked under
a light microscope. The homogeneous mixture was centri-
fuged for 20 min at 15,700×g and 4 °C. The supernatant

was used as an enzyme extract to measure the activity of
antioxidant enzymes.

SOD activity

The activity of superoxide dismutase (SOD) was examined by
determining its capacity to hinder the photochemical reduc-
tion of nitro blue tetrazolium according to Beauchamp and
Fridovich (1971). Phosphate buffer (50 mM) (pH 7.8) con-
taining 2 μM riboflavin, 75 μM nitro blue tetrazolium (NBT),
0.1 mMNa-EDTA, 13 mMmethionine, and 50 μL of enzyme
extract was considered as the 1 mL reaction mixture. The
resulting mixture was exposed to a 5000-lx fluorescent lamp
for 15 min, and then its absorbance was read at 560 nm. The
enzyme-free reaction mixture was used as a control. The
amount of the enzyme which caused 50% of the NBT’s inhib-
itory restraint considered as one unit of SOD.

CAT activity

The reaction mixture (1 mL) contained 50 mM phosphate
buffer (pH 7.0), 30 mM H2O2 and 100 μL of enzyme extract.
Hydrogen peroxide decomposition and absorption reduction
were monitored for 60 s at 240 nm. The enzyme activity was
calculated using EC = 39.4 Mm−1 cm−1 and expressed in
terms of μM H2O2 mg−1 protein s−1 (Aebi 1984).

APX activity

The method of Nakano and Asada (1981) was used to calcu-
late ascorbate peroxidase activity. Onemilliliter of the reaction
mix included 50mMphosphate buffer (pH 7), 0.1 mMEDTA,
0.3 mM ascorbate, 0.1 mM H2O2 and 100 μl of enzyme ex-
tract. The enzyme activity was read at 290 nm in 60 s and was
expressed using EC = 2.8 mM−1 cm−1 and in ascorbate μM
per mg protein per unit of time.

FRAP value

Ferric reducing antioxidant power (FRAP) assay is a useful
method tomeasure the total antioxidant activity of a biological
system (Benzie and Strain 1999). In short, 300 mM acetate
buffer (pH 3.6), 10 mM TPTZ (2,4,6-tripyridyl-s-striazine)
(Sigma, Canada) in 40mMHCl and 20mMFeCl3·6H2Owere
mixed in the ratio at 10:1:1 to give the working FRAP reagent.
Two thousand eight hundred fifty microliter of this reagent
was added to 150 μL algal extract (the extract was prepared
according to part 2.11.) and kept in darkness at 37 °C for
30 min. The absorbance was read at 593 nm and the results
expressed as μmol cell−1.
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Total protein

Bradford method was used for total soluble protein content
determination using crystalline bovine serum albumin (BSA)
as a standard reference (Bradford 1976). Accordingly, 1 mL of
potassium phosphate extraction buffer was used to homoge-
nize the pellets from 10 mL of algal culture in order to extract
proteins. Results are expressed as μg protein per 106 cells.

Na+ and K+ contents

The pellets harvested from algal culture were dried overnight
at 70 °C. 3% (w/v) aqueous sulfosalicylic acid was used to
digest algal pellets in order to obtain powdered algal material.
After 4 °C overnight incubation, the extract was centrifuged
for 15 min at 1200×g. A flame photometer (model: P378;
Portlab; Italy) was used to determine the Na+ and K+ concen-
tration according to Skoog et al. (1996).

FT-IR spectroscopy

One milliliter of algal samples was centrifuged at 100×g for
5 min. The supernatant was removed and the pellets resus-
pended in 100 μl Milli-Q water. Each sample was then adjust-
ed to a cell number of 50 × 106 cells mL−1 with Milli-Q water.
One hundred microliter of each sample was transferred onto
glass and allowed to dry at 40 °C overnight. The FT-IR spectra
were collected using a Nicolet Magna-550 spectrometer in-
strument in KBr pellets. The spectral range of 400–
4000 cm−1 was collected. Each algal sample was analyzed in
triplicate in its relative time course. The spectra were baseline
corrected and matched using Essential FTIR Spectroscopy
software. The full spectral information was exported as a
CSV (Comma delimited) file and imported to GraphPad
Prism Software (v6) for additional analysis. The maximum
band intensity of wavenumber ranges of carbohydrate
(1200–900 cm−1), nucleic acid (1270–1200 cm−1), Amide I
(1640–1670 cm−1) and Amide II (1530–1570 cm−1) were tak-
en from the data and normalized by that of fatty acid (2900–
2980 cm−1). Finally, the data were graphed as the ratio of
carbohydrate, nucleic acid, amide I and amide II to fatty acid.

Statistical analysis

Each experiment was repeated at least three times indepen-
dently. One-way analysis of variance (ANOVA) was conduct-
ed to analyze the records and compare mean differences, using
the SPSS package (Ver.19). Additionally, the post hoc Duncan
test was run to locate possible mean differences. Principle
component analysis (PCA) was performed according to the
growth data, FT-IR results and physiological parameters under
control and gamma irradiation for three time courses (1, 16,
and 48 h after irradiation). Spreadsheets of multi-data were

generated in Excel, scaled in BioStatFlow software (v.2.9),
and then transferred into the ClustVis online tool for PCA
analysis and hierarchical clustering analysis (HCA) (Metsalu
and Vilo 2015). To cluster treatments, Heatmap function with
row wise scaling and correlation-based clustering were used.

Results

Primary selection of irradiation dosage and time
courses

In order to monitor the ability of C. vulgaris to withstand
gamma irradiation the algae were exposed to different inten-
sities of gamma radiation (Fig. 1a). Comparison of growth
kinetics between irradiated microalgae with unirradiated con-
trol samples during 96 h of irradiation indicated that severe
(1200 Gy) gamma irradiation induced an extended lag phase

Fig. 1 a Preliminary assessment of different doses of gamma irradiation
(control, 300, 600, 1200 Gy) on growth curves of C. vulgaris for
determining gamma irradiation-withstand-ability. b Effect of 600-Gy
gamma irradiation on the cell viability of C. vulgaris at different time
courses after irradiation. The values are means of at least three replicates ±
standard deviation (SD). Different letters indicate significant differences
(P < 0.05)
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in the growth curve and high cell mortality after 36 h (Fig. 1a).
The algal cells treated with milder doses of irradiation (300
and 600 Gy) showed sigmoidal growth curves with short lag
phases and the mortality was induced after 36 h of gamma
exposure for algae treated with 300 Gy irradiation and 48 h for
the algae treated with 600 Gy irradiation. Based on these pre-
liminary results, in terms of growth kinetics, the cells treated
with 600 Gy did not behave much differently from those re-
ceiving 300 Gy gamma energy. Therefore, due to the ability of
C. vulgaris to withstand gamma irradiation up to 600 Gy, this
dosage was selected for further analysis in the main experi-
ment. Three time points of sampling for chemical and physi-
ological analysis were selected through the initial growth
curve for the main experiment: (1) just after irradiation (0 h),
(2) the middle point of logarithmic phase (16 h after irradia-
tion), and (3) at the endpoint of stationary phase of growth
(48 h after irradiation).

Gamma irradiation effect on growth, physiology,
and chemical compounds

Growth determination

General responses of algae to stress conditions provoke con-
siderable physiological injury, which is usually followed by
morphological and anatomical abnormal changes. According
to the results, during 48 h after 600 Gy gamma irradiation, all
growth parameters including cell number, growth rate, and
viability were significantly different from those of control.
The results showed that compared to the control, gamma-
irradiated algae had a slower growth rate with a significantly
longer lag growth phase (Fig. 1a).

The growth analysis showed a significant decrease in the
growth rate (μ) of the algae after 48 h of being subjected to
gamma radiation. Based on the results, compared to the con-
trol (μ = 0.99 day−1), the specific growth rate of the algae
exposed to gamma irradiation (μ = 0.48 day−1) reduced about
51% during 48 h after irradiation. The data also indicated that
the viability of the gamma irradiated algae decreased com-
pared to that of non-irradiated control (Fig. 1b). In this regard,
algal mortality (about 30%) was mostly observed during 16 h
after gamma irradiation, which reduced to about 21% after
48 h of irradiation. No significant mortality was observed in
gamma-free control samples for 48 h.

Pigment accumulation

The contents of chlorophyll a and b, as well as total chloro-
phyll, were reported as pg cell−1 to monitor the pigments in
individual algal cells (Fig. 2a–c). The results showed all the
pigments did not significantly change during 48 h in the con-
trol algae while the gamma-irradiated algae had lower con-
tents of total chlorophylls a and b compared to unirradiated

controls immediately (0 h) and 16 h after irradiation.
However, after 48 h, the contents of chlorophylls in irradiated
algae were approximately equal to that of the control group.
The carotenoid content of gamma-irradiated algae was about
similar to that of control immediately after irradiation, how-
ever, at 16 and 48 h after irradiation, the carotenoids of irradi-
ated algae significantly increased in a time-dependent manner
compared to the control (Fig. 2d). The maximum carotenoid
content was observed 48 h after gamma irradiation, which was
about 1.3 times more than that of the control.

Proline, GB, and SCs

A rapid accumulation of proline content occurred immediately
after irradiation (Fig. 3a), which was twice that of the control.
Although a decreasing trend in proline contents of radiated
samples was observed after 16 and 48 h, the contents were
still higher than those of the control samples. There was no
significant difference in the proline content of the control
group in none of the studied time courses.

During 48 h after irradiation, glycine betaine (GB)
slightly increased in both the irradiated and control algae
(Fig. 3b). The content of GB in the gamma-irradiated
algae was significantly lower (1.25-fold) than the control
at all three time points (0, 16 h, and 48 h). The highest
amount of GB was observed at 48 h in the control sam-
ples, which was about 1.2 times more than that of the
irradiated algae.

The contents of soluble carbohydrates (SCs) showed a gen-
eral increasing trend in the irradiated algae at the beginning
(0 h) and during 48 h after gamma irradiation, whereas there
were no significant differences in contents of SCs in the con-
trol samples taken at this period (Fig. 3c–e). The maximum
contents of glucose, rhamnose and mannose were recorded in
the algae at 48 h after irradiation, which were 1.26, 3.2, and
1.47 times more than those of the control, respectively.

Lipid peroxidation

The two prominent markers of stress-inducedmembrane dam-
age, MDA and EL contents increased immediately after gam-
ma irradiation, which were 1.5 and 1.3 times higher than those
of the control, respectively (Fig. 4). However, during 48 h
after irradiation, the levels of MDA and EL reduced to the
same level of those in the control. The results also illustrated
no statistical difference in MDA or EL of the control group at
all studied time courses.

ROS induction and FRAP power

The results indicated that H2O2, as a common ROS that has
been related to PCDwithin living cells during abiotic stresses,
accumulated immediately after gamma irradiation about twice

1682 J Appl Phycol (2020) 32:1677–1695



more than the control. The H2O2 production trend subsequent-
ly decreased over the 48 h, but it was still 1.7 and 1.3 more
than the control at 16 h and 48 h of irradiation, respectively
(Fig. 5a). During the experiment, the value of H2O2 content in

the gamma-free control algae did not significantly change at
the time points.

The FRAP, as a potential antioxidant capacity indicator,
showed an immediate increase of about 30% in the irradiated

Fig. 2 The effects of gamma
irradiation on a chlorophyll a, b
chlorophyll b, and c total
chlorophyll and d total
carotenoids of C. vulgaris at
different time courses after
irradiation. The values are means
of at least three replicates ±
standard deviation (SD). Different
letters indicate significant
differences (P < 0.05)

Fig. 3 The effects of gamma irradiation on a proline, b glycine betains, c glucose, d mannose, and e rhamnose of C. vulgaris at different time courses
after irradiation. The values are means of at least three replicates ± standard deviation (SD). Different letters indicate significant differences (P < 0.05)
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algae compared to the control (Fig. 5b). Henceforth, although
the FRAP level slightly decreased in the irradiated samples at
the next time intervals, it was significantly higher than that of
the control during the whole period of 48 h. The FRAP level
of nonirradiated control remained at the same level during the
experiment.

Protein content

A rapid decrease (60%) of protein took place in the gamma-
irradiated algae immediately after radiation (Fig. 6a). This
reduction was reduced to some extent and reached about
34% at 16 h after irradiation. Interestingly, the level of protein
completely recovered in the irradiated algae 48 h after irradi-
ation and reached the same level of that of the unirradiated
control. Again, no significant differences were found in the
protein content during the whole period of the experiment.

Enzyme activity

Gamma irradiation effect on antioxidant enzymes activities is
shown in Fig. 7. Compared to the control, the catalase (CAT)
activity per mg total protein significantly increased up to 61%
immediately after gamma irradiated and remained at more or
less the same level at 16-h sampling time. Although at 48 h
after irradiation, the CATactivity in the irradiated algae slight-
ly reduced, it was significantly higher than that of the non-
irradiated control. No significant difference was observed in
the CAT activity among the unirradiated samples taken from
different time-points of the experiment (Fig. 6b).

As shown in Fig. 6 c and d, SOD and ascorbate peroxidase
(APX) activities, in comparison to the control, were decreased
in gamma-irradiated algae immediately after gamma irradia-
tion, and remained at the same level during the 48-h period of
the experiment. A mean reduction of 39% and 25% in the
activity of APX and SOD in the irradiated algae compared
to the unirradiated control was observed, respectively, during
the experiment. The activity of APX and SOD also remained
relatively unchanged in the control algal samples during the
whole period of the experiment.

Ratio of K+/Na+

Immediately after irradiation, the ratio of K+/Na+ in irradiated
samples increased by up to 48% in comparison to the controls
(Fig. 7a). This ratio of K+/Na+ remained relatively unchanged
in the gamma-treated algae at 16 h and 24 h after gamma
irradiation. On the other hand, no significant difference was
observed in the ratio of K+/Na+ of the controls taken at differ-
ent time intervals of the experiment. Furthermore, the K+ con-
tent of the irradiated samples increased over the three time
intervals with the highest content after 48 h, while the non-
irradiated samples showed no changes at all (Fig. 7b).

Fig. 5 The effects of gamma irradiation on a H2O2 production and b FRAP potency of C. vulgaris at different time courses after irradiation. The values
are means of at least three replicates ± standard deviation (SD). Different letters indicate significant differences (P < 0.05)

Fig. 4 The effects of gamma irradiation on electrolyte leakage (EL), and
MDA of C. vulgaris at different time courses after irradiation. The values
are means of at least three replicates ± standard deviation (SD). Different
letters indicate significant differences (P < 0.05)
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FT-IR analysis

FT-IR analysis was performed to measure possible significant
changes in metabolic plasticity of C. vulgaris in response to
gamma radiation. The EMSC2-normalized FT-IR spectra con-
firmed that the metabolic fingerprint of C. vulgaris varied
significantly over the studied time courses after irradiation
(Fig. 8). There was a general increase in the ratios of carbo-
hydrate, amide I and amide II to fatty acid in both the control
and gamma-irradiated algae during a 48 h time course (Fig.
8a–c). Immediately and at 48 h after gamma irradiated treat-
ment, these ratios in the irradiated group of algae had similar
levels to that of the control. However, at 16 h after irradiation,
these ratios in the irradiated algae were lower than those in the
control.

Compared to the control, the gamma-irradiated algae had a
relatively lower ratio of nucleic acids to fatty acids

immediately and during a 48-h period after irradiation (Fig.
8d) although the ratio significantly increased at the final time
interval in the experimental sample.

PCA and HCA analysis

Figure 9 a and b indicate the load plots of principal components
1 and 2 derived from growth analysis, FT-IR analysis and related
physiological parameters in gamma-irradiated or nonirradiated
C. vulgaris. The results from PCA of the irradiated and control
indicated that the principal component 1 (PC1) explained 59.8
and 76.3% of the whole variation, respectively. Principal com-
ponent 2 (PC2) explained 33.9 and 14.1% of the entire variation
under gamma-irradiated and control conditions, respectively.
Therefore, PC1 and PC2 cumulatively captured 93.7 and
90.4% of the whole dissimilarities under irradiated or control
conditions, respectively. Based on the PCA individually

Fig. 6 The effects of gamma
irradiation on a soluble protein, b
CAT, c SOD, and d APX
activities of C. vulgaris at
different time courses after
irradiation. The values are means
of at least three replicates ±
standard deviation (SD). Different
letters indicate significant
differences (P < 0.05)

Fig. 7 The effects of gamma
irradiation on aK+/Na+ rate and b
K+ of C. vulgaris at different time
courses after irradiation. The
values are means of at least three
replicates ± standard deviation
(SD). Different letters indicate
significant differences (P < 0.05)

1685J Appl Phycol (2020) 32:1677–1695



acquired from gamma and control samples, the examined
parameters fell into 5 different groups (Fig. 9a, b, circled). It
was shown that after gamma irradiation, parameters including
FRAP, proline, H2O2, CAT, K

+/Na2+ ratio, MDA, EL, and solu-
ble sugars were separated in two different groups; group I at the
left-down and group II at right-up the corner of the biplot. These
parameters were observed to increase under gamma irradiation.
Between the antioxidant enzymes, CAT activity was located in
group I and pulled to the left-down of the plot and thus was more
sensitive than APX and SOD in response to gamma irradiation.
SOD and APX with specific growth rate, along with glycine
betaine, nucleic acid/fatty acid ratio, viability, and cell number
pulled into the right-down corner of the plot and significantly
decreased under gamma irradiation (group V in Fig. 9b).
Compared to the control, the amount of total carotenoids was
pulled into the right-upper side of the biplot and increased under
gamma irradiated condition (Fig. 9b)

The heat maps obtained from hierarchical clustering analysis
(HCA) under control or gamma-irradiated condition are shown
in Fig. 10a and b, respectively. The heat maps from HCA indi-
cated that under control or gamma-radiated conditions, all the
parameters could be differently clustered into four groups.

Under gamma irradiation, CAT, SOD, and APX activity, FRAP
potency, proline, number of cells, viability, and H2O2 content, as
well as MDA and EL clustered into a separate group (group I in
Fig. 10b). These parameters reached their peaks immediately
after irradiation and gradually declined during a testing period
of 48 h. Three parameters including the specific growth rate, K+/
Na2+ ratio and mortality grouped into a separate cluster (cluster
II). These parameters reached their peaks at 16 h after irradiation.
The parameters including protein, soluble carbohydrates, chloro-
phylls, total carotenoids, glycine betaine, the ratios of carbohy-
drate, amide I and amide II to fatty acid clustered into group III.
These parameters often showed to be gradually increasing after
irradiation andmaximized at 48 h after gamma irradiation. Group
IVonly contained one parameter, nucleic acid to fatty acid ratio,
which was high at two time-points (0 h and 48 h) and low at 16 h
after irradiation.

Discussion

There is high complexity in response to IR in different photo-
synthetic organisms (Esnault et al. 2010; Cheng et al. 2013;

Fig. 8 Changes in the ratios of a
carbohydrate:fatty acid, b
amideI:fatty acid, c amide II:fatty
acid, and d nucleic acid:fatty acid
of C. vulgaris under gamma
irradiation in comparison to
unirradiated control samples.
Each column is the mean (± SD)
of three replicates of FTIR spec-
trum. Different letters indicate
significant differences (P < 0.05)
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Ermavitalini et al. 2017). The different reactions to IR mainly
originate from individual responses and individual phenotypic
plasticity (Esnault et al. 2010). In order to understand plant
responses to oxidative stresses, inquiry of IR effects will give
an attractive pattern such that a comparison between IR stress
and other stresses possibly will lead to an innovative outlook
to oxidative stress (Kovacs and Keresztes 2002).

The majority of experiments exploring the effects and re-
sponses of ionizing radiation have been performed in bacteria
or prokaryotic blue-green algae. Properties found in
cyanobacteria like Arthrospira platensismade them as appro-
priate microorganisms to gamma stress. Previous reports
showed that gamma irradiation at low doses (1 kGy), could
stimulate A. platensis growth with small modifications in the

Fig. 9 Principal components analysis (PCA) from growth, FTIR results as well as physiological parameters ofC. vulgaris under a control and b gamma
irradiation conditions. The parameters clustered under each pretreatment closed in ellipsoids mentioned with different roman number

Fig. 10 Hierarchical clustering analysis (HCA) from growth, FTIR results as well as physiological parameters of C. vulgaris under a control and b
gamma irradiation conditions
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morphology. It was shown that gamma irradiation boosted
carotenoid accumulation along with stimulated carbohydrates
and protein production. In addition to the antioxidant system,
radiation resistance of A. platensis was attributed to a
transforming DNA repair system including DNA polymerase
and nucleotide ligasein the cyanobacterium Anacystis
nidulans cells (Kovacs and Keresztes 2002; Abomohra et al.
2016).

In contrast to prokaryotic algae, little information exists
about the effects and defensive response of eukaryotic
microalgae against gamma radiation. Eukaryotic microalgae,
due to being responsive to extreme seasonal fluctuations, are
highly suitable biological indicators of environmental chang-
es. We utilized C. vulgaris, a unicellular chlorophyte, as a
model system for biochemical and physiological studies on
the gamma-stress response. The main goal of this study was
to consider the mechanism of defiance at the physiological
level and recovery in C. vulgaris and to clarify the responses
of this alga to IR conditions.

It was also previously demonstrated that UV-B irradiation
at 5 Wm−2, an extreme UV dose, significantly decreased the
growth of C. vulgaris (Ganapathy et al. 2017). It was also
shown that Chlorella pyrenoidosa treated with different doses
of thorium (Th), a natural radioactive element, tolerated ion-
izing radiation and started to grow 24 h after treatment with
respect to Th (Peng et al. 2017); however, no data were pre-
sented about the radiation dose of the alga tolerance in that
study. In the current study, the growth of irradiated and non-
irradiated control was monitored during a period of 96 h. in
order to investigate the ability of C. vulgaris when recovering
from increasing doses of 300, 600, and 1200 Gy gamma
irradiation. Based on the analysis of the results, the algae
irradiated at doses of 300 and 600 Gy were mostly
sustainable, but at the same time had less recovery power
than the control. The results suggested that gamma
irradiation doses higher than 1 kGy remarkably reduced the
viability of C. vulgaris. Similarly, Cheng et al. (2016) showed
that a Chlorella sp. mutant could tolerate gamma rays up to
900 Gy. Choi et al. (2015) also explained that gamma radia-
tion more than 1 kGy was lethal for the green alga, Zygnema
sp. and reduced its viability. Similarly, Badri et al. (2015)
suggested that Arthrospira sp. PCC8005 irradiated with
800 Gy gamma rays will show an early death phase. On the
other hand, although the majority of the algae have a restricted
ability to resist high doses of ionizing radiation, there have
been reports of the green microalgae with a high degree of
radio-resistance (6–20 kGy) (Farhi et al. 2008; Choi et al.
2015; Rivasseau et al. 2016). Overall results of the present
study suggested C. vulgaris is a “relatively radio-resistant”
microorganism. Based on these results, the dose of 600 Gy
was selected for studying the physiological responses of
Chlorella to gamma irradiation in the main stage of the
experiment.

Physiological and biochemical parameters were analyzed
under 600 Gy gamma irradiation and compared with control
conditions. Photosynthetic pigments allow the algae and
plants to absorb sunlight energy, so chlorophyll content is a
crucial factor affecting the performance of photosynthesis and
the physiological status of the algae. Diminished biosynthesis
of chlorophyll and carotenoids are frequently explained as
symptoms of stress and toxicity (Poskuta et al. 1996; Prasad
et al. 2004). Therefore, as a visible symptom, the chlorophyll
content could be employed to monitor the stress-induced in-
juries as well as evaluation of the degree of tolerance of
C. vulgaris to gamma stress. According to the results, at
48 h after gamma treatment, no significant differences were
seen in Chl a, Chl b, and total Chl contents as the photosyn-
thetic pigments between gamma-irradiated and control sam-
ples. The high content of chlorophyll after exposure to gamma
radiation showed the ability of the C. vulgaris to maintain its
chlorophylls or the photosynthetic reaction center complexes
under radiation stress. In contrast, Ganapathy et al. (2017)
demonstrated that UV-B radiation at 5 Wm−2 markedly re-
duced the content of chlorophyll a and b in C. vulgaris.
Additionally, Lamaia et al. 2005 and Peng et al. 2017 reported
that the content of chlorophylls inC. pyrenoidosa had reduced
under the induction of heavy metals, such as lead and cadmi-
um. Enhanced pigment degradation and, or damage might be
mediated by stress-induced ROS accumulations (Kovacs and
Keresztes 2002; Aghaie et al. 2018; Anaraki et al. 2018).
Gomes et al. (2017) also reported a negative correlation be-
tween photosynthetic performance and ROS production in
Chlamydomonas reinhardtii after exposure to gamma radia-
tion. The reduction of chlorophylls under such conditions, at
least partially, might also be associated with enhancement of
compatible solutes like proline synthesis due to the fact that
chlorophylls and proline are both synthesized from a shared
substrate (Aspinall and Paleg 1981; Bahreininejad et al.
2013). Ultrastructural studies in plants also have shown that
dilations between thylakoid membranes and loss of grana
stacking were induced by gamma irradiation at exposures
above 0.2 kGy (Kovacs and Keresztes 2002). According to
the present study, although a little reduction in the contents of
algal chlorophylls took place immediately after initial gamma
shock, the contents were found to recover as much as the level
of the control after 48 h of irradiation. Farhi et al. (2008)
confirmed that green microalgae irradiated with elevated
doses of gamma rays showed the photosynthesis recovery
5 days after irradiation, which can be attributed to the amount
of photosynthetic pigments recuperation. Peng et al. (2017),
also argued that Chlorella sp. treated with radioactive ele-
ments, recovered its chlorophyll content with the increase of
exposure time, up to 2 days after irradiation.

Algae are also known to have different types of carot-
enoids and many of them retain antioxidant and radical
scavenging operations. According to our results, a
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significant and time-dependent increase of total caroten-
oids was observed in the gamma irradiated algae. The
results were in accordance with several other reports.
For example, in a previous study, A. platensis also in-
crease its carotenoids in response to gamma irradiation
(Kojima et al. 2002, 2011; Ko et al. 2012; Abomohra
et al. 2016; Liu et al. 2016). Kovács and Keresztes
(2002) stated that pigment protection against damage
was done through carotenoids, when triplet chlorophyll
was saturated by excitation energy (Ali et al. 2015).
Similarly, C. vulgaris exposed to UV-B radiation and
C. zofingiensis coped with high light intensity, reacted to
store more secondary carotenoids compared to the con-
trols while their carotenoids content was less affected than
total chlorophyll (Choi et al. 2015; Ganapathy et al.
2017). More accumulation of carotenoids induced by
gamma radiation probably shows a vital role in response
to the ionizing stress in the algae. It was noted that the
carotenoids not only protect chlorophylls but also help
stabilize plasma membrane against membrane lipid perox-
idation, which normally occurs because of stress-induced
ROS (Malanga and Puntarulo 1995). This might also be
found from our results, because further accumulated ca-
rotenoids in gamma-irradiated C. vulgaris at 48 h after
irradiation negatively correlated with the amount of
H2O2, the rate of lipid peroxidation (MDA content) and
the percentage of EL. A low hydrogen peroxide (H2O2) as
an endogenous ROS, which results in low lipid peroxida-
tion rate, could also strongly be associated with high an-
tioxidant activity triggered after algal exposure to gamma
radiation. This was further supported in our study by ob-
serving a strong FRAP triggered immediately in irradiated
microalgae, which remained relatively constant or at least
higher than the control during a 48-h period. It was con-
cluded that in addition to the activities of antioxidant en-
zymes, thus reducing antioxidant power might be associ-
ated with the presence of nonenzymatic antioxidant com-
pounds, such as carotenoids or phytic acid which signifi-
cantly increased upon irradiation (Alothman et al. 2009).
Besides, in confirmation with these results, it was inferred
by FTIR spectra that the relative abundance of amide (II
and I) increased in gamma-irradiated algae, especially at
48 h after irradiation. The side chains of amide com-
pounds found to have a key role in further quenching of
stress-related ROS (Kaur et al. 2015). It was also demon-
strated that regulated antioxidants with amide groups in
their structure, such as melatonin, could help the cells to
recover their redox state through ROS scavenging. These
compounds were shown to stimulate the activities of some
antioxidant enzymes. Thus, it appeared that a higher
amount of amid-bearing compounds was responsible for
alleviating the detrimental effects of gamma by gifting a
scavenging power to irradiated C. vulgaris.

In response to various stress conditions, a selection of com-
patible solutes with low molecular weight was identified to
accrue in seedlings (Serraj and Sinclair 2002). Metabolites
such as proline, GB, polyols, trehalose, and sucrose showed
to improve stress tolerance. These metabolites maintain cell
turgor, alleviate membrane stability, protect proteins, avert
membrane leakage, play a role as a redox buffer (Hare and
Cress 1997), and maintain ROS concentration within normal
ranges (Hayat et al. 2012). Important roles such as providing
carbon, nitrogen, and energy sources in stressed cells have
been also identified for metabolites such as proline
(Delauney and Verma 1993; Kuznetsov and Shevyakova
1999). The present study showed thatC. vulgaris had a higher
ability to accumulate intracellular proline in response to gam-
ma irradiation stress than the control. These results seem com-
patible with Lin and Wu (2014), who observed that soil algae
and cyanobacteria demonstrated a high proficiency in gather-
ing more intracellular proline contents as a response to oxida-
tive stress. Al-Enezi and Al-Khayri (2012) also found a high
proline accumulation in Phoenix dactylifera induced by X-ray
radiation, which resulted in overcoming the stress. Proline was
maximized in the algae at the initial 16 h after irradiation, and
although from this point up to the end of the experiment it
slightly declined, it was significantly higher than that of the
control. So, it seems that the proline accumulation may be a
rapid and spontaneous defense mechanism against gamma
irradiation stress in C. vulgaris. Declined proline accumula-
tion after passing more time of irradiation might be explained
based on the fact that the algal cell recovered from the tension
after initial gamma irradiation shock. It was shown that pro-
line might interact with enzymes to sustain enzyme structure
and activity. In fact, this solute has been reported to reduce
in vitro enzyme denaturation caused due to heat, NaCl stress,
and gamma radiation (Borzouei et al. 2010, 2013;
Chandrashekar et al. 2013; Kebeish et al. 2015).
Interestingly, proline performed as a molecular stabilizer for
maintaining integrity and stability of protein structure or im-
proving several enzymes activities, upon exposure to different
stress conditions (Cuin and Shabala 2007; Mishra et al. 2008).

Similar to proline, the accumulation of intracellular, soluble
carbohydrates (SCs) such as glucose, mannose, and rham-
nose, have revealed a vital role in improving harmful effects
of stress over reducing osmotic potential, storage of carbon,
and scavengers of free radicals (Hasegawa et al. 2000). It was
shown that sulfated heteropolysaccharides compounds
consisting of galactose, xylose, glucose, etc. found in green
algae could interact with ROS in ionizing radiation stress
(Ngo and Kim 2013; Usov and Zelinsky 2013). In our study,
following gamma irradiation, more algal carbohydrates (SCs)
were produced over time such that the highest amount of
carbohydrate was recorded, especially for glucose at the final
stage of the experiment (48 h after irradiation). Therefore, in
contrast to proline, SC production might be a delayed defense
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strategy against gamma radiation in C. vulgaris. Our results
were in accordance with Abomohra et al. (2016) who showed
that gamma radiation up to 1.5 kGy increased total carbohy-
drates in A. platensis after 15 days of irradiation. Farhi et al.
(2008) and Choi et al. (2014) also determined the radio-
resistance feature in green microalgae for gamma irradiation
(up to 6 kGy) with a decreased ability for carbohydrate pro-
duction due to increasing gamma irradiation. The need for
more carbohydrates (as a source for ATP production) under
ionizing stress may be illuminated by repairing mechanisms
which need energy to function (Abomohra et al. 2016).
Rivasseau et al. (2010) affirmed that under irradiation condi-
tions, a high level of carbohydrate concentration constantly
holds, implying that the carbohydrate energy supply pathways
are affected but persist. Consequently, one can consider that
sugar compounds are consumed as cellular energy sources and
expanded additionally under gamma irradiation (Abomohra
et al. 2016). Additionally, the carbohydrate/fatty acid ratio
did change significantly in the C. vulgaris in response to gam-
ma irradiation compared to the unirradiated control. A higher
carbohydrate accumulation 48 h after irradiation could be at-
tributed to more production of soluble sugars which could
help the cells to improve the tolerance to stress by acting as
scavengers of ROS.

Other compounds such as glycine betaine (GB) are utilized
to maintain the osmolality of cells (Sakamoto and Murata
2002; Ashraf and Foolad 2007; Hussain Wani et al. 2013).
Several marine algae have been described to accumulate GB
as an osmolyte-induce stabilization compound (Mishra et al.
2008). This osmolyte is mainly accumulated in chloroplasts
and especially has important roles in protecting the thylakoid
membrane of chloroplasts. Thus, it might affect photosynthe-
sis plus regulating K+ efflux (Cuin and Shabala 2007). In this
study, the amount of glycine betaine was significantly lower in
the gamma-irradiated algae compared to the unirradiated sam-
ples. Meanwhile, a mild and gradual increase of GB was ob-
served over time after gamma irradiation in C. vulgaris.
Therefore, this delay in accumulation of GB after irradiation
might be due to the fact that C. vulgaris may not respond to
gamma irradiation initially by GB production or at least that
GB synthesis may be a delayed defense mechanism against
ionizing radiation stress.

Protein accumulation in response to abiotic stresses has
been reported in various studies (Pareek et al. 1997; Ashraf
and Harris 2004; Parvaiz and Satyawati 2008; Won et al.
2015). In our study, the content of total protein significantly
declined in irradiated C. vulgaris immediately after irradiation
started; however, more proteins accumulated in the algae dur-
ing the next period of the experiment, which was as much as
that of the control at 48 h after irradiation. The initial decline in
algal protein at time point zero after irradiation might be re-
lated to direct or ROS-induced indirect effects of ionizing
radiations which degrade biological molecules such as lipids,

nucleic acid, and protein. It was claimed that just 20% of DNA
destruction is directly related to radiation, and the remaining
80% is indirectly damaged by ROS (Ghosal et al. 2005). In
this context, Kojima et al. (2011) suggested that gamma irra-
diation provokes ATP production, which in turn induces the
production of ROS. There are also studies evidencing that
gamma radiation decrease the total protein and carbohydrate
content due to metabolic activities and hydrolyzing enzyme
activities (Maity et al. 2009).

Osmotic adjustments may play a role in protein accumula-
tion under stress conditions (Parvaiz and Satyawati 2008). The
newly stress-related polypeptides could be produced as a re-
sult of stressful conditions (Pareek et al. 1997). Farhi et al.
(2008) described that even low doses of irradiation improved
free amino acid concentration. The increase in protein content
was attached to the amino acid rise, which played an important
role in the DNA repair mechanism (Maity et al. 2009;
Rivasseau et al. 2010; Won et al. 2015). There are several
reports of gamma-induced proteins. For instance, a purified
peptide from marine C. ellipsoidea showed antioxidative po-
tency (Ivanova et al. 2010). Furthermore, a protein found in
Arthrospira fusiformis, was noticed to promote antioxidant
protection systems in individual cells exposed to low doses
of gamma irradiation (Ivanova et al. 2010); and a de novo
synthesized class of heat shock proteins (HSPs) helped to
preserve against the stresses like radiation (Tammam et al.
2005; Abo-Shady et al. 2008; Rivasseau et al. 2010). Yoon
et al. (2013) also found higher protein content in mutant
Spirogyra varians brought by gamma irradiation.
Accordingly, 18 new expressed proteins, predicted to be in-
volved in photosynthesis, carbohydrate biosynthesis and en-
ergy metabolism, were identified in their study.

Detoxification enzyme system, CAT, SOD, APX, GPX
(glutathione peroxidase), and PrxR (peroxiredoxin oxidore-
ductases) were demonstrated to be more active in the course
of abiotic stress in distinctive plants (Esnault et al. 2010;
Anaraki et al. 2018). Previously, Malanga and Puntarulo
(1995) described that UV-B radiation exposed C. vulgaris
showed an increase in antioxidant activity. Additionally, a
low dose of radiation efficiently stimulated antioxidative en-
zymes implied in ROS scavenging (Xue and Hartikainen
2000; Chaudhary and Agrawal 2014). To overwhelm oxida-
tive stress, H2O2 usually raises from superoxide due to SOD
enzyme activity and further condenses to H2O by CAT and
some peroxidases studied in plants (Ozkur et al. 2009;
Kadkhodaie et al. 2013). Therefore, ROS detoxification could
be initiated through the function of SOD and completed by
cooperative action of other antioxidant enzymes (Alscher et al.
2002). However, the results from this study indicated a prompt
rise of CAT activity triggered in C. vulgaris by gamma radia-
tion, which remained high during the experiment. Though, the
activity of SOD and APX significantly reduced after gamma
irradiation stress in comparison to that of the gamma-free
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controls. The results reveal that CATactivity in comparison to
the other antioxidant enzymes may act independently in
C. vulgaris to gamma irradiation that could also be used as a
reliable screening tool for assaying irradiation tolerance. It is
possible that SOD activity changed earlier than the time-
course considered in our study, and its activity was triggered
immediately (for example, a few seconds or minutes) after
gamma irradiation. This could be evident by the fact that a
burst of H2O2 took place in Chlorella immediately after expo-
sure to gamma radiation. The findings are very controversial
in this regard, based on several studies which confirmed that
CAT or APX activity decreased/remained at similar levels
after stress initiation (Kachout et al. 2013). On the other hand,
it was reported that both SOD and CAT were sensitive in
microalgae and coped with UV-B radiation (Al-Rashed et al.
2016), which is strongly confirmed by another experiment in
which D. salina was exposed to low and high doses of UV-B
(Zhang et al. 2017). According to these studies, SOD activity
had an upward trend initially and then declined to a lower
state.

The concentration of cytosolic K+ is at least 7000-fold
more than the external K+ level, which creates a considerable
chemical gradient across the plasma membrane (Leigh and
Jones 1984). In this regard, the ratio of K+/Na+ was examined
and supposed as an index to display and decipher algal poten-
cy to distinguish between Na+ and K+ under normal or stress-
ful conditions (Flowers 2004; Cuin and Shabala 2005). In our
study, the ratio of K+/Na+ in algal cells increased over 600 Gy
gamma irradiation compared to the control and fixed at similar
levels during 48 h after irradiation. It is evidenced that stress-
induced ROS could activate K+ efflux through proprietary
potassium channels, resulting in the stimulation of proteases
and endonucleases, and promoting programed cell death
(Cuin and Shabala 2005; Britto et al. 2010). However, it is
believed that in mild-stress conditions/or resistant plants, K+

efflux has a critical character as a ‘metabolic switch’ in stim-
ulating catabolic activities and saving energy for recovery
requirements. In the majority of cases, stress-induced K+ ef-
flux, in response to H2O2, lasts at least 30–40 min (Marschner
2012) and, consequently, was followed by Ca2+ influx with
no-release of other substances, such as proteins or sugars
(Shabala 2009). This could be evidenced in our study due to
the fact that compared to the control, the net amount of K+ in
irradiated cells was less immediately after gamma irradiation
and then became higher at 16 h or 48 h after irradiation.

Initial K+ efflux was shown to trigger the accumulation of
soluble carbohydrates and amino acids like proline, a fact that
is consistent with our results. We can tentatively hypothesize
that cytosolic K+ decline, at the very beginning of gamma
exposure, inhibited reactions with high energy demand and
stimulated the energy released from catabolic processes.
This could be a vital step in plant or algal cell adjustment
and recovery from any stress factor. It has previously been

suggested that plants under stress, stop processes related to
growth and use their energy to conflict with stress-induced
damages (Demidchik et al. 2014).

Various computational approaches, for instance, principal
component analysis (PCA) and hierarchical clustering have
been proposed, as a multivariate analysis (HCA) tool to cluster
biological samples or examined parameters (Liu et al. 2010;
Löw et al. 2012; Kim et al. 2013). Previously, plant genotypes
were clustered by these methods according to their physiolog-
ical measurements in order to label sensitive or tolerant culti-
vars to environmental stresses (Chunthaburee et al. 2015; El-
Hendawy et al. 2017). We used these statistical methods suc-
cessfully in order to show the dissimilarities in responses of
the photosynthetic eukaryote, C. vulgaris, in different time
courses (0, 16, and 48 h) after gamma irradiation. Combined
PCA and HCA illustrated that concerning time, two distinct
strategic mechanisms were used to resist against gamma irra-
diation in C. vulgaris. At the beginning of the gamma irradi-
ation, the algae spontaneously changed the parameters includ-
ing H2O2, antioxidant enzyme activity, FRAP potency, pro-
line, and other related ones through the first responsive strat-
egies named as “quick.” Especially in this context, a higher
activity of CAT and more accumulation of proline helped
C. vulgaris to resist rapidly to ionization stress, seemingly
via triggering other delayed responsive strategies, further
scavenging of reactive oxygen species and stabilizing of
stress-related proteins and DNA. On the other hand, as time
passed, a wide range of “delayed” responsive strategies was
triggered in C. vulgaris to encounter the irradiation stress. It
was suggested that due to these groups of parameters, more
production of soluble carbohydrates, carotenoids, and proteins
started several hours after irradiation, which helped the algae
preserve the integrity of photosynthetic pigments and recover
from ionization stress. Multivariate analysis might be effec-
tively used to screen other effects of abiotic stresses on green
microalgae.

Conclusion

The present study demonstrated that C. vulgaris, as a relevant
biological model, could be used to evaluate the effects of
ionizing irradiations in eukaryotic cells coping with natural
or industrial conditions with high acute toxicity of gamma
irradiation. The results from univariate and multivariate anal-
yses revealed two distinct strategic mechanisms employed by
the microalga while encountering ionizing irradiation: “quick”
responsive strategies were recruited immediately at the begin-
ning of irradiation. These strategies are known to be boosting
H2O2, increasing antioxidant enzyme activity, and further ac-
cumulating of compatible solutes such as proline. On the other
hand, “delayed” responsive strategies such as the increase of
soluble carbohydrates, carotenoids, and stress-related proteins
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may be used by the algae with an extended triggering time
after radiation. Our study provides a rare insight into how
eukaryotic cells could tolerate a high dose of gamma toxicity.
Further investigations should also be directed toward a full
understanding of responsive mechanisms of gamma tolerance
in the algae at various genomics, proteomics and metabolo-
mics levels. Further research and findings may contribute to
discovering gene or protein candidates with the possible po-
tential of reducing the toxicity effect of irradiation in eukary-
otic cells.
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