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Abstract

In-vitro antioxidant activities of semi-
purified methanolic extract of Lyengaria
stellata and Padina boergesenii were
evaluated using DPPH radical-scavenging
activity and reducing power. Total phenolic
contents (TPC) and total flavonoid contents
(TFC) were also investigated. The acetone
fraction of L. stellata contained the highest
value (126.04+8.65 mg GAE/g) of TPC, and
the highest concentration of TFC (94+0.13
and 82+0.09 mg GAE/g) was obtained
in ethanol fractions of Lyengaria stellata
and Padina boergesenii, respectively. The
highest DPPH scavenging activity (88.5%)
was observed in the acetone fraction of L.
stellata (1 mg/ml). The most significant
reducing power was observed in the
acetone fractions of both seaweeds at 100
mg/ml concentration (1.130+0.040 and
0.839+0.010, respectively). Ethanol and
acetone fractions of L. stellata showed the
greatest antibacterial activity (29.6+0.5
and 28.0+0.7 mm, respectively) against
Staphylococcus aureus. The minimum value
of MIC was observed in acetone fractions

of both seaweeds against S. aureus (50.7

Revised and accepted: 2022-02-11

and 50.8 ug/ml), while Salmonella enterica
showed the highest resistance to seaweeds
extracts according to the— highest MIC
values (>200 mg/ml) and the smallest 1Z
diameters. The extract of both algae showed
considerable antioxidant activity according
to DPPH radical scavenging activity and

reducing power assays.

Keywords: Antibacterial activity, Antioxidant
Potential, Persian Gulf, Seaweeds, Lyengaria

stellate, Padina boergesenii

Introduction

Synthetic  antioxidants  such as
butylated hydroxyanisole (BHA), butylated
hydroxytoluene (BHT), ethoxyquin

(EQ), and propyl gallate (PG) have been
used to prevent oxidative damage of
aquaculture products in food industries.
However, these chemical substances cause
undesirable side effects such as liver
damage and carcinogenesis in human
consumers (Valko et al., 2007, Munir et
al., 2013). Due to increased public interest
in consuming healthy and natural foods,

natural antioxidants are highly preferable
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in the food and pharmaceutical industry as
a safe replacement for synthetic compounds
(Balboa et al., 2013).

Macroalgae have been considered as an
appropriate choice of bioactive compounds for
natural antioxidants due to their high diversity,
wide distribution, and easy accessibility (Munir
etal., 2013). In the past decade, many researchers
have investigated and improved the antioxidant
activity of several types of macroalgae (Balboa
etal., 2013). It is documented in the literature
that macroalgae extracts, either in the form
of crude extracts or chemically processed
products, have potent inhibitory effects
on the destructive processes of oxidative
stress in biological systems (Zengin et al.,
2011, Saeed et al., 2012). Among the three
phyla of macroalgae, brown algae present
higher antioxidant potential than red and
green algae. A detailed summary of brown
algal extracts’ antioxidant activity has been
made, confirming the potential of brown algae
as a source of novel secondary metabolites
as antioxidants (Balboa et al., 2013). Alaria
esulentaobia (Zubia et al., 2009), Fucus
(Wang et al., 2012, Wang et
al., 2010), Laminaria japonica (Wang et
al., 2010); Ascophyllum nodosum (Audibert
et al., 2010, O’sullivan et al.,, 2011),
Callerpa lentillifera (Matanjun et al., 2008),

vesiculosus

Colpemnia sinuosa (Kelman et al., 2012),
Eklonia radiate (Kindleysides et al., 2012),
Sargassum horneri and Sargassum hyxtrix
(Luo et al., 2010); Sargassum muticum
(Gonzalez-Lopez et al., 2012) and Undaria
pinnatifida (Plaza et al., 2008) are some of

the brown algae with antioxidant properties
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that have been recently investigated.
Although a variety of brown macroalgae
species are widely distributed in the coastal
area of the Persian Gulf in the south of Iran,
limited attention has been given to explore
their antioxidant potential. Macroalgae in
the Persian Gulf live in complex habitats
and even under extreme environmental
conditions such as severe sunlight, high
temperature, and salinity. It is expected
that macroalgal exposure to such stresses
could lead to the formation of free radicals
and other oxidizing agents. Surprisingly, no
oxidative damages have been reported for
these algae until now. This fact suggests
that the algae may synthesize antioxidant
metabolites to protect their DNA materials
and cellular membranes, which can be used
as an alternative to synthetic antioxidants
in the food and pharmaceutical industries
(Huang and Wang, 2004).

In this study, we aimed to determine the
antioxidant activity of two endemic brown
algae, Padina boergesenii and Lyengaria
stellata from the coast of the Qeshm Island,
Persian Gulf, Iran. P. boergesenii and L.
stellata are marine species, widespread in
tropical seas, extending to subtropical and
warm-temperate regions, 1 m depth (Ansari
et al., 2014; Edgar et al., 2010; Gharamjik
and Rouhani Ghadikolace, 2010). The
results of this work may serve as information
enrichment for the antioxidant properties of
macroalgae in the Persian Gulf, and a way
to find new sources of natural antioxidants,
dietary supplements and antibiotics. These

natural antioxidants from seaweeds would
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be an alternative safe source for antioxidant

food and medicine ingredients.

Materials and methods
Sample collection and preparation

Endemic brown macroalgae, Padina

boergesenii (Allender and Kraft, 1983), and
Lyengaria stellata (Bergesen, 1939) (Fig.
1), were collected from coastal and shallow

water areas of the north coast of Persian
Gulf, Iran (Fig. 2); between October 2018

Fig. 1. Seaweeds were collected from the Persian gulf coastal area,

(a) Padina boergesenii, and (b) Lyengaria stellate

Fig. 2. Map of Persian Gulf indicating the collecting coastal

area and the sampling stations in Qeshm island (Iran)

and February 2019.

Macro algae were collected in plastic
jam containing seawater and transferred
to the laboratory immediately, where the
samples were washed thoroughly with
deionized water to remove salts, sand,
and epiphytes. Some samples were kept

for further identification and confirmation
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of the species, which was carried out
using available valid keys (Jones, 1986;
Gharamjik and Rouhani Ghadikolaee, 2010;
Richmond, 2011). The algae were dried
in the shade until they reached a constant
weight and then, dry samples were ground
into powder and stored at -20° C.

Preparation of the crude extract
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An accurately weighed 10 g sample was
extracted with 50 ml of different solvents
(sample: solvent=1:5). Methanol, Ethanol,
and Acetone (80%) were used to compare
their efficiency of extraction using three
different methods of percolation, maceration
(48 h), and ultrasound extraction (400W, 25
KHz, Scients-SB5200D, China) at 40° C in
the water bath for 30 min (Zhou et al., 2018).
Extracts were filtered and concentrated
by rotary evaporation (DUAB-RE100pro,
China). Each dry extract was reweighed,
and the yield (extraction efficiency) was
calculated and stored at -16° C (Zubia et al.,
2007; Abdul Qadir et al., 2017).
Purification of the crude extract

The methanolic extract was semi purified
to determine TPC and TFC as well as
antioxidant potential. Semi-purified of crude
extracts of L. stellata and P. boergesenii
was performed using CI18 cartridges by
gradient elution with different organic
solvents (Methanol, Ethanol, and Acetone).
As a result, three semi-pure fractions were
obtained, and the organic solvent of the
fractions was removed using a rotary rotating
evaporator at 40° C (Bergé et al., 2002; Wu
et al., 2003). The fractions were stored at
-20° C until analysis. To reach the favorite
final concentration (1 mg/ml), 10% DMSO
was used for all three fractions dilution.
Assessment of antioxidant activity

DPPH radical scavenging activity

DPPH (1, 1 Diphenyl 2- Picryl Hydrazyl)
radical scavenging activity was determined
using the earlier reported method with slight
modification (Wu et al., 2003). Briefly,
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different concentrations (1, 0.5, 0.25, 0.1,
0.05 mg/ml) of sample solutions (1.5 ml)
were mixed with an equal volume of 0.1
mM DPPH (in 95% methanol). The mixture
was stirred vigorously for 30 min at room
temperature. The absorbance was measured
by spectrophotometer at 517 nm. DPPH is a
stable free radical in powder form with red
color, which turns yellow when scavenged.
The lower the absorbance, the higher the
DPPH scavenging activity. The scavenging
effect is expressed as below:

[(blank absorbance—sample absorbance)/
blank absorbance] x100%

The DPPH test was performed in triplicate,
and ascorbic acid (10 mg/ml) was used as a
reference.

Reducing power assay

The reducing power activity of algal extracts
was determined by Fe** reduction, using
protocols described by Lee and Kim (Lee
and Kim, 2015), with slight modifications.
2.5 ml of 0.2 M phosphate buffer (pH 6.6)
and 2.5 ml of 1% K,Fe (CN), were mixed
with algae extracts. The resulting mixture
was incubated for 20 min at 50° C. After
adding 2.5 ml of 10% trichloroacetic acid,
the mixture was centrifuged at 3000 rpm
for 10 min. Then, 2.5 ml of supernatant was
diluted with an equal volume of deionized
water and 0.5 ml of 0.1% FeCl,. The
absorbance was measured at 700 nm by
spectrophotometer (Philes-T6, China).
Determination of total phenolic contents
(TPC)

To determine the total phenolic contents

of algal crude extracts, the Folin-Ciocalteu
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reagent was used as reported earlier (Zubia
et al, 2007). Briefly, 0.5 mL of Folin-
Ciocalteu reagent and 2.9 ml distilled water
were added to 0.1 ml algae extract in test
tubes. After 10 min at room temperature,
1.5 ml of 20% Na,CO, was added into
the test tubes and kept in the dark place at
room temperature for one hour. Absorbance
was measured at 725 nm. The total content
of phenolic compounds was expressed in
GAE mg/g dry weight based on a standard
curve of gallic acid. Calibration curve was
y=0.0584x+0.0077 (R 2 = 0.9926). Every
sample was used in triplicate.

Total flavonoid content (TFC)

The total flavonoid content of the crude
extract was determined by the aluminum
chloride colorimetric method (Chang et al.,
2002). Briefly, 500 ul of samples (I mg/
ml) was mixed with 1.5 ml methanol, and
3 ml distilled water, made up of 0.3 ml 10%
AICI3 solution, 0.3 ml potassium acetate
(1 M). After 20 min incubation at room
temperature, the mixture was allowed to
stand for 15 min, and then, the absorbance
of samples was measured at 415 nm using
a spectrophotometer (PHILES-T6, China).
The total flavonoid content was expressed
as milligrams of quercetin equivalents (mg
QE/g).

In vitro evaluation of antimicrobial activity
Microbial strains and growth conditions
Antimicrobial activity of semi-purified algae
extracts was tested in both Gram-positive
(Staphylococcus aureus (ATCC 29213),
Bacillus circulance (ATCC 4516)) and

Gram-negative bacteria (Escherichia coli
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(ATCC 25922), Salmonella enterica (ATCC
9150) obtained from the Microbial culture
collection, Pasteur Institute, Tehran, Iran.
Bacterial strains were cultured overnight at
37 °C in Mueller—Hinton agar (MHA).
Disk diffusion method

For the determination of the antimicrobial
activity, the disk diffusion method was used
as described by Kozekidou et al. (2008) with
some modifications. Briefly, a suspension of
the tested bacteria (108 CFU/ml) was spread
on Sterile BHI Agar media plates. Sterile
6 mm filter paper discs were impregnated
with 15 pl of extracts and placed on the
inoculated plates and incubated at 37° C for
24 h. Negative controls were prepared using
15 pl of 30% DMSO.

Ampicillin (10 pg/disc) was used as positive
growth control. Antimicrobial activity was
determined by measuring the inhibition
zone diameter around the discs using a
metric scale and evaluation of the sensitivity
of bacteria to extracts was interpreted by the
inhibition zone diameter (IZD), according
to the criteria mentioned by Sreepian et al.
(2019); when IZD of the extract< 6 mm
(No activity), 6 mm< diameter< 12 mm
(weak activity), 12 mm< diameter< 20 mm
(moderate activity) and>20 mm (strong
activity); and all the tests were conducted in
triplicate.
Determination of minimum

concentration (MIC)

inhibitory

Minimum inhibitory concentration (MIC)
was estimated by using the both micro
dilution method (Akremi et al., 2017, Salah
etal., 2019).
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All tests were carried out in Mueller Hinton
broth (MHB). Bacterial strains cultures were
incubated at 37° C for 24 h in MHA, and
the tested strains were suspended in MHB to
reach a final density of 5.01 CFU/ml. All the
extract’s fractions were dissolved in 10%
DMSO and geometric dilutions ranging
from 12.5 to 500 pg/ml of each sample,
were prepared in a 96-well micro-titer plate,
including one growth control (MHB+10%
DMSO). Plates were incubated at 37° C for
24 h. The MIC was determined as the lowest
concentration of the extract at which the
tested bacterial strains do not demonstrate
any visible growth after incubation.
Statistical analysis

All experiments were performed in triplicates
and expressed as mean+ Standard deviation.
A one-way ANOVA and LSD post hoc test

were used to analyze the difference between

groups. Data were analyzed statistically by
using Statistix 10.0 and Origin 9.0 (Origin
lab Corporation, Hampton, USA) software,

and values P< 0.05 were considered

significant.
Results
Crude extraction yield
Among the different methods and

solvents, methanol and ethanol through the
percolation method exhibited higher yields of
16.32% and 14.09%, respectively, followed
by ethanol and methanol extractions of the
maceration method (13.41% and 11.97%,
respectively). The least efficiency belonged
to the ultra-sonication method with all three

solvents (Fig. 3).

Total phenolic (TPC) and flavonoids (TFC)

contents

25
%i 20 i a
2 5 .
L]
2 4
:J'.:: 1[} e
% ¢ be  pe
o = ¢
w ':_ Z"Z"E" E‘ L
g 3 '
o e :
" e e e = o o s
- o H = ] ] § = i =
Mu Ep Em Eu Ap Am Au
s - 13.58+ 1050+ 657+ A6 1109+ 515+& 6.9 670+ 4.66+
¢ L.stellata 0.18 0.22 0,09 24 038 0,33 041 0,14 006
vapiil 1906+ 1343+ 657+ 1863+ 1572 6.86+ 589+ 622+ 5.604
WP boergesenii| oi3"" 197 031 061 085 033 067 040 03]

Fig. 3. Average efficiency (%) of extraction from two brown algae of Persian

Gulf, Iran Expressed as percentage of extract to dry seaweed matter of triplicate.

Solvent M: methanol; E:

ethanol; A: acetone; method m: maceration; p:

percolation; u: ultrasonication. Different letters (a, b, and c) represent significant

differences
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The measured values oftotal phenolic content
(TPC) of L. stellata and P. boergesenii crude
and semi-purified fractions are presented in
Table 1.

Table 1 shows that a higher amount of TPC
was obtained with acetone fraction for both
L. stellata and P. boergesenii (126.04+8.65
and 110.22+6.14 mg GAE/g, respectively),
which were significantly greater than
ethanol and methanolic fractions as well as
crude extract.

It was also found that the TFC was the
highest (94+0.13) in the ethanolic fraction
of L. stellata followed by the ethanol
fraction of P. boergesenii (82+0.09). The
remarkable point is that although acetone
fractions showed the highest TPC content in
both seaweeds, on the contrary, the lowest
amount of flavonoids was measured in this

fraction. Moreover, L. stellata crude extract

and all fractions were observed to have a
significantly higher amount of TPC and
TFC as compared to P. boergesenii. The
highest concentration of flavonoids in both
L. stellata and P. boergesenii (94+0.13 and
82.00+0.09 mgQE/g) were measured in
ethanolic fractions and the lowest one in
acetone fractions (Table 1).

DPPH radical scavenging capacity

DPPH is a stable free radical with red color
which turns yellow when scavenged by
polyphenols and anthocyanins through the
donation of hydrogen, forming the reduced
DPPH-H (Luo et al., 2010). In this study,
algae crude and semi-purified extracts with
antioxidant activity to various degrees are
shown in Figure 4.

Asdepicted in Figure 4, L. stellata extracts (1
mg/ml) had higher DPPH radical scavenging

activity than the equivalent concentration of

Tablel. Total phenol (TPC) and flavonoid (TFC) contents of L. stellata and P.

borgoensii crude extract and its semi-purified fractions

Extract seaweed

L. stellata

Crude extract -
P. boergesenii

L. stellata
Ethanol fraction
P. boergesenii

. L. stellata
Methanol fraction .
P. boergesenii

_ L. stellata
Acetone fraction
P. boergesenii

TPCP (mg GAE/g) TFCP® (mg QE/g)

66.36+5.86° 73.0120.08"

50.60+1.69 65.20+0.07°
88.21+4.22¢ 94.14+0.13¢
61.73+2.56% 82.08+0.09¢
56.24+3.04% 78.22+0.06"
40.45+1.512 60.00+0.05°
126.04+8.65¢ 38.35+0.04°
110.22+6.14¢ 26.18+0.06*

€ Mean of 3 determination + SD. Mean within each seaweed for each parameter with different

letter (a to d) differ significantly (P <0.05)

BTPC = Total Phenolics Content, expressed as milligram GAE per g dry seaweed matter

PTFC = Total Flavonoid Content, expressed as milligram QE per g dry seaweed matter
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Fig 4. DPPH radical scavenging activity (%) of Lyengaria stellata (A) and Padina boergesenii

(B) crude extract and its semi-purified fractions, from the Persian gulf, Iran (n = 3). AscA:

Ascorbic acid. Values are the mean + standard deviation of triplicate. Different letters (a to d)

show a difference significantly (P < 0.05)

P boergesenii extract. The highest DPPH
scavenging activity (88.5%) was observed in
the acetone fraction of L. stellata (1 mg/ml),
followed by an ethanol fraction of this algae
(83.83%) at the same concentration (1 mg/ml).
of P

boergesenii at the concentration of 1 mg/ml

Acetone and ethanol fractions
also revealed the highest DPPH scavenging
activity (79.46% and 75.18%) among other
samples. The scavenging activity of crude
extracts of both algae was significantly
lower than acetone and ethanol fractions at
0.5 and 1 mg/ml concentrations. However,
no significant difference was observed
between crude extracts and semi-purified
fractions at concentrations lower than 0.5
mg/ml/ (P<0.05).

Reducing power

The reducing power of the extracts of two
macroalgae, expressed in OD_  values, was
analyzed by determining the color changes
of the extract solution from yellow to various

degrees of green and blue. The highest
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reducing power was observed in the acetone
fractions of both L. stellata and P. boergesenii
at 100 mg/ml concentration (1.130+0.040
and 0.839+0.010, respectively), followed
by ethanol fractions of both seaweeds
(0.828+0.020 and 0.794+0.070). It must be
noted that the reducing power of the acetone
fraction of L. stellata was greater than that
of ascorbic acid, which was more evident
in concentrations of 50 and 100 mg/ml.
The lowest reducing power was observed in
crude fractions of both seaweeds, which was
more noticeable at a concentration of 50 mg/
ml. In general, according to the results, the
reducing power of L. stellata extracts was
higher than that obtained for P. horgoensii
extracts in all concentrations. Moreover,
the reducing power of crude extracts and all
fractions of both tested seaweeds showed a
dose-dependent activity. In a concentration
above 50 mg/ml, a sharp rising of curves is
obvious (Fig. 5).

Antibacterial activities
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Fig. 5. Reducing power of extracts of Lyengaria stellata (A) and Padina boergesenii (B) crude

extract and its semi-purified fractions from the Persian gulf, Iran (n = 3). AscA: Ascorbic

acid. Values are the mean + standard deviation of triplicate. Different letters (a to d) are

showing a difference significantly (P < 0.05).

The Agar disk diffusion method was carried
out to test the antibacterial activities of
crude extracts and different fractions from
two species of marine seaweeds, and
the results are presented in Table 2. The
greatest [Z (inhibition zone) diameters were
observed in ethanolic and acetone fractions
of L. stellata (29.6+£0.5 and 28.0+0.7 mm,
respectively) against S. aureus, and the
lowest activity was recorded for crude
extract (8.6+0.1) followed by ethanolic
fraction extract (9.0+£0.6) of P. borgoensii
against S. enterica (Table 3).

According to the results from two tested
seaweeds, ethanolic and acetone fractions
showed maximum activity (according to
I1Z diameters) against all tested bacteria
in comparison to crude extracts. There
was no significant difference between the
Inhibition activity of acetone and ethanolic
fractions of both seaweeds against Gram-
positive tested bacteria (S. aureus and B.

circulance).
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Discussion

The different methods of extraction of
brown algae samples and the assays used for
the analysis make it difficult to compare our
results with others reported previously. The
comparative extraction results showed a
higher yield of total extracts for Padina
boergesenii and Lyengaria stellata than
other brown algae such as Eisenia bicyclis
(9.91%, 1.80%), Kjellmaniella crassifolia
(7.25%, 1.87%) as reported by Airanthi et
al., 2011. It is also seen that the yields for
methanol/chloroform-based extraction of
Sargassum fusiforme and S. hornery were
5.83% and 5.42%, respectively (Luo et
al., 2010), which might be due to different
extraction methods or different species. Our
results (in Fig. 3) are in agreement with the
study performed by Airanthi et al. (2011)
on Alaria crassifolia (14.61% extraction
yield). Furthermore, significant differences
were observed between the yield of methanol

percolation and methanol maceration extracts,
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Table 2. Overview of the phenolic content of some brown algae

. Total
Brown algae Tow ghicnolig flavonoid
; Solvent contents (TPC) Reference
species (thig GAE/pi) contents(TFC)
(mg QE/g)
Methanol  crude
Sargassum 51.00
extract
siliquastrum
Ethyl acetate 64.10
Dictyota
13.71£1.20
asiatica
Padina (Lim et al.,
21.28+0.13
arborescens Not measured  2002)
Eklonia cava Methanol (70%) 168.38+4.12
Colpomenia
7.06+£0.25
sinusa
Sargassum
19.51+0.42
thunbergii
Colpomenia Methanol 62.33+1.04
(Cox et al.,
crispus Ethanol 61.00+2.82
Not measured 2010)
Padina Methanol (60%) 42 83+£3.26
palmata Ethanol (60%) 30.00+0.00
Padina sp. Ethanol (70%) + 124.65+0.78 20.74+0.49 (Cox et al.,
Sargassum ultrasonication 2010, Dang
47.06+0.05 13.93+0.41
linearifolium et al.,
Phyllosporea 2018a)
67.78=1.01 9.89+0.41
cemosd
Dictyopteris Methanol/Dichlor (Akremi et
24.00+0.07 65.00+0.03
membranacea  omethan(1/1) al., 2017)
Ethylacetate 35.53+1.47 66.48+1.87 (Ebrahimza
Gracilaria
deh et al,
gracilis Mathanol 29.39+2.01 26.47+1.203
2018)
(Generali¢
Padina _ o
Methanol(50%) 24.30 Mekini¢ et
antillarum Not measured
al., 2019)
Padina
10.55
pavonica
Methanol
Cystoseria
261.53
crinita
Fucus saratus  Methanol(80%) 80.70
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Table 3. Comparing antimicrobial activity measured by agar disk diffusion assay (Inhibition

zone diameter or 1Z), and Minimum inhibitory concentration (MIC) of the crude extract and its

semi-purified fractions from Lyengaria stellata and Padina borgoensii

Inhibition zone (mm)+SD

Microbial o i
) Ampicilli  scaweed Ethanol Methanolic ~ Acetone
strains Crude ext.
n frac. frac. frac.
L. stellata 20.5+0.4*  29.6+0.5®° 19.5+04*  28.0+0.7°
S. aureus  30.0+0.4 . , ' ‘
P. 3 18.0+£0.0° 23.5+0.4* 16.6£04* 23.0=0.4*
+ B L. stellata 18.7+0 4% 18.240.6° NA 19.6+£0.6*
£ 18.3+0.7 .
g circulance P. boergesenii  14.6+£0.8* 14.6+0.6° NA 16.4+0.17
L. stellata 14.5+0.8" 16.0+0.4° NA 19.8+0.4*
E. coli 20.4+0.6
P. boergesenii  10.7+0.6* 12.5+£0.4* NA 16.6£0.3*
| L. stellata 10.6+0.4% 11.4+04* NA 15.5+£0.0¢
g S enterica 17.0£0.6 -
g P. boergesenii  8.6+0.1* 9.0+£0.6" NA 11.4+0.1°
MIC (png/ml)
L. stellata 51.3+1.0° 65.842.4* 100.2+4.4° 50.8+1.7°
S. aureus
P.boergesenii  62.2+2.4*  52.7+3.1*  125.4+1.0° 50.7+1.2°
+ B L. stellata 653+£1.8* 63.2+£2.0° NA 65.3£2.0°
=
g circulance P.boergesenii  754+09*  754+1.1* NA 75.84£2.3%
; L. stellata 100.0£0.0° 75.3+0.8° NA 75.6£0.6%
E. coli
P. boergesenii  123.1+4.2° 100.442.0° NA 100.5+3.5%
| L. stellata 151.3£2.0* 125.2+4.1* NA 125.4+0.6*
£ S enterica
g P. boergesenii  256.1+3.8" 255.4+3.7° NA 206.3+3.1*

Values are the mean + standard deviation of triplicate. Different letters

different significantly (P <0.05)

while no significant difference was observed
between methanolic and ethanol extracts.
This suggests that the methods employed
might significantly influence the extraction
yield and the solvent type. Therefore, the
solvents and procedures should be carefully
selected for maximum yield.

Many reports exist about the antioxidant
activity of polyphenols such as phlorotannins
and fucoxanthin of algae extracts (Chandini
et al., 2008, Wang et al., 2012, Sathya et al.,
2017, Fernando et al., 2016). Considering
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(a and b) are showing the

the difference in structures and molecular
weights of phenolic compounds of brown
algae, they are highly similar in chemical
properties (Lee and Kim, 2015), and it is
presumed that phenolic compounds can
act as a chemical shield against harmful
UV irradiation and grazers (Swanson and
Druehl, 2002). It needs to be noted that in
many previous seaweed studies, the amount
of TPC in the methanolic extract was higher
than those assayed in ethanolic or aqueous
extracts (Rastian et al., 2007, Airanthi et al.,
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2011, Dang et al., 2018a, Neto et al., 2018).
We presume that high temperature and long-
term extraction may lead to different results
in our case. There is a strong relationship
between TPC and extraction methods
(Tierney et al., 2013, Machu et al., 2015,
Dangetal., 2018b). On the other hand, Lee et
al. (2015) observed a comparatively higher
phenolic content of 168.34 mg GAE/g in the
methanolic extract of Eklonia cava.
Comparing our results with other reports
mentioned in Table 2 also can prove that,
total phenolic contents of L. stellata and P.
boergesenii were higher than many other
brown algae such as Padina arborescens,
Sargassum thunbergii, Dictyota asiatica,
and Colpomenia sinusa.

It’s also known that flavonoids are
responsible for a vast variety of biological
activities (Cox et al., 2010, Dang et al.,
2018a). According to the previous studies
(Ganesan et al., 2008, Lee and Kim, 2015,
Fellous et al., 2018, El-Sheekh et al.,
2020), there was a wide range of TFC from
different brown algae species and the highest
evaluated amount was 66.48+1.87 mg QFE/g
in Gracilaria gracilis, while the highest
value of TFC (94.00+0.13 mg QE/g) from
ethanol fraction of L. stellata was measured
in the present study was 40% more than
that. It’s known that each extract’s TPC
and TFC contents strongly depend on the
extraction solvent and its polarity (Akremi
et al., 2017), as well as the algae species. In
our case, in addition to these factors, semi-

purification of the extract also played the

main role in the enhancement of TFC from
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the extract compared to other reports about
crude extracts. Our results were supported
by previous studies by Akremi et al., 2017
and Tierney et al., 2013, who mentioned that
purification would increase the polyphenols
and flavonoid contents of extracts.
Comparison of total phenolic and flavonoids
contents of the extracts for these two brown
algae, with the reports of other researchers
on some other brown algae extracts,
confirms that L. stellata and P. boergesenii
had relatively higher contents of TPC and
TFC (Table 2) and could be used as a natural
source for bioactive compounds.

DPPH

been widely used to screen antioxidants

radical-scavenging capacity has

from plants and algae (Luo et al., 2010,
Ganesan et al., 2008, Lee and Kim, 2015).
It is an easy, rapid, and convenient method
(Nickavar et al., 2007). It was used in this
research to evaluate the antioxidants and
radical scavenging capacity of L. stellata
and P. boergesenii. According to our
results, L. stellata extracts showed higher
DPPH radical scavenging activity as than P,
boergesenii extract (Fig. 4). The scavenging
activity of the crude extract of P. boergesenii
was significantly lower than other extracts
(P<0.05).

Many studies have been done to determine
the antioxidant capacity of seaweeds. Lee
and Kim (2015) assayed the antioxidant
activity of the methanolic (70%) extracts of
more than 50 brown algae species of Korea
based on the DPPH free radical-scavenging
activity. They reported an activity range
between 101.93+1.49 (Callophyllis crispata)
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and 5.12+0.32 (Sargassum macrocarpum).
According to the results of this research
(Fig. 4), L.

showed relatively high radical scavenging

stellata acetone fraction

activity among brown seaweeds. Dang et
al. (2017) investigated six brown algae for
their antioxidant activity and reported that
Hormosira banksii and Sargassum vestitum
showed DPPH levels almost near to ascorbic
acid (positive control) at all concentrations,
which is in agreement with our results of L.
stellata (1mg/ml) (Fig. 4). However, Zhang
et al. (2007), reported that the antioxidant
activity of brown seaweeds was much lower
than positive controls of ascorbic acid. The
results of the present study also suggest that
DPPH scavenging activities of the algae
extracts were dose-dependent, which is
in agreement with previous studies in the
literature (Luo et al., 2010, Farasat et al.,
2013, Liu et al., 2017).

Both seaweeds extracts showed reducing
power almost at the same degrees (Fig. 5),
and it can be expressed in descending order
as acetone> ethanol> methanolic fraction>
crude extract. Interestingly, the acetone
fraction extract of L. stellata presented
higher reducing power than the positive
control (AscA). Figure 4 reveals that the
reducing power of all extracts showed a
dose-dependent response at 700 nm. Similar
results have been reported in the literature
(Ganesan et al., 2008, He et al., 2016, Xu et
al., 2018).

The

associated with reluctant,

reducing properties are generally
which exert

antioxidant action by breaking the free
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radical chain by donating a hydrogen atom
(He et al.,, 2016). Comparing TPC and
reducing the power of these two seaweeds,
demonstrates that higher TPC of extracts
leads to higher reducing power. Our results
are thus in agreement with Luo et al. (2010),
He et al. (2016), and Akremi et al. (2017),
who reported a relation between TPC and
the reducing power of seaweed extracts.
Crude extract and all prepared fractions
showed high inhibition activity against S.
aureus, and altogether tested gram-negative
bacteria, were less negatively affected by the
extracts compared to gram-positives.

All the extracts revealed antimicrobial
activity but only methanolic fractions, as
shown in Table 2. Methanolic fractions of
both seaweeds had inhibition activity only
against S. aureus and did not show any effect
against other bacteria (B. circulance, E. coll,
and, S. enterica).

The analysis of variance revealed that the
effect of MIC was significantly different
for gram-positive and gram-negative tested
bacteria. At the same time there was no
significant difference between the two
seaweed extracts (P< 0.05). The minimum
value of MIC was observed in acetone
fractions of both seaweeds against S. aureus
(50.7 and 50.8 pg/ml), while, S. enterica
showed the highest resistance to seaweeds
extracts according to the highest MIC values
(> 200 mg/ml) and the smallest IZ diameters
(Table 3).

The results also indicated that gram-negative
tested bacteria were more resistant to the

seaweed extracts than gram-positive ones;
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which may be due to their cell wall structure
(Eliuz et al., 2019, El-Sheekh et al., 2020,
Maadane et al., 2021). The outer membrane
of gram-negative bacteriais covered by aslim
layer, which in turn hides the antigens of the
cell wall and does not allow the penetration
of antibiotics into the cells (Vergalli et al.,
2020). Generally, acetone fractions with
the highest phenolic and flavonoid contents
showed the most significant antimicrobial
activity. On the contrary, the methanolic
fraction showed a lack of antimicrobial
effect but only against S. aureus despite
the relatively high TPC and TFC content
levels. This result can be explained by the
synergy outlined by Freeman et al. (2010)
and Parker et al., (2010). The synergic effect
is caused by changes in concentrations of
the compounds and their proportions in
different fractions (Garcia et al., 2015).
So, it can be concluded that antimicrobial
solid activity depends not only on the high
content of antimicrobial components such
as polyphenols and flavonoids but also on
the synergy between all components of each
extract (Akremi et al., 2017).

Concerning our findings on Lyengaria
and Padina the

antimicrobial activity of crude extract

stellata borgoensii,
can be improved by purification to semi-
purified acetone, and ethanol fractions,
and our results were supported by previous
findings that purification of extracts leads to
increasing the antimicrobial potency (Garcia
et al., 2015, Parker et al., 2010).

The results of the present study indicated

that the percolation method with methanol
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and ethanol solvent produced the most
extraction
L.

Acetone fractions

outstanding efficiency from
and P
of both

analyzed seaweed were the richest fractions

brown seaweeds stellate

borgoensii.

of phenolic, while the ethanol fractions
showed the highest amounts of flavonoids.
L. stellate and P. borgoensii were found to
be potent sources of natural antioxidants and
showed good radical scavenging activity
and reducing power. Nowadays, the world’s
human community faces

the

a significant

challenge regarding antimicrobial
resistance of bacteria against existing
antibiotics. These seaweed extracts also
showed good antibacterial activities against
pathogenic bacteria, which suggests them
as potent source of alternative antibiotics.
So identification and characterization of
bioactive compounds from natural sources
are highly regarded; as a source of producing
a new class of therapeutics that might be

used as new antibiotics.
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Abstract
The biosynthesis of nanoparticles
using  microorganisms as  emerging

bionanotechnologyhasreceivedconsiderable
attention due to a growing need to develop
environmentl-friendly ~ technologies in
materials synthesis. Nanoparticles produced
by a biogenic enzymatic process are far
superior in biomedical applications to
those produced by chemical methods. This
study explored the biosynthesis of gold
nanoparticles by Arthrospira platensis
Gomont. Two series of experiments hence
the dose dependency (chloroauric acid
solution with different concentrations) and
the temperature dependency (room, 75° C,
and 90° C temperature) of Au nanoparticles
formation, were studied. Optimizing the
synthesis of gold nanoparticles and gold
nanoparticles concentration determination
was done. The results showed that the
gold nanoparticles’ size is reduced by
reducing the gold concentration and raising
the reaction temperature. In addition, the
size of spherical shape nanoparticles has

decreased from 80 nm to 20 nm, and as
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the concentration increased, nanoparticles
became more stable. Extracted nanoparticles
solutions were examined by UV-visible
Spectroscopy, scanning electron microscopy
(SEM), dynamic Light Scattering (DLS),
and EDAX or EDS (Energy-dispersive
X-ray spectroscopy) analysis. Results
indicated that algae extract is very suitable
for biosynthesis and are more efficient
than biomass. The maximum production
efficiency with this method is 98%, which is

excellent and economical.

Keywords: Cyanobacteria, Green Synthesis,

Biological production, Optimization,

Bionanotechnology

Introduction

The first report on the synthesis of gold
nanoparticles by Alfalfa sprouts was done
by Gardea-Torresdey (2002), who showed
that at the beginning, Au (III) ions are
reduced to Au (0) ions by the alfalfa plant,
and then the metal atoms are absorbed by
the plant, which leads to It will be revived

later. Present observation lends support to a
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previous study where formation of triangular
gold nanoparticles was reported using the
Spirulina (Chandran et al., 2006). Shankar
et al. (2003) demonstrated the neem leaf
mediated synthesis of Ag, Au and bimetallic
Au core—Ag shell nanoparticles. Further,
silver and gold nanoparticles have been
synthesized using bacteria, fungi, yeasts
(Gericke and Pinches, 2006; Deendayal et
al., 2006) and amino acids (Selvakannan
et al., 2003). There are also reports on
the microbes-mediated synthesis of alloy
nanoparticles, both extra and intracellular
(Nair and Pradeep, 2002; Ahmad et al.,
2005). The synthesis of gold nanoparticles
in algae has also been reported, including
1995),
Sargassum wightii (Singaravelu et al., 2007)

Chlorella vulgaris (Ting et al.,

and Plectonema boryanum (Lengke et al.,
2006b). In addition, Chakraborty et al. (2006,
2009), Nayak et al. (2006) synthesized
nanoparticles by cyanobacteria, green algae,
and diatoms. Recently, cyanobacterium-
mediated platinum nanoparticles’ synthesis
by the reaction of filamentous Plectonema
boryamum with platinum (IV) chloride
complex has also been reported. Biological
production systems are of special interest
due to their effectiveness and flexibility. One
of the issues raised in connection with algae,
especially blue-green algae, is the ability to
use them for biological production. Today,
microorganisms such as bacteria, fungi,
yeasts, actinomycetes, and algae are used to
produce gold nanoparticles. Green synthesis
of nanoparticles using microorganisms as

an emerging technology has received much
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attention due to the growing need to develop
environmentally friendly technologies in
material synthesis (Rai et al., 2011).Variant
nanoparticles are produced by three physical,
chemical and biological methods; the first
two methods are problematic, expensive
and cause environmental pollution, hence
the use of biological production procedure
due to not cause environmental pollution
is of excessive significance (Faramarzi et
al., 2010; Rastgar Farajzadeh et al., 2010).
of

particular interest due to their effectiveness

Biological production systems are
and flexibility. Nanoparticles produced by
a biogenic enzymatic process (the product
of the activity of livingorganisms) are far
superior to those produced by chemical
methods in biomedical applications (Li et
al., 2011; Mandal et al., 2006).

Gold nanoparticles play a significant role
in nanotechnology due to their potential
use in industry and medicine (Sadowski,
2010). When microorganisms take metal
ions from the environment, nanoparticles
are synthesized, and then they are converted
into nanoscale particles by cell-produced
extracellular
2011).

produced by these processes have a higher

intracellular

(Lengke et

or enzymes

al., The particles
catalytic reaction, more specific surface
area, and improved contact between the
enzyme and the desired metal salt due to
the presence of the matrix (field) carrying
the bacteria. They have been used in various
applications such as targeted drug delivery,
cancer treatment, gene therapy, and DNA

analysis, antibacterial agents, biosensors,
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increasing reaction speed, separation science
(Khosravi-Darani et al., 2017). In many
types of research, Spirulina has been used
to produce nanoparticles. Cyanobacterial
such as Plectonema can convert gold
chloride solution into gold metal (Lengke
et al.,, 2006 .(Lengke et al. (2006 a, b)
studied the synthesis of gold nanostructures
with different shapes (spherical, cubic, and
octagonal) by filamentous cyanobacteria and
analyzed their formation mechanism. Bakir
et al.(2018) showed that the cyanobacterium
Lyngbya majuscula in contact with a solution
of 1500 mg/ml of gold chloride produces
gold intracellular nanoparticles for a day and
can produce gold extracellular nanoparticles
after two months of incubation. Tikariha et
al. (2012) showed that the cyanobacterium
Plectonema boryanum and green algae
Chlorella can produce gold nanoparticles,
and Sargassum seaweed can produce gold
nanoparticles with dimensions of § to 12 nm
from gold chloride solution. Govindaraju
et al. (2008) have studied the extracellular
biosynthesis of silver, gold, and mixed
metal nanoparticles using Spirulina. These
researchers have studied the synthesis of
silver and gold nanoparticles by Spirulina
because of its nutritional and medicinal
importance. Spirulina is a filamentous
cyanobacterium or multicellular spiral
filamentous algae. It is one of the most
valuable natural nutritional sources known
in the world. This microalga contains 60-
70% vegetable protein, is perfectly balanced
in terms of amino acids, rich in beta-

carotene, iron, the richest natural source
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of vitamins, essential fatty acids, and other
biologically active beneficial substances in
the world (Doshi et al., 2007). Spirulina
blue-green microalgae is widely used as a
medicinal matrix and also as a food additive
for humans and animals. The production of
complexes that are easily absorbed by the
human organism is one of the distinctive
features of Spirulina. Considering that
Spirulina 1s a valuable medicinal alga and
can be used for the green synthesis of gold
nanoparticles, this research is devoted to
investigating the biosynthesis ability of gold
nanoparticles by Spirulina. So far, no such
research has been done in Iran, and it is a
green approach in the field of synthesis of
gold nanoparticles in the country.

which

result of the first author’s postdoctoral

In this research article, is the
research course, we report the use of
Spirulina platensis biomass and extract
for the biosynthesis of pure metallic gold
nanoparticles by simultaneous reduction of

aqueous HAuCl,.

Materials and methods
Preparation of S. platensis stock and its
cultivation

In order to conduct the experiments, the
green stock of Spirulina platensis Geitler
was purchased from Parsjolbak Company
of Shiraz, then it was cultivated in BG11
medium. This blue-green algae culture
medium containing (0.1 Na,Mg EDTA, 0.6
Ferric ammonium citrate, 0.6 Citric acid.
1H,0, 3.6 CaCl,.2H,0, 1.5 NaNO,, 7.49 MgSO,.
TH,0, 0.02 Na,CO,, 4 K HPO,3H0, 2.86
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H,BO,, 1.81 MnCL,4H,0, 0.22 ZnSO,.7H,0,
CuSO,.5H,0, 0.05 CoCl.6H,0, 0.39
NaMoO,.2H,0 g/L) is used to produce
abundant biomass (Stanier et al., 1971).
Gold nanoparticles production using S.
platensis biomass

Before experimentation, the biomass was
washed thrice in deionized water to remove
the unwanted materials. For all the synthesis
of gold nanoparticles, 613 mM chloroauric
acid (HAuCl,) was used as received. Gold
nanoparticle formations were carried out
by taking 0.1 gr of S. platensis biomass in
a 50 mL Erlenmeyer flask with 0.613 mM
aqueous HAuCl, and incubated at room
temperature. The pH was checked during
the course of the reaction, and it was found
to be 3 (Kalabegishvili et al., 2012).
Spirulina extraction by methanol solvent

10 gr S. platensis powder in 20 ml methanol
(100%) twice used to prepare methanolic
extract. After 24 hours, the solution was
filtered with filter paper and the extract was
concentrated with a rotary device (Saad AM.
et. al., 2020)

Biosynthesis of gold nanoparticles by extract
of S. platensis with a high concentration of
gold salt

After placing 0.1 g of fresh extract of S.
platensis exposed to 100 micro liters of 613
mM gold solution for 24 hours, the color
change of the solution and the biosynthesis
of nanoparticles were investigated (Xie et
al., 2007).

Measurement of an absorption spectrum
of by UV-Visible

Spectrophotometer

nanoparticles
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After the biosynthesis of gold nanoparticles,
the absorption spectrum of the solution
at the wavelength of 531 nm, which
is the absorption wavelength of gold
nanoparticles, was determined by the UV-
Visible spectrophotometer.

Determining the shape and size of gold
nanoparticles by electron microscopy

The size of nanoparticles was checked
by SEM electron microscope. In order to
determine the shape and size of the samples,
the biosynthesized sample was centrifuged
at 5000 rpm for ten minutes and after being
concentrated and placed in a 60° C oven, it
was delivered to the electron microscope
room of the physics department of Yazd
University.

EDAX analysis or EDS

EDAX analysis or EDS (X-ray Energy
Diffraction Spectroscopy) is an add-on to
SEM devices to detect elements in solid
samples. This analysis can detect the type of
element and its weight or atomic percentage
by using the unique X-ray energy emitted
from the sample. In this study, biosynthetic
gold nanoparticles were transferred to Beam
Goster Taban material analysis laboratory
for EDAX analysis.

Biosynthesis by S. platensis extract with a
low concentration of gold salt and estimate
the hydrodynamic size (DLS)

One of the samples of S. platensis extract,
which was exposed to less gold salt for the
biosynthesis of nanoparticles, was subjected
to DLS analysis to determine the size and size
distribution. Sample size and distribution of

biosynthesized particles were checked by
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the DLS device. Gold nanoparticles were
analyzed by Dynamic Light Scattering
(DLS). Extracted gold nanoparticles were
analyzed using Malvern Nano ZS to estimate
the hydrodynamic size of the particles.

Gold

determination

nanoparticles concentration
The concentration of gold nanoparticles
was determined by an atomic absorption
spectrophotometer (AAS) (Analyst 400;
Perkin Elmer, Waltham, MA, USA).
Sample stability test

The stability test of biosynthetic gold
nanoparticles was also performed. In this
way, the absorption of the sample was
recorded during biosynthesis and after
one month after biosynthesis, and if the
absorption number has not changed, it
indicates the stability of the nanoparticles
and is one of the most critical indicators
that determine the quality of the gold

nanoparticles sample are the stability index.

Results
Solution color change and synthesis of gold
nanoparticles

The biosynthesis of nanoparticles by
biomass and S. platensis extract can be
detected only by changing the color of the
solution from yellow to red. Synthesis of gold
nanoparticles at room temperature showed
that after 24 hours, the extract solution and
wet biomass changed from yellow to red,
and red gold nanoparticles were made.
The result of the measurement of an
absorption spectrum of gold nanoparticles

The addition of S. platensis biomass to 0.613
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mM aqueous HAuCl, solutions led to the
appearance of red color in biomass after 48
h of reaction, indicating the formation of
gold nanoparticles. These colors arise due to
the excitation of surface plasmon vibrations
in the metal nanoparticles (Singaravelu et
al., 2007). Figures 1 shows the UV-Vis
spectra recorded from the aqueous auric
chloride and S. platensis reaction medium
as a function of the reaction time. The gold
surface plasmon resonance (SPR) band
occurred at 530 nm. Function of the time of
reaction was recorded on a UV—Vis 1601
Schimadzu spectrophotometer which was
operated at a resolution of 1 nm. The gold
nanoparticles produced did not show an
absorption peak at the wavelength of 531
nm, which is the absorption wavelength
of gold nanoparticles in the biosynthesis
section with biomass. This indicates that
the intracellular gold nanoparticles are
synthesized and are not in free form, and
no extracellular nanoparticles have been
synthesized. In the biosynthesis section
with extract, the sharpie absorption peak
at 530 nm is observed, which indicates
the presence of extracellular biosynthetic
nanoparticles in free form.

SEM electron microscopy

The size of nanoparticles was checked
by SEM electron microscope. The shape
of biosynthesized gold nanoparticles is
spherical between 20- 80 nm (Figure 2).
Dynamic Light Scattering test result

DLS study supports the presence of gold
nanoparticlesofdifferentsizesintheextracted

solution. The average size distribution of
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gold nanoparticles

Adsorption rate of biosynthetic
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Fig. 1. UV—Vis spectra recorded as a function of time of

reaction of the aqueous solution of chloroauric acid with S.
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Fig. 2. SEM images of gold nanoparticles formed by reduction of Au ions using S.

platensis biomass and extract;

(a)

intracellular nanoparticles (with a high

concentration of gold) and (b) extracellular nanoparticles (with a low concentration

of gold)

biosynthesized gold nanoparticles is about
56 nm (Figure 3).

Optimization of the synthesis of gold
nanoparticles

Three factors in temperature, the amount
of gold sample in the environment, and the
amount of algae biomass are significant in
optimizingthesynthesisofgold nanoparticles

in different dimensions. The results show
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that the temperature is very effective in the
duration of the synthesis of nanoparticles
and significantly reduces the time required
for the synthesis; also, the temperature
affects the size of the nanoparticles, and as
the temperature increases, the size of the
nanoparticles decreases. In addition, with the
reduction of gold concentration, the size of

gold nanoparticles becomes smaller. In the
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Fig. 3. Dynamic light scattering test result

present experiment, the size of nanoparticles
has decreased from 80 nm to 20 nm by
halving the gold concentration compared to
previous experiments.

Gold nanoparticles concentration determination
An atomic absorption spectrophotometer
the concentration

analysis determined

of gold nanoparticles. The results show
that more biosynthetic nanoparticles are
synthesized with S. platensis algae extract
at high temperatures and low volumes of
gold solution. The maximum production
efficiency with this method is 98%, which is

excellent and economical.

Table 1. Determining the concentration of biosynthetic gold nanoparticles by the gold

standard
Initial ) .
) Concentration of  Production
Test concentration ) , ‘
Number sample pity  gold nanoparticles efficiency
temperature of gold
) (ppm) (%)
solution
(ppm)
Spirulina A:28.60
1 25¢ 71.2 1 47.35
platensis 1 0:28.60
Spirulina A: 2368
2 75%¢c 71.2 25 98
platensis 2 0:59.19
Spirulina A:2.755
3 90° ¢ 85.6 25 95.14
platensis 3 0O: 68.88

(A: The concentration value of the diluted solution, O: The concentration value of the original

solution)
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(A: The concentration value of the diluted
solution, O: The concentration value of the
original solution)

EDAX analysis or EDS (Energy-dispersive
X-ray spectroscopy)

an EDAX (energy dispersive X-ray analysis)
pattern of gold nanoparticles synthesized by

treating S. platensis with chloroauric acid

3500 Aul
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AlLIALLS pup pytt
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aqueous solution is proved the presence of
gold nanoparticles in Figure 4. The energy of
X-rays is characteristic of the elements from
which these X-rays are emitted. A spectrum
of the energy versus relative counts of the
detected X-rays is showed in Figure 4. Two
peaks of Au were observed for biomass of
S. platensis, Edax analysis confirmed the

particles only with gold.

AULP2  AuLyid
- + T + + - keV
15 20

Fig. 4. Edax analysis of biosynthetic gold nanoparticles

confirmed the particles only with gold

Discussion

Green synthesis of AuNPs has become
of great interest using bacteria, fungi, and
algae because of its numerous benefits, such
as low-cost medium for microbial growth,
efficiently handling process, and its ability to
absorb gold ions (Lee et al., 2020; Akintelu
and Folorunso et al., 2021). Several material
scientists have synthesized various types
of gold nanoparticles through physical
and chemical methods (Hu et al., 2007;
Panigrahi et al., 2005; Wang and Shi, 2007).
Ahmad et al. (2005) envisaged that chemical
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synthesis may still lead to the presence of
some toxic chemical species adsorbed on
the surface that may have adverse effects
in medical applications. On this basis, the
present study has its essentials. Although
the therapeutic potential of S. platensis is
promising, its bio-reduction property of
inorganic materials is yet to be exploited.
Kalabegishvili et al. (2012) studied the
synthesis of gold nanoparticles by S.
platensis at different doses and at different
time intervals. This study showed that after

1.5-2 days of exposure to gold salt, spherical
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intracellular nanoparticles were formed, and
the peak size of the particles was between
20-30 nm.

The results showed that the concentration
of gold accumulated by the S. platensis
biomass was proliferating at the beginning,
followed by some increase over the next
few days. In the UV-visible absorption
spectrum of S. platensis suspension after the
addition of gold chlorate solution at different
concentrations (dose-dependent), it has been
shown that a broad gold Surface Plasmon
Resonance (SPR) peak appears at 530 nm
for its concentrations (103-10*M). At higher
concentrations of HAuCl, 10> M such a peak
was not observed. The results show that at
the concentration of HAuCl, 10 M, the size
of gold nanoparticles is~ 14 nm, at 10> M =
20 nm, and at 1072 M = 100 nm. In the present
research, the size of gold nanoparticles
becomes smaller with the reduction of gold
concentration. In the current experiment, the
size of nanoparticles decreased from 80 nm
to 20 nm by halving the gold concentration
compared to previous experiments, which is
consistent with the results of Kalabegishvili
et al. (2012). In the current research, by
increasing the concentration of S. platensis
extract and decreasing the attention of the
gold solution used for biosynthesis, as well
as increasing the temperature, nanoparticles
with a smaller size and higher concentration
are synthesized, as seen in Table 3, which
indicates The results are similar to the
research of Kalabegishvili et al. (2012) on
the synthesis of gold nanoparticles by the

cyanobacterium S. platensis.
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The results of the studies by Sharma et
al. (2009) show that the color of gold
nanoparticles changes from red to blue and
this color change depends on the shape and
size of the nanoparticles. The nanoization of
gold particles by microorganisms is caused
by the reduction of Au(IIl) to Au(0) and its
production in intracellular and extracellular
form, which is entirely consistent with
the present research; S. platensis makes
intracellular and extracellular nanoparticles
brown to red depending on the size by
absorbing gold solution in different
temperature and concentration conditions
(Duff et al., 1987; Chow and Zukoski, 1994;
Lujan et al., 1994; Chakraborty et al., 2009;
Parial et al., 2012).

Gerick and Pinches (2006) reported that the
shape of particles is spherical if the amount
of regeneration (reduction) is low. If the
amount of regeneration is high, the form of
particles becomes nanorods and nanoplates.
In addition, their investigation showed that
the high amount of regeneration at low pH
might lead to the production of nanorods.
Therefore, we find that according to the
results of this research, which shows that
biosynthetic nanoparticles are spherical, so
the amount of reduction is low.

According to the Miefis Theory, only one
SPR band is expected in the absorption
spectrum of spherical nanoparticles. At the
same time, anisotropic particles can produce
two or more SPR bands depending on the
particle shape (Sosa et al., 2003). In the
present case, a single band was observed,

which shows evidence of the presence of
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spherical gold nanoparticles, which was
confirmed by TEM and SEM images.
In the present research, the synthesis of
spherical nanoparticles is proved by having
a sharp band. As all the reports state that
biosynthesis with algae extracts is better
than biomass, this research also shows that
algae extract very suitable for biosynthesis
and has more efficiency (Shankar et al.,
2016). The maximum production efficiency
with this method is 98%, which is excellent
and economical.

The “green route” of biosynthesis of
extracellular gold nanoparticles in .
platensis is a very simple, economically
viable, and environmentally friendly process,
which has a significant advantage over the
intracellular synthesis process in terms of
applications in medicine, pharmaceuticals,
and other technological fields and has a

chemical synthesis process.
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Abstract

Cyanobacteria are a group of prokaryotes
that can live under stressful environmental
conditions due to their high metabolic
flexibility. In this study, we examined the
terrestrial ~ cyanobacterial ~communities
in the wheat fields adjacent to the indus
trial areas of Yazd province. The physical
and chemical properties of the soils were
evaluated, including pH, EC, salinity, and
the concentration of two heavy metals,
In addition, the

diversity and abundance of cyanobacteria

lead, and cadmium.

were investigated in the soil of the
studied stations. The frequency of taxa
was determined based on the colony count
method. According to the results, the amount
of cadmium was very low (lower than 0.1
ppm), but the lead concentration in the s
tudied stations varied between 1.602 ppm
and 4.044 ppm. The sodium concentration in
the soil ranged from 16.18 to 89.54 mEqL"".
The present results show that with a slight
increase in the concentration of lea, the
diversity of cyanobacteria does not decrease.
Still, an increase in the concentration of

information from a specific range causes a

Revised and accepted: 2022-04-02

reduction in their biodiversity. Moreover,
the cyanobacteria abundance does not show
any significant decrease in this range of lead
concentration. This result may indicate the
relative resistance of the dominant taxon
to lead metal and the development of these

taxon communities in stressful conditions.

Keywords:  Cyanobacteria,  Diversity,

Heavy metal, Salinity, Soil texture

Introduction

Terrestrial ecosystems occupy a large
part of each country’s natural habitats. These
ecosystems are the exclusive habitat of
many microorganisms, which have developed
biological communities. The abundance and
diversity of soil microbial communities depend
on various factors including the soil Physico-
chemical properties, moisture, organic matter
content, and soil texture (Barton and Northup,
2011, Saul-Tcherkas and Steinberger, 2009).
In dry land and deserts, several factors such
as dryness and salinity significantly affect soil
microbial flora (Zhang et al., 2019; Stovicek et
al., 2017).
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Soil salinity is determined based on the
concentration of soluble salts such as
sodium (Na®), potassium (K*), chloride
(Cl), and sulfate (SO,?) (Qadir et al., 2007).
Salinity and high concentration of salts are
among the characteristic features of soil
in dry desert areas. These factors mostly
have adverse effects on the microflora of the
growing medium of plants, as well as their
growth efficiency and performance (Litalien
and Zeeb, 2020). It should be noted that
the high concentration of all salts does not
necessarily reduce or stop the biological
activity of plants and soil microorganisms.
Some cations such as Na® are mainly
responsible for creating salt marshes leading
to biological damage to plants, while K*
is considered an essential element for the
growth of plants (Jafary, 2000; Qadir et al.,
2007). Also, researchers believe K" is the
most important essential element for plants
after nitrogen (Chookalaii et al., 2020;
Prajapati and Modi, 2012)

Another factor affecting the composition of
soil biological communities is the presence
of industrial heavy metal pollution. An
increase in the concentration of heavy metals
in the soil naturally causes an increase in the
concentration of these metals in plant tissues.
Consequently, it causes poisoning due to
creating a disturbance in the absorption
process and plant growth (Alam et al., 2020;
Stofejova et al., 2021). Moreover, previous
studies show that the high concentrations of
heavy metals in the soil significantly affect
soil microflora and the biodiversity of soil
microorganisms (Ahlesaadat et al., 2017).
Some algae and cyanobacteria can live in

habitats contaminated with heavy metals
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or saline soils (Hokmollahi et al. 2016;
Heidari et al. 2017). These photosynthetic
microorganisms grow and socialize well in
damaged soils and polluted environments.
These resistant taxa have received particular
attention in recent years to improve the soil
texture in affected and polluted soils (Rocha
et al., 2020). Therefore, these microalgae
and cyanobacteria are good candidates for
environmental cleaning which is known as
phytoremediation in biotechnology (Fawzy
and Mohamed, 2017; Sarmah and Rout,
2020).

Yazd, a province located in central Iran and
southeast Isfahan, is a hyperarid region
with limited water resources. According
to the reports, the cultivated lands of this
province (agricultural lands, gardens, and
tree-planted areas) occupy 40,781 hectares
(Dashtakian and Baghestani, 2002). In
recent years, a decrease in rainfall and an
increase in evaporation caused more dryness,
accumulation of salts on the surface of the
soil, and the destruction of soil texture.
These factors can lead to a decrease in crop
yields and to the complete desertification of
agricultural lands (Ghaeminia et al., 2019).
Due to the limitation of water resources in this
province, using wastewater or underground
water sources in agriculture is one of the
leading solutions for providing agricultural
water. Studies show that the underground
water in Yazd is contaminated with heavy
metals due to the tile and ceramic industry
(Rahmani, 2009). The results of research
on the pollution load of the factories of this
region show the presence of large amounts
of lead, cadmium, chromium, and zinc in the

industrial wastewater of these factories
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(Morshedizadeh et al., 2009; Rahmani,
2009).

In the present work, a group of cyanobacteria
was studied for their resistance to soil
salinity and environmental pollutants.
the

cyanobacterial biodiversity in the wheat

Our purpose was to investigate
fields of Yazd province with an emphasis on
some fields adjacent to the industrial areas.
In addition, the abundance and diversity of
these microalgae, which were influenced by
the physico-chemical characteristics of the
soil and the concentration of environmental
pollutants such as lead and cadmium, were

investigated.

Materials and Methods
Study stations and soil sampling

The study area is located in the Yazd-
Ardakanplain, the northern part of Yazd
province (latitudes: 32° 17’ to 32° 24’ N;
longitudes: 53° 55’ to 54° 5' E, average
elevation: 1050 m above sea level). The
average amount of rainfall in many parts of
this province is less than 65 milliliters per
year, and the mean annual rainfall is 61.9
milliliters (Ghahraman and Taghvaeian,
2008). The dominant soil texture is loam,

silt loam, and sandy loam textures in this

area (Rahimian et al., 2014).

About 81% of the industries and factories
of Yazd province are located in the Yazd-
Ardakanplain which makes the area one of
the most contaminated places with heavy
metals. Also, an increase in soil salinity
as a result of drought has been reported in
this area (Sharifi et al., 2020). Therefore,
in this study, stations were selected from
wheat fields adjacent to the industrial areas
of the Yazd-Ardakan plain. Five study
stations were considered for the biological
evaluation of farm soils in the distance
between Yazd city and Ardakan (Table 1).
Soil samples were collected according to the
Rangaswamy method (1966).

cultivation, purification, and identification
of cyanobacteria

In order to cultivate cyanobacterial samples
for the morphological identification of taxa,
the soil culture method was used. For this
purpose, 10 gr of soil from each station
was transferred to sterile plates containing
liquid nitrate-free BG11 culture medium
(Andersen, 2005). Then the plates were
placed in the conditions of 12 hours of
light, and 12 hours of darkness, with a light
intensity of 74 pmol photons m?s, and at

a temperature of 25+2 °C. The morphology

Table 1. Geographical details of the sampling locations

Site  Location

Latitude/Longitude

1 Torkabad
2 Sadrabad

3 Shamsi
4 Kalantar farm
5 Tabas crossroad

32°20' N/54° 58'E
32° 18" N/54° 00" E
32° 05" N/54° 06" E
32° 11" N/54° 05" E

32°02' N/54° 12'E
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of cyanobacteria was studied using a light
microscope (Olympus, Japan). Samples
were classified according to morphological
characteristics such as the shape and
color of the colony, the length, and width
of trichomes, the shape and dimensions
of vegetative cells, heterocyst, akinete,
the position of the akinete in relation to
the heterocyst, the presence or absence
of heterocysts, the presence or absence
of mucilaginous sheath, apoheterocytic or
paraheterocytic form of trichomes. In this
study, we used valid identification keys to
identify the taxa, such as Komarek (2013),
Komaérek and Anagnostidis (2005).
Counting of cyanobacterial colonies

The colony counting method was used to
determine the frequency of cyanobacterial
taxa. For this purpose, after identifying
microalgae, one percent of soil extracts were
obtained by homogenizing one gram of each
station’s soil in 100 mL of distilled water.
One milliliter of the resulting suspension
was transferred to the surface of the solid
BG11 medium. After spreading the soil
suspension on the surface of the culture
medium uniformly, the plates were placed in
the conditions of 12 hours of light, and 12
hours of darkness, with a light intensity of
74 umol photons m?s!, and at a temperature
of 2542 °C. The number of colonies was
counted and calculated after 21 days.

Soil analysis

To evaluate the degree of correlation
between the environmental factors and
the diversity and abundance of taxa, the
quantitative analysis of the physical and
chemical factors of the soils were analyzed,

including pH, EC, the concentration of Na”,
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K*, phosphorus, total nitrogen, salts, and
the concentration of lead and cadmium.
Analysis was performed by Arian FanAzma
Company, Tehran, Iran. The method of
measuring the factors is presented in Table
2. Soil texture was another factor evaluated
in this study by the particle size analysis
(PSA) method. For this purpose, the type
of soil texture was determined based on the
ratios of the amounts and percentages of

sand, silt, and clay.

Results

In this study, a total of 32 species of
cyanobacteria were identified, including
four orders, 10 families, and 18 genera.
Among the identified taxa, the order
Oscillatoriales  (filamentous and non-
heterocystous cyanobacteria) had the most
diversity with 8 genera and 13 species while
the members of the order Chroococcales
(unicellular or colonial taxa), only had three
genera and four species among the identified
taxa. In the reported microflora, Jaaginema
and Oscillatoria showed the highest species
diversity with 18% and 15%, respectively

(Figure 1).

Although Turkabad station had less
cyanobacterial ~ diversity than  Tabas
crossroad and Kalantar farm stations

(Figure 2), the dominant taxa present in
the soil of this station, especially members
of the Pseudanabaena, can develop their
communities under environmental stress
conditions. Moreover, some members of this
genus can fix nitrogen. Among the study
stations, Sadrabad station also showed less
diversity and abundance of cyanobacteria

than other stations (Figure 2).
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Fig. 2. Genera diversity of cyanobacteria in the studied sites (Site 1. Torkabad,
Site 2. Sadrabad. Site 3. Shamsi, Site 4. Kalantar farm. Site 5. Tabas crossroad)

According to the results, the pH of the soil
in the studied sites is in the optimal range
(between 6.5 and 7) (Figure 3), and only
the Kalantar farm station has a pH greater
than 7 (Table 2). Tabas crossroad station
also showed the lowest pH among the study
stations. Based on the results of the present
study, the abundance of taxa showed a high

correlation with the salinity of the stations
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(R?=0.87). In this case, the cyanobacteria
abundance increased in the EC of 3.03 to
8.85 dSm’. In the station 1, a higher EC
(12.96 dSm™), a decrease in the diversity and
abundance of taxa was observed (Figure 3).
An increase in the diversity and abundance
of cyanobacterial taxa was also observed in
a specific range of sodium concentrations

similar to the effect of EC (except site 1).
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The soil of station 1 showed a decrease in
abundance and diversity of cyanobacteria
taxa in a high concentration of sodium 89.54
mEqL"! (Figure 4).

According to the results, the amount of
cadmium in the soil of all the studied
stations was significantly lower than 0.1
ppm, but the concentration of lead metal
varied between 1.602 ppm and 4.044 ppm
depending on the study station (Table 2).
In our studied, lead concentration up to
2.68 ppm accompanied by an increase in
the diversity of cyanobacteria. According to
Figure 5, growth in diversity and abundance
of cyanobacteria are observed by increasing
lead concentration in a specific range.
Phosphorus and nitrogen are essential
nutrients, which have a significant effect
on soil microflora and impact on the
development of biological communities

in the soil. In this study, the amount of

pH
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soil nitrogen did not show a significant
correlation with the abundance and diversity
of cyanobacteria. Besides, based on the
results, an increase in soil phosphorus up
to 30 ppm increased the cyanobacterial
abundance. However, in the Shamsi station
an increase in phosphorus (54.48 ppm) was
associated with a decrease in the abundance
and diversity of cyanobacteria (Table 2).
Our results show that the soil’s percentage
of sand and silt correlates with the species
diversity of the investigated stations. The
correlation was particularly high concerning
the percentage of sand, and the diversity and
abundance of cyanobacteria decreased in
most stations with the increasing amount of
sand. In contrary to the negative correlation
between the diversity and abundance of
cyanobacterial taxa with the percentage of
sand in the soil, the diversity of cyanobacteria

species increased with the increase in the silt
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Fig. 3. a, b. The correlation curve between pH and colony number and number of taxa; ¢, d. The correlation

curve between EC and colony number and number of taxa
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Table 2. Physical and chemical data of soils collected from five stations

Parameters Method Sites

Sitel Site2 Site3 Site4 Site 5
pH Electrometric 6.53 6.72 6.70 7.07 0634
EC (dSm™) Platinum Electrode 1296 3.03 418 2.98 8.85
Cd (ppm) Atomic absorption 0.1> 0.1> 0.1> 01> 0.1>
Pb (ppm) Atomic absorption 4.04 1.60 1.97 268 205
Na“ (mEqL!) Flame Emission Photometric ~ 89.54 16.18 2298 2030 33.95
K* (mEqL™) Flame Emission Photometric 1.97 0.38 0.87 0.60 0.89
Total nitrogen (mgL™') Macro kjeldahl 0.05 0.04 0.08 0.07 0.02
phosphorus(ppm) Vanadomolybdophosphoric 1450 496 5448 10.76 35.40
Sand (%) - 42.16 5816 48.16 3816 78.16
Silt (%) - 3400 2640 26.00 4040 10.40
Clay (%) - 2384 1544 2584 2144 1144
Texture PSA method L SL SCL L SL

Site 1. Torkabad, Site 2. Sadrabad, Site 3. Shamsi, Site 4. Kalantar farm, Site 5. Tabas cross road, L:Loam,

SL:Sandy Loam, SCL:Sandy Clay Loam

in most of the studied stations, except for
station 5. However, the abundance of taxa
did not show a high correlation with the

amount of silt in the soil (Figure 6).

Discussion

Microalgae, especially cyanobacteria,
are an important part of soil microbial
communities. The high adaptability of these
microorganisms allows them to be present in
many habitats such as the soil of terrestrial
ecosystems. Soil is a complete ecosystem
affected by the interaction of various elements,
including biological, physical, and chemical
factors. This tripartite interaction creates
many vital relationships in nature. In other
words, just as the microorganisms in the soil
are able to influence the structure of the soil
and its compounds, the physical and chemical
properties of the soil, including soil texture,
pH, EC, and minerals can also influence the

formation of biological communities (Sneha
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et al., 2021; Santra, 1993).

Among the physical properties of soil,
pH is the most critical factor affecting the
diversity and growth of cyanobacterial
communities (Nayak and Prasanna, 2007).
The neutral to slightly alkaline pH range
is the most suitable pH for the optimal
growth of these microalgae (Shariatmadari
et al., 2013). On the other hand, the acidic
pH range (between 4 and 5) is considered
a stressful environment for cyanobacteria.
Based on the results of the present study,
the investigated soil samples did not show
any noticeable difference in pH, and the
pH of the soil of the studied sites is in the
optimal range (between 6.5 and 7) (Figure
3). Therefore in our study, pH cannot be
considered a determining factor in relation
to species abundance and diversity.
Salinity is another environmental factor that
can affect the diversity and development of

cyanobacterial communities in different
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habitats by influencing the physiological
of
photosynthesis,
fixation (Srivastava et al., 2009). In the
present study, the soil salinity of the studied

activities cyanobacteria, such as

growth, and nitrogen

farms is moderate to non-saline (Table 2).

Although a decrease in the diversity and
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abundance of algae was expected with
increasing salinity levels, the reduction was
not necessarily observed.

According to some reports, non-
heterocystous cyanobacteria grow better in
saline soils (Srivastava et al., 2009). In the
the frequency of two

present study,
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genera Jaaginema and Oscillatoria were
18% and 15%, respectively. The estimation
that these

taxa were the most diverse genera in the

showed non-heterocystous
examined soil (Figure 1). In other respects,
it has been shown that heterocyst-forming
cyanobacteria, such as Anabaena and
Nostoc species, are also resistant to salinity
and play an important role in maintaining
the fertility and productivity of saline soils
(Zahranetal., 1992). In the present study, the
members of the genus Nostoc had relatively
high diversity and accounted for about 12%
of the total cyanobacterial diversity of the
study station’s soil (Figure 1).

Based on the results, the abundance of
taxa showed a high correlation with the
salinity of the stations (R>=0.87). The
concentration of different salts, like sodium,
affects the EC value. This study observed
an increase in the diversity and abundance
of cyanobacterial taxa in a specific range of
sodium concentrations (Figure 4). Therefore,
it can be said that the cyanobacterial flora of
the study area is generally halophilic, and
the increase in salinity level is tolerated by
some native taxa in the studied sites.

of

texture) and their effect on the diversity

Physical characteristics soil  (soil
and abundance of cyanobacteria have been
mentioned less in previous studies. In this
research, besides studying the effect of other
physical and chemical soil factors on species
diversity, the effect of soil texture on the
diversity and abundance of cyanobacteria
was also investigated.

According to the results of our study, the
percentage of sand and silt in the soil shows

a correlation with the cyanobacterial species
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diversity. In other words, the diversity and
abundance of cyanobacteria decreased in
most stations with the increasing amount
of sand. Some previous studies also
show that the diversity of cyanobacteria
in sandy soils is much lower than non-
sandy soils (Bhatnagar et al., 2008). One
of the reasons for the negative correlation
between the percentage of soil sand and the
cyanobacterial species diversity is that an
increase in the percentage of sand reduces
the amount of the active part of the soil and
causes a decrease in the ability to retain soil
moisture. Obviously, with the decrease in the
humidity level, there will be the possibility
of establishing more limited communities
of these moisture-loving algae. Notably, the
results of studies conducted in recent years
show that the establishment of resistant
cyanobacteria in sandy soils could gradually
improve the texture and performance of the
soil (Issa et al., 2001). Thus, soil inoculation
with cyanobacteria has been proposed as a
sustainable biotechnological technique for
rehabilitating degraded areas and dry lands
(Issa et al., 2001).

Other factors examined in this study include
the concentration of lead and cadmium in
the soil. Pinchasov et al. (2006) believed
that lead toxicity is not only dependent on
its concentration in the environment, but the
resistance of living organisms present in
that environment, the chemical form of lead
and its solubility and ease of entry into the
cell are the factors that matter to the subject.
According to the results of our study, with
the increase of lead concentration in a
certain range, an increase in the diversity

and abundance of algae is observed.
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Although, this can be affected by other
environmental factors, what is clear is that
the lead concentration up to 2.68 ppm has
not caused a reduction in soil cyanobacterial
diversity and has not had a limiting effect
on the native taxa of the region. However, a
decrease in diversity has been observed at a
concentration higher than this value, which
can indicate inappropriate concentration
range of lead for native cyanobacteria in this
region.

Based on the results, despite the high lead
concentration in the soil, the Turkabad
station has a relatively high abundance of
cyanobacteria. Unlike the abundance of algae
observed in this site, the results showed low
species diversity in this station compared
to the Tabas crossroad and the Kalantar
farm stations. The higher abundance of
cyanobacteria, despite their low diversity
of them in the Turkabad station, can be due
to the higher resistance of the dominant
taxon, Pseudanabaena sp. against high
concentrations of heavy metals. In other
words, considering the high concentration
of lead in the soil of the Turkabad station,
it seems that the cyanobacterial taxa present
in this station are heavy metal-resistant.
Despite their low diversity, they can form
communities in extreme environments.
Thediversity and abundance of cyanobacteria
in the soil of the studied wheat fields depend
on the sum of the evaluated items, including
the physical and chemical factors of the
soil, and the resistance level of the taxa to
various environmental factors. In the studied
stations, the abundance and diversity of
cyanobacteria showed a high correlation

with the EC, pH, as well as sodium and lead
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concentration of soil.
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Abstract

In this experiment, we compared
the antioxidative response and biomass
production of three ploidy levels induced
by three colchicine concentrations (0,
0.1, and 0.5%) and the effects of different
concentrations of two phytohormones
(auxin and gibberellin) on D. salina. The
fresh and dry weight of algae treated with
colchicine significantly increased. Auxin
(1 uM) and gibberellin (10 pM) caused a
further increase in biomass in colchicine-
treated algae. Colchicine treatment
induced catalase and superoxide dismutase
activity, but peroxidase activity showed
a decrease under this condition. Auxin
only increased the superoxide dismutase
activity at concentrations of 10 and 100
uM. The catalase activity decreased in
the treated algae with 1 and 10 pM auxin.
Different auxin concentrations caused an
induction in the mentioned enzymes in the
colchicine-treated algae. The most increase
was observed in catalase activity by adding
1 uM auxin to the colchicine-treated algae.
Gibberellin at concentrations of 1 and
10 uM induced peroxidase, catalase, and

superoxide dismutase activity. Gibberellin

Revised and accepted: 2022-04-10

caused a considerable increase in enzyme
activity in colchicine-treated algae. The
results show that polyploidy along with
phytohormones increases the activity of
antioxidant enzymes and thus gives the algae

the potential for better stress resistance.

Key words: Auxin; Gibberellin; Biomass,

Polyploidy; Antioxidant enzyme

Introduction

Dunaliella salina is a green microalga
that has many benefits as promising sources
for diverse applications, including food for
humans, animal feed, and cosmetics due to
its provitamin and antioxidant functions.
It has been proven that Dunaliella is a
significant natural source of antioxidants
(B-carotene and lutein), to protect against
the harsh condition, and glycerol to protect
against osmotic pressure (Lamers et al.
2008; Raja et al. 2007).
This alga can be easily cultured in laboratory
conditions with a relatively high growth
rate and an ability to survive in various
environmental conditions compared to
other algae. D. salina is present at various

locations worldwide. The halotolerant

Department of Biology, Faculty of Science, Shahid Bahonar University of Kerman
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strains can survive even at 5 M NaCl by
maintaining a gradually low intracellular
ion concentration, and also by forming
compatible solutes such as glycerol; the cells
strive to maintain the structure and volume
of the cell (Ahmed et al. 2017). This offers
an opportunity for commercial biological
production of these substances.

Polyploid organisms contain more than
two complete sets of chromosomes in the
nucleus. Polyploids have naturally induced
in different organisms (Baatout 1999).
Polyploids can also be experimentally
induced in both animals and plants.
Colchicine is an alkaloid extracted from
seeds or corms of Colchicum autumnale
L. that can induce polyploidy by tubulin
disruption. Polyploid plants may have a
wide variety of uses including overcoming
hybridization barriers, improving stress
tolerance, improving pest resistance, and
restoring fertility in wide hybrids (Levin
1983). There are few types of research about
the induction of polyploidy in algae and its
effects on the physiology and biochemistry
of these microorganisms.

It has been proved that phytohormones are
present in algae and have regulating roles
in metabolism. Phytohormones are widely
used as an effective and economical way to
achieve high cell density in algal cultures.
Gibberellins and auxins are two types of these
regulators that involve in numerous aspects
of cell growth and development. Positive
effects of auxin and gibberellin on the growth
and biosynthesis of bioactive compounds

have been reported (Lu et al. 2010; Dao et
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al. 2018; Mansouri and Talebizadeh 2016;
Mansouri and Talebizadeh 2017; Mansouri
and Nezhad 2020).

In this study, we investigated the effect of
colchicine and phytohormone treatments
and also their interaction effects on the

activity of antioxidant enzymes in D. salina.

Materials and methods
Growth conditions
Dunaliella salina was isolated (Sharma
et al. 2012) from the Salt River of Shahdad
(30° 24" 16.164" N 57° 40" 57.828" E) in
autumn 2017, in Kerman, Iran, and identified
based on physiological and morphological
descriptions in the references cited in
(Massyuk 1973) and Borowitzka and Siva
(Borowitzka and Siva 2007; Joseph and Roe
1955). EC and pH of river water were 33.5
ds cm™ and 7.75 respectively. Algae were
cultured on the agar plate. After 2—3 weeks,
each colony was transferred to a 20 ml liquid
growth medium (Artificial Seawater, ASW)
with NaCl added to obtain the required
salinity medium at 2 M (pH 7.5) (Raja et al.
2007).
The cultures were incubated in a growth
chamber under a 16/8 h light-dark provided
by cool white fluorescent lamps at an
intensity of 49 umol photons m2s™" at 25 +
2°C and were shaken manually twice a day
to ensure uniform illumination of the cells.
Colchicine and phytohormones treatments
Haploid cells of D. salina were treated with
concentrations of 0.1 and 0.5% colchicine
(Sigma-Aldrich) and made

solution for 36 h. Centrifugation was used

in culture
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to separate cells from culture media and
pellets were washed completely two times
with culture solution to free algae from
colchicine traces and then were finally
transferred to a sterile fresh medium for
21 days. For phytohormone treatment, the
fresh culture mediums containing 0, 1, 10,
and 100 pM auxin (indol-3-butyric acid)
and gibberellic acid (GA,) (Merk, Hamburg,
Germany) in 3 replications were provided,
and inoculated with 5 x 10° cells from stock
cultures of every colchicine treatment (0,
0.1 and 0.5%). After 3 weeks, all samples
were centrifuged and the pellets obtained
were then frozen and stored at -70°C before
analysis.

Biomass measurement

Biomass was determined by filtering 20
ml of algal culture through a pre-weighed
Whatman GF/C filter. The filter with algae
was dried overnight at 60°C in a hot air oven
and weighed again to estimate the final dry
weight. To obtain fresh weight, the Whatman
filter was wetted with culture medium and
then weighed. After filtering 20 ml algal
culture by vacuum pump, the wetted filter
with fresh biomass was weighed again.
Enzyme assay

Enzymes were extracted by grinding 0.15 g of
fresh algae in a porcelain mortar containing
1.5 ml phosphate buffer containing 50 mM
(pH 7.5) ethylene diamine tetraacetic acid
(EDTA), 1 mM phenyl methane sulfonyl
fluoride (PMSF) and polyvinylpyrrolidone
(PVP) 1%. The extract was centrifuged for
15 min at4°C at 14,000 g and the supernatant

was assayed for enzymatic activity and
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quantification of protein by the Bradford
method (Bradford 1976). All operations
were performed at 4 °C. The activity of
superoxide dismutase (SOD) (EC 1.15.1.1),
catalase (CAT) (EC1.11.1.6), and guaiacol
peroxidase (GPX) (EC 1.11.1.7) was
determined according to the methods used
by Giannopolitis and Ries (Giannopolitis
and Ries 1977), Azevedo et al. (Azevedo et
al. 1998) and Urbanek et al. (Urbanek et al.
1991), respectively.

Statistical analysis

The experiment was arranged in a completely
randomized design with three replicates.
SPSS software was used for statistical
analysis, and graphs were plotted by Excel
software. Means were compared using

Duncan’s multiple range tests at P < 0.05.

Results
Changes in fresh and dry weight in colchicine
and phytohormones treatments

Effects of auxin on the fresh and dry
weight of treated algae were shown in Fig. 1.
Fresh and dry weight of algae treated with 1
and 10 uM auxin significantly increased (15
and 42.8% respectively) in comparison to the
control. Also in treated algae with colchicine,
the fresh and dry weight increased. In
colchicine-treated algae, adding 1 uM auxin
improved growth, and the highest fresh and
dry weights were obtained in the combined
treatment of colchicine (0.1 and 0.5%) and
1 uM auxin with 45.89 and 61% increase in
comparison to control.
According to the results, the fresh and
increased with

dry weights increasing
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Fig.1. Effect of colchicine (0, 0.1 and 0.5%) and phytohormones (auxin and gibberellin) on
fresh and dry weight in D. salina. Values are means of three-replications+standard deviation.

Different letters show the significant difference with p < 0.05 in one-way ANOVA and

Duncan’s tests

gibberellin concentration to 100 uM (Fig.
1). The enhancement effect of gibberellin
was dependent on its concentration. At a
concentration of 100 uM Gibberellin, the
fresh and dry weights of algae increased by
1.8 and 3.47 times respectively in comparison
with the control. Colchicine treatment on
both levels significantly increased the fresh
and dry weights of algae. The effect of
colchicine on dry weight gain was greater
than the fresh weight. In algae treated with
colchicine, 10 uM gibberellin increased
the fresh and dry weights of algae. At 100
uM of gibberellin, fresh weights decreased
significantly at both polyploid levels (0.1%
and 0.5%). In this regard, 0.5% colchicine
had a greater effect on fresh weight loss.
A 0.5% colchicine treatment significantly

reduced dry weight in treated cultures with
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100 uM gibberellin.

Peroxidase activity in colchicine and
phytohormones treatments

Treatment with 1 and 10 uM auxin reduced
the activity of peroxidase in the Dunaliella
algae relative to the control (Fig. 2). Both
concentrations of colchicine also reduced
enzyme activity. The highest peroxidase
activity was observed in the treatment of
100 uM auxin and 0.1% colchicine. The
10 uM auxin in the algae treated with both
levels of colchicine (0.1 and 0.5%) increased
the activity of peroxidase compared to the
treatment without colchicine and indicated
the effect of polyploidy on increasing the
activity of this enzyme.

Results of Figure 2 indicate that 1 and 10
uM gibberellin treatments significantly

increased peroxidase activity in comparison
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with the control. Colchicine treatment at
both levels decreased the enzyme activity.
In the simultaneous treatments, the use of
10 and 100 uM gibberellin increased the
activity of peroxidase in polyploid algae
induced almost 2 times by 0.1 and 0.5%
colchicine. The algae treated with both
levels of colchicine at a concentration of 1
uM gibberellin showed less enzyme activity
than non-polyploidy cultures.

Catalase activity in colchicine and
phytohormones treatments

Only 10 uM of auxin increased the catalase
activity in comparison with the control

(Fig. 3). Algae treated with 0.1% and 0.5%
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colchicine indicated higher enzyme activity
than the control, but there was no significant
difference between the two levels of
colchicine. Adding 1 uM of auxin to treated
algae with 0.1% and 0.5% of colchicine
increased the catalase activity by almost 2
times. Furthermore, 100 uM auxin treatment
also increased the catalase activity by 34%
in algae treated with 0.5% colchicine in
comparison to control samples.

Figure 3 shows the results of the effects of
gibberellin and colchicine treatments on
catalase activity. 1 and 10 uM gibberellin
increased the

treatments  significantly

catalase activity. The enzyme showed more
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Fig. 2. Effect of colchicine (0, 0.1 and 0.5%) and phytohormones (auxin and gibberellin) on peroxidase

activity in . salina. Values are means of three-replications + standard deviation. Different letters show

the significant difference with p< 0.05 in one-way ANOVA and Duncan’s tests
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Fig. 3. Effect of colchicine (0, 0.1 and 0.5%) and phytohormones (auxin and gibberellin) on

catalase activity in D. salina. Values are means of three-replications + standard deviation.

Different letters show the significant difference with p< 0.05 in one-way ANOVA and

Duncan’s tests
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activity in algae treated with colchicine. All
concentrations of gibberellin (except 1 uM)
caused an increase in the catalase activity in
colchicine-treated algae. The enzyme activity
was 5.3 times higher than the control in the 10
UM gibberellin and colchicine 0.5% treatment.
Superoxide dismutase (SOD) activity in
colchicine and phytohormones treatments

The highest activity of superoxide dismutase
was seen in the treatment of 100 uM auxin with
a44% increase compared to the control (Fig. 4).
The enzyme activity in algae treated with 0.5%
colchicine was 14% higher than the control.
Auxin with 1 and 10 uM concentrations,
significantly  increased  the
dismutase activity in algae treated with 0.5%

superoxide

and 0.1% colchicine, but samples, which were
previously exposed to 0.1% colchicine in the 100
UM auxin treatment, showed less enzyme activity
in comparison to control samples.

Gibberellin treatment alone at concentrations of
10 uM and 100 uM significantly increased and

decreased the activity of dismutase superoxide
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(Fig. 4). Colchicine treatment increased
enzyme activity only ata level of 0.5%. Adding
gibberellin, especially at a concentration of
10 uM, to cultures treated with colchicine
significantly increased enzyme activity; the
increase in colchicine 0.1% and 0.5% was
respectively 3% and 2.7% higher than the

control.

Discussion

The present study found the positive
effects of all three-treatment groups: auxin,
colchicine, and auxin and colchicine on
fresh and dry weights of Dunaliella algae.
The results indicated an increasing effect of
auxin on polyploidy cultures. Auxin-induced
mitosis significantly increased the number
of cells in Chlorella vulgaris (Piotrowska-
Niczyporuk and Bajguz, 2014). Reports
indicated that the biomass of Chlorella
sorokinian 1increased in the presence of
I-naphthaleneacetic acid (NAA) compared
with the control (Hunt et al., 2010). It has

been reported that auxin might increase
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Fig. 4. Effect of colchicine (0, 0.1 and 0.5%) and phytohormones (auxin and gibberellin) on
superoxide dismutase activity in D. salina. Values are means of three-replications + standard
deviation. Different letters show the significant difference with p< 0.05 in one-way ANOVA
and Duncan’s tests
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cell growth through the production of ROS.
Some evidence indicates that ROS can be
an essential component of the biochemical
mechanism involved in loosening during
[AA-induced extension growth. It has been
indicated that natural auxins (IAA, IBA,
and PAA) and synthetic auxins (NAA)
decreased the accumulation of ROSs such
as H,0, in C. vulgaris cells after 48 hours
of culture. The finding was according to the
antagonistic effects of auxins and ROS on
physiological processes. Low levels of ROS
have been reported to enhance many cellular
processes, including the progression of the
cell cycle and the initiation of secondary cell
wall differentiation. However, the results
indicate that auxin affects algae growth
and metabolism through the regulation of
ROS levels (Piotrowska-Niczyporuk and
Bajguz, 2014). Also, auxin treatment caused
an increase in the fresh weight of Nostoc
linckia algae; and the result was consistent
with the results of the present study
(Mansouri and Talebizadeh, 2017). As seen
in the cultures treated with colchicine 0.5%,
the cell division rate decreased in the culture
which could be the reason for the reduction
of fresh and dry weights of algae (Soltani
Nezhad and Mansouri, 2019). Given that the
effects of auxin on cell division have been
identified, the use of this plant hormone can
improve conditions of polyploidy growth.
The results of this research indicate the
correctness of this hypothesis.

Gibberellins are plant hormones that play
important roles in plant growth (Tuna et al.,

2008). There are reports of the protective
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roles of gibberellins in adapting plants to
non-biological stresses (Siddiqui et al.,
2011). The growth and cell size increase
in response to gibberellins have been
documented in some algae (Gonai et al.,
2004). Results of algae treatment with
gibberellin indicated an increase in fresh
and dry weights by this hormone so a direct
relationship was observed between fresh and
dry weights and gibberellin concentration.
According to the results of the present
study, there was an increase in the number
of cells, and thus an increase in the fresh
weight of Chlorella vulgaris algae treated
with gibberellin (Falkowska et al., 2011).
These results are similar to those obtained
in previous research on blue-green algae,
Nostoc linckia (Mansouri and Talebizadeh
2016). Also, it was reported that the number
of cells and thus dry weight increased in
Microcystis aeruginosa by GA, treatment
(Pan et al., 2008).

Treatment with 1 uM auxin reduced the
peroxidase activity in Dunaliella algae
compared to the control. On the other hand,
the highest growth rate was observed in
the same treatment. It led to the conclusion
that auxin increases growth by reducing
oxygen free radicals. In C. vulgaris, auxin
treatment affected the activity of enzymes
involved in ROS scavenging, and levels of
H,O, decreased in response to the external
application of all synthetic and natural
auxins (Piotrowska-Niczyporuk and Bajguz,
2014). In this study, auxin increased the
activity of peroxidase in cultures treated

with colchicine, indicating the effect of
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polyploidy on increasing enzyme activity.
The highest activity of superoxide dismutase
was seen in the 100 uM auxin treatment, but
I uM and 10 uM auxin just increased the
enzyme activity in polyploid cultures. These
results indicated the higher sensitivity of
enzymes in polyploidy cells to auxin.

of

catalase

Low  concentrations gibberellin

significantly  increased and
peroxidase activity. Gibberellin treatment
increased the catalase and peroxidase
activity in all parts of Catharanthus roseus
in comparison with the control (Jaleel et al.,
2010). Gibberellin increased the enzyme
activity in cultures treated with colchicine.
Treatment with GA3 increased the activity
of superoxide dismutase in C. roseus. H,0,
scavenging systems, which are provided
by ascorbate peroxidase and catalase, are
more important than superoxide dismutase
in coping with oxidative stress (Jaleel et
al., 2007). The enzyme activity increased
in algae treated with colchicine 0.1% at
concentrations of 10 uM and 100 pM
gibberellin. The increase was very significant
at a concentration of 10 uM.

According to reports, levels of superoxide
anhydride and hydrogen peroxide anions
were lower in tetraploids than in diploid
plants, but the activity of antioxidant
enzymes such as superoxide dismutase,
peroxidase, catalase, ascorbate peroxidase,
and glutathione reductase increased, and
antioxidant compounds such as ascorbic
acid and glutathione were maintained at high
indicated

concentrations. Overall results

that polyploidy plants had a stronger
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antioxidant system and were more resistant
(Gill and Tuteja, 2010). On the other hand,
it is suggested that phytohormones can
regulate the synthesis of basic antioxidant
enzymes (Szechynska-Hebda et al., 2007).
Auxins may delay protein loss because
they stimulate the synthesis of protease
inhibitors. In this way, they can increase
the number of enzyme molecules and thus
increase activity.

Our results showed that treatment with
auxin and gibberellin affects the activity
of antioxidant enzymes, especially in
polyploidy conditions. This feature can give
algal cells the ability to cope with stress.
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Abstract

Golestan Dam Lake is located 12
kilometers east of Gonbad City and was
constructed in 1379. The volume of the
Golestan Dam reservoir is 52 million cubic
meters and its area is 1500 hectares, which
was built for the purposes of agricultural
and aquaculture operations.. The present
study on phytoplankton biodiversity and its
relationship with the primary productivity of
the Golestan Dam reservoir was conducted
from April to July 2019. Furthermore, water
quality parameters such as transparency, pH,
alkalinity, free carbon dioxide, air and water
temperature, dissolved oxygen, primary
productivity, conductivity, nitrate-nitrogen,
and orthophosphate were analyzed along
with qualitative and quantitative estimation
of phytoplankton. The results indicated that
the average primary productivity or gross
primary production (GPP) was 0.399+0.081
gcm*h!, Net Primary Production (NPP)
(0.307+£0.061 gcm’h') and Community
Respiration (CR) 0.094+0.024 gcm®h ' in the
surface. Algae in freshwater have numerous
environmental functions and are based

upon the recycling of nutrients. Totally

Revised and accepted: 2022-05-05

73 species of phytoplankton belonging to
different taxonomic group were identified
which belonges to 32 genera. Among these
32 genera,12 belongs to Cyanophyceae,8
belongs to Chlorophyceae, 10 belongs to
Bacillariophyceae and 2 genera belonges
to Euglenophyta. On the basis of mean
primary productivity, the fish production
potential of reservoir Golestan Dam showed
considerable scope for the enhancement of

current average production.

Keywords: Golestan Dam, Phytoplankton
Diversity, Primary Productivity

Introduction

Iran is a status as a mega-diverse country
and amajor centre of biodiversity. The aquatic
ecosystems of Iran have been subjected
to various forms of environmental stress
during the past few decades. Most of such
environmental problems are manufactured
and thus increased human activities in the
catchment area of various aquatic systems
have affected the natural processes of these
systems adversely thereby threatening the

survival and growth of biotic communities
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(Khanna et al., 2012).
Golestan Province is also endowed with
varied surface freshwater resources like
reservoirs, seasonal and a couple of
perennial rivers, canals, small tanks and
ponds. Golestan Province has having around
21000-sgkm area.

reservoirs behind the dam are in operation

Furthermore, eleven
with a volume of 183 million cubic meters
which three tanks ready for operation with
a volume of 132 million cubic meters and
two investigated reservoirs with a volume of
30.5 million cubic meters (Javid Imanpour
etal., 2013).

Golestan Dam is a shallow lake with a
catchment area of 5000 sgkm, maximum
depth (Zm) of 6 m, and an area of 1500 ha.
The lake is totally rain-fed and retains water
throughout the year.

Phytoplankton is the main primary producers
in water bodies and influence structure and
density of consumers and characteristics of
water. Moreover, phytoplankton organisms
are sensitive indicators, as their structure and
metabolism change quickly in response to
environmental changes (Mishra et al., 2012).
Growth rate and variability of phytoplankton
are subject to cyclic changes of fluctuation
and succession. Phytoplanktons constitute
a major part of aquatic vegetation, they
being primary producers, which support the
growth of aquatic fauna and produce oxygen
by the photosynthetic process (Chinnaiah et
al., 2010). Biological parameters such as
temperature, transparency, pH, alkalinity,
free carbon dioxide, dissolved oxygen,
electrical conductivity, nitrate-nitrogen,
orthophosphate of any water body grossly

determine the trophy status of the water
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body. Such parameters influence the primary
productivity and in turn the growth of the
fish. The primary productivity of different
water bodies has been widely investigated
to assess the fish production potentialities
of a water body to formulate appropriate
fishery management policies (Khanna et al.,
2012). Considering the local conditions in
the account, an attempt was made to find out
the phytoplankton biodiversity in relation to
primary productivity of the Golestan Dam.

Materials and methods
Golestan Dam Lake located 12

kilometers east of Gonbad city and was

is

opened in 1379. The volume of this dam
reservoir is 52 million cubic meters and its
area is 1500 hectares, and it was built with
the purpose of agriculture and aquaculture.
The study of the biological conditions of
the this reservoir was carried out based on
the initial production of the lake for three
months from April 2019 to the end of June
of the same year are illustrated in Figure 1.
In the present study, five stations were
selected for collection in the Golestan
Dam Lake which are illustrated in Figure
1 for collection and weekly analysis. Three
stations are located in south eastern, two
station in eastern and two stations is in the
Western side. The geographical distribution
of the selected stations is given in Table 1.
Primary productivity analysis

Primary productivity was measured at all the
three stations following light and dark bottles
method. For this purpose, glass stopper black
and white BOD bottles of 250 ml were used.
The bottles were suspended about 15 cm

below the water line. The incubation period
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Fig. 1. Location map of Golestan Dam

Table 1. Geographical distribution of stations

Sl S2 S3 S4 S5
Latitude 37°2040.86"N  37°20'12.17"N  37°19'55.67"N  37°1930.44"N  37°19'26.22"N
Longitude 55°17'49.58"E  55°18'0.77"E 55°17'32.40"E  55°17'5236"E  55°17'16.06"E

was kept three hours. Then, Oxygen (O,)
estimations in the BOD bottles were made
following usual Winkler’s method (APHA,
2005). The calculation was done as follow.
Gross Oxygen Production (GOP) mg I' =LB-DB,
Net Oxygen Production (NOP) mg I'' = LB-IB,
Community Respiration (CR) mg 1! = IB-DB.
The values of GPP and NPP were calculated
as follow.

Gross Primary Productivity (gecm’h') =
GOP % 0.375/1.2 xh

Net Primary Productivity (gcm’h') = NOP x
0.375/1.2 xh

Where;

LB = Dissolved oxygen in light bottle, DB =
Dissolved oxygen in dark bottle

IB = Dissolved oxygen in initial bottle, h =
Duration of incubation or exposure

1.2 = A constant, 0.375 A factor value (1 g of
oxygen is equal to 0.375 g carbon).
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Phytoplankton identification

Firstly, 50 liters of water was filtered through
bolting cloth No. 25 (mesh size 60 um)
and obtained planktons was preserved in
Lugol’s solution for further quantitative and
qualitative analyses. Then, quantitative and
qualitative analysis was performed according
to APHA, 1989. After that, the mass density
of phytoplankton was calculated (Boney,
1989; Sourina, 1978). Lastly,
were identified using valid identification
keys (Edmondson, 1959; Presscot, 1970;
Maranon, 2015; Sourina, 1978; Maosen,
1983). (Senthilkumar and Sivakumar, 2008).
The identification of phytoplankton was

samples

limited up to Cynophyceae, Chlorophyceae,

Bacillariophyceae and Euglenophyceae.

Resuts
The results of GPP and NPP analysis of
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Golestan Dam during the study period (April
to July) are presented in Table 2. In general,
the GPP ranged between 0.26 to 0.50, 0.23
to 0.47, 0.25 to 0.53, 0.25 to 0.47 and 0.25 to
0.50 gcm*h™! at stations S1, S2, S3, S4, and S5,
respectively. The average values of GPP were
0.25, 0.49 gem’h! and 0.40 gcm*h'.

The statistical correlation of GPP was positive
with NPP, community respiration (CR) and
phytoplankton community structure. The value
of net primary productivity (NPP) at stations
S1, S2, S3, S4, and S5 ranged from 0.21-0.40,
0.18-0.37, 0.10-0.43, 0.2-0.37 and 0.20-0.40

Table 2.

gecm*h!. Furthermore, the average values of
NPP were 0.18, 0.39 gcm*h'and 0.31 gem’h!
(Table 2).

The statistical relationship of NPP was positive
with GPP and total phytoplankton. The
respective values of community respiration
(CR) at stations S1, S2, S3, S4 and S5 ranged
from 0.05 to 0.13, 0.05 to 0.12, 0.10 to 0.15,
0.05 to 0.13 and 0.05 to 0.15 gecm’h'. The
corresponding average values of CR were
0.06, 0.14 gem*h! and 0.09 gecm*h! (Table 2).
The statistical correlation of CR was

positive GPP. However, there was a

Weekly observation of Physico-chemical and

biological characteristics of surface water at the selected station

of Golestan Dam

Gross primary productivity gcm*h’!

Gpp S1 S2 S3 4 S5
Ave. 0.39 0.37 0.43 0.39 0.42
SD 0.081 0.083 0.09 0.076 0.085
max 0.5 0.47 0.53 0.47 0.5
min 0.26 0.23 0.25 025 025
vV 0.21 0.23 0.21 0.19 0.20
Net primary productivity gem*h™!
Npp. S1 S2 S3 sS4 S5
Ave. 031 0.29 031 0.30 032
SD 0.055 0.060 0.10 0.052 0.059
max 0.4 0.37 0.43 037 04
min 0.21 0.18 0.10 0.2 0.2
cv 0.18 0.21 0.32 0.17 0.18
Community Respiration gcm?’h’!

CR. S1 S2 S3 S4 S5
Avg. 0.09 0.08 0.12  0.09 0.095
SD 0.032 0.028 002 0032 0.036
max 0.13 0.12 0.15 0.13 0.15
min 0.05 0.05 0.10  0.05 0.05
Ccv 0.38 0.37 0.15 035 0.38
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negative relationship between NPP and
total phytoplankton. The results of Means
analyses and resulting Weekly variations
Primary Productivity (GPP),
Net Primary Productivity (NPP),
Community Respiration (CR) in Sampling

in  Gross

and

stations of Golestan Dam reservoir is shown
in Figure 2 and Figure 3.

Phytoplankton community

The phytoplankton community constitutes

0.60
0.50
—
- 0.40
-
(28]
= 0.30
Q
3 020
0.10

bulk of primary producers and is the base
of food chains in any water bodies. The
phytoplankton community of Golestan Dam
during the present was represented by four
major group’s viz., Cyanophyta, Chlorophyta,
Bacillariophyta and Euglenophyta. Overall,
73 species of algae were identified (Table 3).
Overall, 73 species, belonged to 32 genera
Among these 32 genera, 12 were from

Cyanophyceae (blue green algae), 8 from

® G.P.P.

Fig. 2. Mean variations in Gross Primary Productivity

(GPP), Net

Primary Productivity (NPP),

and

Community Respiration (CR) in Sampling stations of

Golestan Dam reservoir

mAvg.GPP ®EAvgCR

>

0.4

0.3

(gcm? h')

0.2

0.1

VI viE v IX o X

Xl Xl Avg. S.D min max C.V.

Weekly

Fig. 3. Weekly variations in Gross Primary Productivity (GPP) and Community
Respiration (CR) in Golestan Dam reservoir
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Chlorophyceae (green algae), 10 from
Bacillariophyceae (diatoms) and 2 belonged
to Euglenophyta (Table 4).
Discussion

The most prominent phytoplanktons
in the present study were Microcystis
aeruginosa, Anabeanaposis sp., Lyngbya
sp., Oscillatoria sp., and Merismopedia
sp. It was from Cyanophyceae group and
Ankistrodesmus sp., Chlamydomonas
sp., Qocystis sp., Scendesmus sp., and
Chlorogonium sp. from Chlorophyceae. As a
result, Cyanophyceae was the most dominant

group. Some other researches on this reservoir

also reported four phytoplankton phyla
including Bacillariophyceae, Chlorophyceae,
Cyanophyceae, Euglenophyceae.  They
observed that blue green algae and diatoms
are the most abundant phytoplankton in this
reservoir. (Imanpour et al., 2022; Azizi et
al., 2022; Ghorbani et al., 2016).

Several classes including Cyanophyceae,
Bacillariophyceae and Chlorophyceae was
observed as the dominant phytoplankton in
respect of the total species and density in
station 1, which confirms the result obtained by
Imanpour et al. (2022). Indeed, this results are
in agreement with Naz Tiirkmen et al. (2005),

Table 3. Composition of phytoplankton population in the stations selected of Golestan Dam

reservoir

Class Order Familly

Genus Species

Chactocerotanae Chactocerotaceac
Thalassiosirales Stephanodiscaceae
Fragilariales Fragilariaceae
Naviculales Naviculaccac
Bacillariophyceae
Bacillariales Bacillariaceae

838

Chaetoceros convolutus
Chaetoceros peruvianus
Chaetoceros throndsenii
Chaeltoceros simplex
Chactoccros Chaetoceros mirabilis
Chetoserus mueelleri
Chetoserus rigidus
Chaetoceros socialis
Chaetoceros subtilis
Cyelotella caspica
Cyclotella Cyclotella
menenghiniana
Diatoma Diatoma vulgar
Diatoma ochki
Synedra Synedra amphirhynchus
Navicula bombus
Navicula Navicula cryptocephala
Navicula sp.
Nitzschia sp.
Nitzschia SP.2
Nitzschia acicularis
Nitzschia parva
Nitzschia reversa
Nitzschia sigma
Nitzschia sigmoidea
Nitzschia Nitzschia sp.1
Nitzschia tenirustris
Nitzschia sublinearis
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Nitzschia closterium
Nitzschia sp.
Nitzschia sp.2
Nitzschia tennuis
Nitzschia longgisma
Scletonema costata

Rhabditida Allantonematidae Seatonema Scletonema costatum
Scletonema subsalsum
Thalassiosirales  Thalassiosiraceae Thalassiosira Thalassiosira variabilis
Nostocales Nostocaceae Anabaena Anabaenabergii
Anabaena
aphanizomenoides
Anabaena spiroides
Anabaena hisselevii
Aphanizomenon  Aphanizominon flos-aqua
Aphanizominon sp.
cyanophyceae ; ;n;?ndrospermo E)iﬁ:ﬁdrospermopsfs racib
chroococcales chroococcaceae Chroccoccus chroococcus sp.
oscillatoriales Oscillatoriaceae Lyngbya Lyngbya limnetica
Lyngbya SP.
Oscillatoria Oscillatoria limosa
Oscillatoria agardhii
Oscillatoria sp.
Oscillatoria tennuis
Oscillatoriophyci .. v .. .
deae Spirulinaceae Spirulina Spirulina sp.
Trebouxiophyceae  Chlorellales Chlorellaceae Actinastrum Spirulina laxissma
Chiorella Actinastrum hantzschii
QOocysiaceae Qocystis Chlorella SP.
Qocystis borgi
Qocystis solitaria
Chlorophyceae Sphaeropleales Selenastraceae Ankistrodesmus — Qocystis parva
Neochloridaceae Golenkinia Ankistrodesmus SP.
Scenedesmaceae Scendesmus Golenkinia Paucispina
Scenedesmus bijuga
i;ir.-'am) domonada :’Thmm) domonadacea Chlamydomonas ~ Scenedesmus quadricauda
Volvocaceae Pandorina Clamydomonas SP.
Volvocales Haematococcaceae Chlorogonium Pandorina morum
Eon'j ugatophycea Desmidiales Desmidiaceae Cosmarium Chlorogonium SP.
Malacostraca Amphipoda Stegocephalidae Tetradeion Cosmarium SP.
Trebouxiophyceae  Chlorellales Chlorellaceae Actinastrum Tetradeion SP.
Fuglenida Fuglenaceae Fuglena Euglena SP.
Euglena acus
Euglena caudata
Fuglenoidea frachefomona Trachelomonas SP.1

Trachelomonas
spiculifera
Trachelomonas verrucosa
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Table 4. contribution of different planktonic groups in the selected stations of Golestan

Dam reservoir

stations S1 S2 S3 S4 S5
(Cells mlI™")

Cyanophyta 26.6 14.2 37.4 40.4 23.2

Chlorophyta 10.6 14.8 12.6 10.2 72

Bacillariophyceae 13.6 11.8 11 6.6 13.4

Euglenophyta 2 0.8 14 24 1.6

Sum 52.8 41.6 62.4 59.6 454
Fathi and Ebrahimi (2016), Abolhasani et S3 was Cyanophyceae> Chlorophyceae
al., (2019), that reported a higher abundance > Bacillariophyceae> Euglenophyta

of Cyanophyceae and Bacillariophyceae in
an Anatolian Dam Lake compared to other
phytoplankton groupsresults are in agreement.
In addition, this results are in agreement with
Abolhasani et al. (2018) who reported of
Cyanophyceae and Bacillariophyceae as the
most dominance classes in the international
Gavkhooni Wetland, Iran.

Javid Imanpour et al. (2022) found that the
average phytoplankton count in Golestan
Dam was 32.31 Noml' compose of 39 genera
belongs to Chlorophyceae, Bacillariophyceae,
Cyanophyceae and Desmidiaceae,
respectively. Moreover, there is a significant
decline in the biodiversity of phytoplankton
compared to the present study Therefore, The
monthly average values of all five stations
of overall mean phytoplankton density were
higher at station S3 i.e. (62.4 Cells ml'), S4
(59.6 Cells ml'), S1 (52.8 Cells ml'), S5
(45.4 Cells ml!), and S2 (41.60 Cells ml?),
respectively. The trend of dominance among
the five phytoplankton groups at station S1
was Cyanophyceae> Bacillariophyceae>

Chlorophyceae>  Euglenophyta, station
S2 was Chlorophyceae> Cyanophyceae>

Bacillariophyceae > Euglenophyta, at station
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and at station S4 was Cyanophyceae>
Chlorophyceae> Bacillariophyceae>
Euglenophyta. However, at station S5 the
relative dominance of four algal groups
was Cyanophyceae>  Bacillariophyceae>
Chlorophyceae> Euglenophyta. Overall, the
dominance of phytoplankton is similar to the
trend found at station S1 (Table 4).

Kumar et al. (2015) were found six groups
namely Chlorophyceae, Bacillariophyceae,
Desmidiaceae, Xanthophyceae, Myxophyceae,
the

phytoplankton community of water body. Total

and Dinophyceae represented
58 species were identified which 28 belonged
to Chlorophyceae, 11 to Bacillariophyceae,
9 to Myxophyceae, 4 to Dinophyceae, 3 to
Desmidiaceae, and 3 to Xanthophyceae
(Mishra et al. 2016).

Whereas, the average phytoplankton density
was 52.36+ 8.9 Cells ml! (Table 4) while the
highest phytoplankton density (62.4 Cells
ml') was observed on Spring 2019 at station
S3 and the lowest (41.6 Cells ml') during
spring in station S2 (Tables 4). Considering
the
Cyanophyceae was the most dominant (26.6,
14.2, 37.4, 40.4, 23.2 Cells ml') followed

average phytoplankton  biomass,
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by Bacillariophyceae (13.6, 11.8, 11.00, 6.6,
13.4 Cells ml'), Chlorophyceae (10.6, 14.8,
12.8, 10.2, 7.2 Cells ml"), Euglenophyceae
(2.00, 0.80, 1.4, 2.4, 1.6 Cells ml') in station
S1,S2,S3, S4 and S5, respectively (Table 4).
In  conclusion, Cyanophyceae  and
Bacillariophyceae were dominant, followed
by Chlorophyceae and Euglenophyta (Table
3). The statistical analysis of phytoplankton
density shows a positive correlation with
GPP and NPP. However, there was a negative

correlation with community respiration (CR).
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Abstract

Increased biomass density of microalgae
is a critical factor in the enhancement of
the algal metabolites. In this study, the
effects of linoleic acid, TiO,, and SiO,
nanoparticles were investigated as elicitors
on the production of biomass, and fatty
acids in the microalga, Haematococcus
lacustris. Several treatments of TiO, and
SiO, nanoparticles were analyzed as well as
linoleic acid on Haematococcus lacustris in
two separate designs. Microalgal biomass
in nanoparticles was investigated using
the Neobar chamber and in linoleic acid
using the freeze-dryer methods. Fatty
acids compositions were tested by gas
chromatography method and five of them
named Palmitic, Palmitoleic, Stearic, Oleic,
and Linoleic acids (LA) were measured. The
results showed that the biomass significantly
increased by LA (30 uM) and TiO,NPs (40
mg/L) treatments, and consequently, these
treatments increased the biomass density
by 2 and 1.3 times more than the control
treatment, respectively. Palmitic and linoleic
acids were the most frequent fatty acids
produced by 60 and 30uM of LA treatments
with 1.4 (53.26 % w/w) and 1.5 (32.51 %

w/w) folds, respectively. To conclude, the

Revised and accepted: 2022-05-22

different concentrations of LA and TiO NP
boosted the production of algal biomass, and
some fatty acids in Haematococcus lacustris.
Moreover, LA may be used as an effective
inducer to increase biomass production in
the valuable microalga Haematococcus

lacustris.

Keywords:  Haematococcus  lacustris,

Oxylipin, Salicylic acid, TiO,NP, SiO,NP

Introduction

In recent decades, with the increasing
population and shortages of food, fuel, and
by-products, researchers are making greater
efforts to find new alternative sources such as
high-potential microalgae for the production
of the considerable amounts of proteins,
lipids, vitamins, and by-products (Khalili
et al., 2019a). To increase the production
of this useful substance, it is necessary to
increase the production of microalgal cells
(biomass). H. lacustris, as a high-potential
natural producer, is a unicellular microalga
living in temperate freshwaters (Khalili et
al., 2020).

Scientists have tried to increase biomass
production in microalgae via several

methods. Using environmental conditions

1- Department of Agricultural Biotechnology and Plant Breeding, University of Zabol, Bonjar street, Zabol , Iran
2- Department of Life Science Engineering, University of Tehran, Kargar street, Tehran Postal Code: 14399-57131, Iran
*Corresponding author’s email address: Garshasb2010@gmail.com
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and different materials as stresses and

inducers are two common strategies,
respectively (Hu et al.,, 2020). Most
researchers have shown that some

environmental stresses such as high light,
salt increase, nitrogen deficiency, and some
inducers such as linoleic acid (Khalili et
al., 2020), methyl jasmonate (MJ), salicylic
acid (SA), and nanoparticles (NPs) affect the
production of biomass in microalgae (Hong,
2016). Similar experiments showed that the
addition of SA and MJ (500 uM) as inducers
in H. lacustris medium culture reduced cell
growth (biomass) and carotenoid production
(Raman and Ravi, 2011). Linoleic acid is a
bio acid (fatty acid), a small molecule in the
first stage of oxylipin and arachidonic acid
(ARA, C20: 4AS5), (Khozin-Goldberg et al.,
2011) pathways in the plants and microalgae,
respectively (Shanab et al., 2018). Two main
pathways containing two sidetracks each
are derived from Linoleic acid named 13-
LOX (lipoxygenase), 9-LOX in plant and
macroalgae, as well as (GD-6 and (-3 in
microalgae (Shanab et al., 2018).

MJ is produced by some stresses and
inducers such as salt, light, wound, LA,
and nanoparticles. LA is a precursor of
Jasmonic acid (JA) and traumatic acid (TA)
phytohormones (Khalili et al., 2019a, Pathak
et al., 2018), it is also an allelochemical
and a part of its behaviors such as growth
inhibition in microalgae is related to this
feature. For example, in a resurch which was
condected on 32 uM LA increased biomass
in C. sorokiniana and they displayed that
LA disrupted cell membranes and changed
in  Auxenochlorella

2018),

cellular functions

pyrenoidosa (Qian et al., also
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inhibited the photosynthetic efficiency in
Chlorella vulgaris (Qian et al., 2009).
Another inducer of biomass production in
microalgae is the nanoparticle. Nanoparticles
and other inducers using reactive oxygen
species (ROS) stimulate cellular defense
mechanisms in the microalgae. ROS in
combination with cellular compounds such
as DNA, enzymes, and lipids causes algal
cell damage or death (Chekanov et al.,
2019), thus, the cellular defense mechanism
is activated for ROS naturalization.
Accordingly, astaxanthin and other
metabolites are produced as the main or
bypass products of the defense mechanism
for ROS naturalization in microalgae,
macroalgae, and plants (Barati et al., 2019;
Howe and Schilmiller, 2002). In addition,
nanoparticles (NPs) have recently been
used by scientists as inducers to produce
biomass in microalgae. For instance, the
addition of Cadmium (Cd) NP decreased
the cell growth rate in H. lacustris. Also,
Ag, Cd, Fe, and Zn NPs decreased biomass
and increased astaxanthin contents by high
concentrations in different microalgae. In
general, nanoparticles in low concentrations
have a positive effect on biomass production
(Hong, 2016).

It is important to investigate the type and
concentrations of fatty acids in microalgal
cells due to their nutritional and fuel value,
and find a way to increase them through
different treatments. Fatty acids in the
endoplasmic reticulum (ER) of microalgae
esterify natural astaxanthin (Hempel et al.,
2012). It was found by a test that fatty acid
accounts for 33% of H. lacustris, while its

main part was composed of polyunsaturated
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fatty acids (PUFAs) that are very helpful
for humans, fatty acids have important
roles in microalgae cells, for example, the
permeability of cell walls and environmental
relationships. (Tan et al., 2020) In a study,
linoleic, palmitic, and oleic acids were
identified as the highest fatty acids among
38 screened-microalga strains in H. lacustris
respectively (Kabir et al., 2020). Based
on the results, oleic, palmitic, and linoleic
acids were the most abundant fatty acids
that esterify astaxanthin in Haematococcus
pluvialis. (Zhekisheva et al., 2002). It
found that in the microalga, Bracteacoccus
aggregatus BM5/15 palmitic (C16:0), oleic
(C18:1A9), and linoleic (C18:2A9, 12) acids
were the most, respectively (Chekanov et
al., 2021).

Materials and methods

The total salts and chemicals required for
microalgae cultivation in this experiment
were obtained from Merck (Germany) or
Sigma (USA) in an analytical grade. Silicon
(SiO,NPs) were

amorphous and powdery with a size of 10-

dioxide Nanoparticles

15 nm and purity of 99.999%, which were
purchased from TECNAN Inc (Tecnologia
Navarra de Nanoproductos S.L., Navarra
Spain). Titanium dioxide Nanoparticles
(TiO NPs)had~25 nmsize, 55-m*g"' external
surface, a combination of anatase and rutile
with more ratio of anatase (89.2%), purity
of 99.9%, and provided from Degussa Inc
(Frankfurt, Germany).

Microalgae culture condition

The

Haematococcus lacostris CCAP34/7, was

unicellular freshwater microalga,

obtained from the Microalgae Laboratory
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of Alzahra University, Tehran, Iran. It was
kept at 25 °C until use. In the cultural stage,
H. lacustris cells with a concentration of
20%10* cells ml"! were incubated in 250 ml of
Erlenmeyer flasks containing 150 ml Bold’s
Basal Medium (BBM) culture (Sorokina et
al., 2020). Then, the cultures was exposed
to 139.35 foot-candle fluorescent light in a
growth chamber at 25 = 2 °C at PH of 6.5
-7 without aeration (shaking), and kept for
12:12 h light-dark cycles. Furthermore,
Samples were exposed to 325.16 foot-candle
fluorescent light from the seventh until the
end of the experiment (19" day). NaOH
regulated the pH of the medium culture
before autoclaving (Khalili et al., 2019b).
Linoleic acid and Nanoparticles treatments
The treatments were selected at three
concentrations of linoleic acid (0, 30, and
60 uM) and two concentrations of TiO, and
SiO, NPs (0 and 40 mg/L) each with three
repetitions, which were added to the BBM
culture in two separate tests in three days
after inoculation. The linoleic acid was added
to BBM culture by Tween 20 and NaOH
method (Grosch and Schwarz, 1971). TiO,
and SiO,NPs stocks were freshly prepared in
deionized water, and then autoclaved) It was
performed at 120° C for 15 to 20 minutes
(and placed in a water bath sonicator at the
frequency of 50 Hertz for 15 min. They were
kept at 4° C until use (Kabhila et al., 2018).
Growth and biomass measurement

The number of cells per day in the
section of the effect of
of
microalgae (NPs TiO, and SiO)) was

experimental
nanoparticles on the characteristics
counted using a hemocytometer and Neobar
lam from the first to the 19" day due to the
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escape of light absorption and weight gain
of NPs. According to the specific method
(Ahmed et al., 2015) biomass was dried by
the Freeze Dryer (model: FDB-5503 Model,
company: Operon, Seoul, Korea) and then
measured by a digital scale with an accuracy
of 10 g in LA treatment test.

Fatty acids Measurement

To extract and measure fatty acids at ten to
twelve days after inoculation, 0.3 g of each
algal sample (measured with an accuracy of
0.0001 g) was transferred to 10 ml tubes. 3
ml of methanol and acetyl chloride solution
(20 by 1 volume/volume) was added to
each. The tubes were placed in Ben Marie
at 85° C for 50 minutes. During this time,
the tubes were shaken and after cooling,
1 ml of distilled water and 3 ml of hexane
were added, the mixture was centrifuged in
tubes (4000 rpm for 15 minutes). Then, the
upper phase (hexane with fatty acids) was

250 -
200 A
Add NPs

150 A

100 |

Cell number x (100) mL-'

separated. Identification of fatty acids using
Gas chromatography was performed with the
following conditions. (Nazeri et al., 2017).
The carrier gas was Argon, column RTX-
2230 RESTK, Pennsylvania, USA, Inlet:
Heater of 240° C, Pressure of 27.939 psi,
Septum purge Flow of 2 ml/m, Split of 1:20,
Detector: Heater of 240° C, H, Flow of 27
ml/ m, Air Flow of 270 ml/m, and N, Flow
of 27 ml/ m.

Statistics and data analysis

All data were analyzed in a Randomized
Complete Design (RCD). Meant SD of
three replications for Nanoparticles and
LA treatments, compared with the post-hoc
Tukey test. The one-way analysis of variance
(ANOVA) was used to determine any significant
differences using SPSS software (v16, USA).
The statistical probability level less than 5%
(p< 5%) was statistically significant (without
LA and NPs).

-l mm SO
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Fig. 1. Effect of nanoparticles on the

vegetative growth of Haemalococcus

lacustris. Vertical red arrow: Nanoparticle addition. Average values + standard

deviation are shown (n = 3)
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Results
Effect of TiO, and SiO,NPs on biomass
accumulation

The results showed that the cellular
growth under control and two nanoparticles
treatments (TiO, and Si0,) increased rapidly
after three days of inoculation, but TiO NP
(40 mg/L) had a higher effect on the cellular
growth on the 11" day and an average of 1.3
(20000 cells/ml) and 1.3 times that of the
control, respectively (p < 0.05) (Fig. 1).
SiONP (40 mg/L) showed a slightly less
cell growth rate than that of the control and,
in turn, biomass production for the 11" day
and the entire growth cycle with 13700 and
~6400 (cells/ml) were 0.91 and 0.86 times
that of the control, respectively. TiO NP
(40 mg/L) effects on SiO,NP (40 mg/L) on
average and the 11" day (maximum point)
were 1.56 and ~1.46 times, respectively.
Biomass production under NPs treatments
showed an overall superiority of TiO,
compared to the control, but SiO,NPs were
less than TiO NPs, generally. These results
showed that SiO NP at a concentration of
40 mg/L could not stimulate the growth of
microalgae cells and may damage the cells.
Briefly, the order of biomass accumulation
was as follows: TiO,NP (40 mg/L)> control>
SiO,NP (40 mg/L) (Table 1).
Linoleic  acid  effects on  biomass
accumulation
Biomass measurement showed that 30 uM
LA had the highest effect on the biomass
increase on average and twelfth day
(maximumbiomass) by 2 and 1.8 times that of
the control (1.4 and 2.2 mg/ml), respectively.
There is a slight difference in the biomass

production of 60 uM LA concentration with
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the control treatment on the 4th and 11th days
and the mean, which is 0.2, 1.3 and 0.7 mg/
ml biomass production respectively (Figure
2). 30 uM of LA, significantly outperformed
the control and 60 uM of LA treatments in
biomass production. The effect of 30 uM
LA on biomass accumulation was 1.9 times
more than that of 60 uM LA concentration,
on average (average of 19 days). The order
of biomass accumulation was briefly as
follows: 30 uM LA>60 uM LA> control
(Table 1).
Fatty acid composition
of HPLC for astaxanthin
with  the
Gas
chromatography results showed that the

The results

measurements agreed well
spectrophotometry method.
contents of palmitic and oleic acids in 60 uM
LA and control treatments were the highest
andthe least fatty acids with 53 and 2.3% w/w,
1.e., 1.4 and 0.84 times that of the control,
respectively. Also, after palmitic acid, oleic
acid in control, oleic acid in SiO NPs (40
mg/L), and Palmitoleic acid in TiO,NPs
(40 mg/L) treatments were the highest
fatty acids by 1.56, 0.49, and 3.33 times
compared to the controls respectively, (Fig.
3). The quantity of palmitic (53.3% w/w)>
linoleic (32.5% w/w)> oleic (17.7% w/w)>
Palmitoleic (9.7% w/w)> stearic (2.3%w/w)
acids had the highest concentrations in one
treatment sequentially, also on average,
palmitic (44.8% w/w)> linoleic (29.7%
w/w)> oleic (15.4%, w/w)> stearic (5.5%
w/w)> Palmitoleic (4.7%w/w) were the
uppermost fatty acids. The concentration
order of palmitic acid in treatments was
60uM LA (53.3% w/w)> 30 uM LA (47.8
% w/w)> SiO NP (42.8% w/w)> TiO,NP
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Table 1. The effects of LA and NP treatments on

Biomass and Fatty acids in H. lacustris

Treatments Control 30 uM LA 60 uM LA TiO>NPs Si0; NPs
Traits (40 mg/L) (40 mg/L)
*Biomass (Cell 7398.7 9966.4 6383.6
numberx100)/  ml,
the average of 19
days
*Biomass mg/ml, the 0.68 1.4 0.7
average of 19 days
Biomass to the 2 1.02 1.3 0.86
control
Max Palmitic Palmitic Palmitic Palmitic
Min Stearic acid  Stearic Palmitoleic Stearic
acid acid acid

(35.3% w/w). In addition, for linoleic acid, it
was 30 uM LA (32.5 %w/w)> TiO,NP (30.4
Yow/w)> SiO,NP (28.7 %w/w)> 60uM LA
(~27.3%w/w).

These results revealed that the maximum

production of two main fatty acids, palmitic
and linoleic acids, occurred at two LA
treatments (60 and 30uM) while the ultimate
production of three other fatty acids, namely

Oleic, Stearic, and Palmitoleic was achieved
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seclben 30pM LA
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Fig. 2. Effects of linoleic acid on vegetative growth of Haematococcus lacustris. Vertical red arrow:

Linoleic acid addition, Average values + standard deviation are shown (n= 3)
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Fig. 3. The results of fatty acid analysis by gas chromatography

(*) on the error bars shows the significant difference with control (p< 0.05,

Duncan's test). Median values+ standard deviation (SD) are shown (n = 3).

in NPs (TiO, and SiO,) treatments. In
addition, there was a direct relationship
between linoleic acid (fatty acid) production,

and biomass, as all two were maximized by
LA treatment of 30 uM (Table 1).

Discussion

Due to the importance and value of
microalgae biomass, extensive research
is being done to increase its production
from inexpensive materials and methods.
The effect of linoleic acid on Biomass
production is related to its precursor of two
Phytohormones (Khalili et al., 2019a). The
starter of oxylipin and arachidonic acid
pathways (Shanab et al., 2018), the acidic
nature of this substance (Wu et al., 2006),
as well as allelochemical properties (Qian et
al., 2018), and the effects of Nanoparticles
to the microalga are related to their ability to
create ROS. TiO,NPs are more motivating
than SiO,NPs in the biomass production of
microalgae (Manzo et al., 2015).
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Effect of TiO, and SiO,NPs on biomass
accumulation

The produced biomass under the influence
of TiO, NP (40 mg/L) in the stationary phase
was higher than the other two treatments
(SiO,NP and control). Usually, different
NPs limit the growth of microalgae and
have toxic effects on cells, but some of
them have various effects on cell growth
at low concentrations (Adams et al., 2006).
In general, TIO,NP has a greater effect
than SiO NP on the growth and division
of microalgal cells. In this regard, some
researchers reported that TiO,NP neutralizes
the toxic effect of Cadmium (Cd) on
microalga  Chlamydomonas  reinhardtii
at lower concentrations than SiO,Np (A
quarter of the concentration) (Yu et al.,
2018). The effect of TiIO,NP on Dunaliella
tertiolecta microalga is much greater and
faster than that of SiO,NP due to the higher
accumulation of TiO,NP in algal medium

culture (Manzo et al., 2015).
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that of 60uM LA and their difference
was significant. When linoleic acid was
added to the medium culture from the
third day onwards, a significant increase
in biomass production was observed in
30uM LA treatment compared to the
other two treatments (Fig. 2). It shows the
positive effect of the level of this hormone
on the growth of microalgae cells, which
is consistent with the results of some
researchers (Khalili et al., 2019a). For
example, 32 uM LA increased biomass in C.
sorokiniana the reduction of biomass at LA
concentrations higher than 30uM is under
debate, where some researchers believe that
LA is an allelochemical substance with an
allelopathy effect on microalgae. According
to some other reports, the cellular growth
of C. sorokiniana is decreased at high
concentrations of LA (100 uM) (Qian et al.
2018) . Some materials and phytohormones,
such as IAA, IBA, NAA, and PAA increased
and decreased cell growth rate in Chlorella
vulgaris at low and high concentrations,
respectively (Piotrowska-Niczyporuk and
Bajguz, 2014).

In a study, the effect of 60uM LA on biomass
accumulation was approximately equal to
that of the control and their difference was
insignificant (Khalili et al., 2019). According
to previous study by Khalili et al. (2019),
the effect of LA on biomass production was
higher than this concentration (> 60 puM)
that was gradually decreased or become
negative. However, this concentration is
different for each species in microalgae
(specific species). Interestingly, LA is the
precursor to MJ and traumatic acid (TA), both
of which act similarly to LA (de Los Reyes
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There are three hypotheses for this result.
Maybe TiO,NP kills more bacteria and
other prokaryotes, so that microalga cells
can grow well in the medium culture
without any nutritional competition (poor
possibility). TiO,NP is activated by the
UV spectrum so that it produces ROS
and consequently, the ROS breaks down
medium culture components. TiO,NP covers
the whole surface of the microalgae cell and
increases optical absorption which enhances
chlorophyll content and biomass (Kulacki
and Cardinale, 2012; Vargas-Estrada et al.,
2020).

Indeed, the accumulation of TiO,NPs in the
medium culture is higher than SiO,NPs So
TiO,NPs can penetrate cellular organ and
genomes more and faster than SiO Nps
(Manzo et al., 2015).

In addition, SiO,NP (40 mg/L) had a slightly
greater (non-significant) inhibitory effect
on cell growth (biomass) compared to the
control group (Pikula et al., 2020. Therefore,
SiONP in comparison with TiO,NP and
control treatments at this concentration
(40 mg/L) could not stimulate cell growth
but reduced it, but why cannot SiO,NPs
stimulate biomass production? It seems
that aggregation of SiO,NPs (40 mg 1) in
medium culture is not enough to penetrate
(Manzo et al., 2015) in the genome and
affect it but can only damage cellular walls
and kill or weak microalgal cell so biomass
production becomes less than control
treatment in this concentration.

Linoleic  acid effects on  biomass
accumulation

The general effect of 30uM LA on biomass

production was approximately two times
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et al., 2014). For example, it was shown that
1 uM methyl jasmonate increased the cell
number in Chlorella vulgaris, while further
concentrations diminished it, this result was
obtained for TA as well (Pietryczuk et al.,
2014), and our results are consistent with
mentioned results. Finally, LA is an organic
acid and in high concentrations inhibits the
cellular growth of microorganisms such as
microalgae, but this prevention is different
for each microorganism (Wu et al., 2006).
Fatty acid composition

In general, Palmitic> Linoleic> Oleic>
Stearic> Palmitoleic were the most abundant
fatty acids in microalgae, respectively. The
astaxanthin molecule in the microalgal cell
is covered with different fatty acids, due
to its greater stability, the percentage of
which varies from one microalga to another
and even at different stages of cell growth.
The results of some experiments indicate
that fatty acids esterify 90% of astaxanthin
molecules in H. lacustris, whereas the
highest fatty acid that covers and attaches
to the astaxanthin molecules is oleic acid
(Holtin et al. 2009), which does not confirm
our results. In some investigations linoleic
and oleic acids (Doan et al., 2019) while in
others palmitic acid were the predominant
fatty acids in the H. lacustris (Boonnoun et
al., 2014), which almost confirm our results.
Here the question arises, why does the type
of fatty acids change? Why are palmitic and
linoleic acids the major primary fatty acids
in microalgae cells? It can be concluded that
linoleic acid is the major fatty acid in both
pathways (-3 and (GD-6 (defense pathways
of microalgae), but it is the least fatty acid

in the cell walls of microalgae. In contrast,
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palmitic (structural and saturated fatty acid)
is the major fatty acid in the cell walls or
cell organelle walls (Sharathchandra and
Rajashekhar, 2011; Tan et al., 2020). LA is
not produced when cells live in the green
motile stage (the first stage of the life cycle
of H. lacustris), while palmitic acid is the
first fatty acid in this stage. However, when
the microalga enters later stages of growth,
such as the late red stage and aplanospore
(haematocyst), linoleic acid and its
derivatives (a-linolenic, oleic) are produced
and become the first fatty acid in them ( Butler
et al., 2018), which confirms our findings. In
our study, palmitic acid was the predominant
fatty acid in all treatments due to the GC
assay time (10 to 12 days after inoculation),
which was at the end of the logarithmic
phase which time that the cells were in the
transition from green to red. Most likely, if
sampling were done in the last days of the
experiment, for example, on the seventeenth
to nineteenth days, linoleic acid and its
derivatives would be more than palmitic
acid. Interestingly, linoleic acid in 30uM LA
and TiO,NP (40 mg/L) treatments was the
most produced fatty acid after palmitic acid,
while these treatments produced the highest
amount of biomass, which means 30 uM LA
and TiO,NP (40 mg/L) were directly related
to the accumulation of LA (fatty acid), and
biomass in H. lacustris.

Briefly, the effects of linoleic acid and
nanoparticles (TiO, and SiONP) on the
biomass content and fatty acid composition
in H.lacustris were investigated. To our
knowledge, this is the first time that the
effects of LA and NPs (TiO, and SiO,)
have been

investigated simultaneously
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on biomass, and fatty acid in H. lacustris.
In biomass production, the treatments of
30 uM LA and TiONP (40 mg/L) had the
highest production, respectively. GC study
showed that palmitic and stearic in 60 and
30 uM LA was maximum and minimum
produced fatty acids, respectively. There
was a direct relationship between 30 uM LA
and biomass production.

It was shown that LA could stimulate
biomass production in H. lacustris. Since
this type of microalgae, H. lacustris,
which is closely similar to Haematococcus
pluvialis, has received less attention from
researchers around the world. This study
was a step towards demonstrating the
importance and economic potential of H.
lacustris in the production of fatty acids.
We feel the importance of this work would
substantially increase with the performance
of additional experiments, such as
identifying the mechanism on pathways that
nanoparticles induced in Haematococcus
lacustris. Because of microalgae biomass
and fatty acid importance, we hope that in
the future, more research about the effects of
elicitors and stressors on biomass and fatty
acid production take place to produce easier

and faster than now in different microalgae.
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