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Introduction

The Nile River is the main freshwater
resource needed for nearly all drinking and
irrigation water demands. Its water runs
from the south to the north and ends at two
branches, Damietta and Rosetta. Damietta
branch ecosystem is exposed to a complex
interaction of natural and anthropogenic
activities that influence the floral and faunal
composition.

Cyanobacteria found in the Damietta
branch along 242 km of the Nile River are
rich with valuable by-products that are
useful for various industrial applications.
These cyanobacteria consist of various
organic inclusion bodies that occur in the
cytoplasm. These insoluble inclusion
bodies include cyanophycin granule
polypeptide (CGP), a non protein,
synthesized amino acid polymer that is
composed of an aspartic acid backbone and
arginine side groups. The water-insoluble
CGP accumulates inside the cells as
membrane-less granules and is degraded by
the cells when growth is resumed. CGP is
synthesized by cyanophycin synthetase,
which adds aspartic acid and arginine to a
cyanophycin primer. Meanwhile, CGP is
degraded stepwise by cyanophycinase
which releases B-aspartyl-arginine
dipeptide, and isoaspartyl dipeptidase
which cleaves the dipeptide into the free
amino acids aspartate and arginine
(Canizales et al., 2023; Sharon and
Schmeing, 2023).

In the presence of sufficient nitrogen,
cyanobacteria can utilize inorganic nitrogen
forms, atmospheric nitrogen, and some
amino acids, whereas many cyanobacterial
species accumulate CGP at the heterocyst
poles under limiting conditions, including

low light intensity, low temperature, and
sulfur, potassium, or phosphorus limitation
(Aravind et al., 2016; Flores et al., 2019).
CGP is extremely rich in nitrogen as it
contains five nitrogen atoms in every
building block and therefore CGP
accumulation enables cyanobacteria to
optimize nitrogen assimilation under
nitrogen-poor conditions, during the
fluctuation of the nitrogen supply, and
day/night cycles, by allowing continuous
nitrogen assimilation and storage (Watzer
and Forchhammer, 2018). Frommeyer et
al. (2016) reported that CGP is considered
a transient storage for nitrogen, carbon, and
energy.

CGP is typically produced in the form of
opaque  light-scattering  cytoplasmic
granules by different species of
heterocystous  cyanobacteria including
Toxifilum

variabilis,

mysidocida, Anabaena
Aphanocapsa, Nostoc
ellipsosporum, Scytonema,and
Synechoncystis  species. Recently, the
occurrence of genes encoding proteins
homologous to cyanobacterial
cyanophycins has been described for other
eubacteria that do not belong to the
cyanobacterial  group, for example,
Bordetella

pertussis, B.

Acinetobacter sp.,
bronchiseptica, B.
parapertussis,  Clostridium  botulinum,
Desulfitobacterium hafniense, and
Nitrosomonas european (Krehenbrink et
al., 2002; Ziegler et al., 2002; Fiiser and
Steinbiichel, 2007; Zimba et al., 2017; Du
etal., 2019).

Previous studies reported that
several factors, including light, carbon
dioxide, sulfur, and phosphorus starvation
as well as the addition of arginine to culture
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media increased the amount of CGP formed
in the cyanobacteria. Cyanophycin has
unusual soluble properties as it is insoluble
under neutral pH and is soluble under acidic
(pH<2) or alkaline (pH>9) conditions. It is
also insoluble in water-containing metal
ions, EDTA, sodium deoxycholate, and
organic solvents. The high viscosity, high
solubility, and complete biodegradability of
CGP enable it to have potential applications
in the fields of biomedicine, agro-
chemistry, pharmacy, food industry, and
personal care. CGP can also serve as a
natural source of amino acids such as
arginine and aspartate, and the poly-
aspartate backbone of CGP could also be
used as a biodegradable substitute for
polyacrylates (Aravind et al., 2016). CGP
has unique chemical and physical
properties that make it suitable for several
applications such as industrial food,
medicine, cosmetics, water treatment, and
agriculture applications (Zou et al., 2022).
Damietta branch of the Nile River is
often inhabited by many aquatic organisms,
which affect and reflect its water
characteristics. =~ CGP

cyanobacteria is an important compound

produced by

that has many biotechnological and
industrial applications but it remains
largely uninvestigated. Therefore, the
present study aims to investigate the algal
diversity and to focus on CGP production
by cyanobacterium Anabaena cylindrica
collected from the Damietta branch of the
Nile River.

Materials and methods

Sampling site and algal collection

Surface water samples were collected at
day time during November 2022 from 5

different sites along River-Nile Damietta
Branch, Damietta Governorate, Egypt
(latitude: 30° 10" 26" N, longitude: 31° 08'
22" E and latitude: 31°31' 37" N, longitude:
31°50'41" E) (Aborahma et al., 2018). The
samples were collected using a 90 mm
mesh phytoplankton net and transported in
an ice box to the laboratory until further
analysis. The chosen sites are represented
in the following map where Sites I, II, III,
IV, and V are AL Zarqa, El Serw, Kafr Al
Arab, Faraskur, and Al Adliya, respectively
(Fig. 1). The filtered samples were fixed
with Lugol’s solution and 4% of formalin,
enumerated using an inverted Olympus
light microscope (Sharma, 2002), and
sedimented according to Utermohle (1936).
Examination of algal species was made
using an EXACTA+OPTECH GmbH
biological light microscope (Model B3) -
Code K7161, Germany (Krammer and
Lange-Bertalot, 1986; Botes, 2003).

Identification  and

microalgae

classification  of

Microalgae were isolated from water
samples on BG-11 medium whose
components have been purchased from
Sigma—Aldrich, USA (Atici, 2020). Water
samples were centrifuged, and the pellet
was streaked on an agar plate containing
sterilized BG-11 medium. It consisted per
litre of the following; NaNOs3 (1.5 g),
K>HPOs (30 mg), MgSOa4. 7H20 (75 mg),
CaCl,. HO (36 mg), NaxCO3; (20 mg),
citric acid (6 mg), ferric ammonium citrate
(6 mg), disodium magnesium EDTA (1
mg), and 1 ml of micronutrients solution
that consisted of (per liter) H;BO3 (2.86
mg), MnClL. 4H,O (1.81 mg), ZnSOa.
7H>0 (220 mg), NaxMoOs. 2H>0 (390 mg),
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CuSO4. 5SH20 (80 mg), and CoCl,. 6H20
(40 mg). The final pH of BG-11 medium
after autoclaving was 7.1. Agar (1.0 - 1.5%
w/v) was added to solidify the media. Each
petri was incubated at 27°C wunder
continuous fluorescent light illumination 45

puE m? s in a JSR-Growth Chamber 3-Side
[llumination (model JSPC-960C2) for three
weeks. The light/dark regime was adjusted to
12:12 h at a light intensity of 28 pE m™ s’
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Figure 1 : A map showing the location of the study area.

Identification of the isolated cyanobacteria
Cyanobacterial colonies were repeatedly
transferred to fresh plates to obtain uni-
algal cultures. The growth on each plate
was carefully examined using low (10X)
and high-power (45X) objective lenses of
the light microscope (Amer et al., 2013).
Cyanobacterial species were identified
based on their cellular morphology
according to Khare et al. (2014) and
Magana-Arachchi and  Wanigatunge
(2013), whereas the identification of
Chlorophyta, Bacillariophyta, Dinophyta,
and Euglenophyta was done according to
Padisak et al. (2009) and Guiry (2013).

Microphotographs were taken using a
microscope-equipped  digital ~ camera
(AMCAM camera). The cyanobacterial
biomass was calculated in the total volume
of algal cells according to Edler (1979)
using an inverted microscope.

CGP quantification

CGP was quantified in the isolated
cyanobacteria grown for 15 days under
standard growth conditions according to the
method described by Nausch et al. (2020).
A known weight (30-35 mg) of freeze-
dried algal samples including Anabaena
cylindrica were homogenized with ceramic
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pills in a Precellys 24 homogeniser (VWR
International GmbH, Erlangen, Germany)
and incubated in 1 mL 50 mM Tris buffer
(pH 8.0) for 30 min. After centrifugation,
the pellet was resuspended in 1 mL of 0.1
M HCL and incubated for 1 hour. After
another centrifugation step, 800 pL of the
supernatant was used for CGP analysis. 1—
10 pL of the sample was filled up with 0.1
M HCL to a final volume of 800 uL and 200
pL of 5x RotiQuant Bradford reagent (Carl
Roth  GmbH+Co. KG,
Germany) was added. After 5 min

Karlsruhe,

incubation, samples were measured at 595
nm. A calibration curve was prepared with
Bovine serum albumin.

Analysis of CGP from Anabaena cylindrica
Amino acid analysis

CGP was hydrolysed according to the
method of Adebiyi et al. (2005) before
determination of amino acids. HCI (6 N)
was prepared by distilling a mixture of
concentrated HCIl and distilled water (1:1,
v/v) and stored in screw-cap tubes at 4°C.
CGP was hydrolysed with 6N HCI at 110
°C for 24 hours. Amino acid analysis was
carried out using an LC 3000 Eppendorf /
Biotronik amino acid analyser with column
type H 125 x. The amino acid analysis was
carried out in the Regional Center for
Mycology and Biotechnology, Al-Azhar
University, Cairo, Egypt. Amino acids
content was expressed as mg g'1 protein.

Ultrastructural analysis of CGP produced
by Anabaena cylindrica

CGP produced by Anabaena cylindrica was
analyzed by Transmission Electron
Microscopy (TEM) according to the
modified method of Parveen ef al. (2013).

Cells of 4. cylindrica were centrifuged and
mixed with a mixture of glutaraldehyde
(2%), formaldehyde (2%), sucrose (0.18
M), picric acid (0.1% in 0.1 M), pH 7.4
Sorensen phosphate buffer for 1 hour. The
cyanobacteria sample was washed with the
previous buffer and fixed with an osmium
tetroxide (1% osmium tetroxide in 0.1 M
cacodylate buffer) for 1 hour. The sample
was embedded in LX-112 Resin and
sectioned at 0.5 pm using an ultra-
microtome (Reichert-Jung Ultracut) with a
diamond knife and transferred onto 150-
mesh copper grids. The prepared sections
were stained with 2% uranyl acetate / 50%
ethanol for 15 min and washed 3 times in
50% distilled water / 50% ethanol and
finally twice in distilled water. The copper
grids were then dried and examined using a
Jeol JSM-5300 transmission electron
(Faculty  of
University, El

Science,
Shatby,

microscope
Alexandria
Alexandria, Egypt).

Statistical analyses

Data were analysed using two-way
ANOVA. Mean separation was performed
using Duncan's multiple range test at
p<0.05.

Results

In this study, different algal groups
(Cyanophyta, Chlorophyta,
Bacillariophyta, Dinophyta, and

Euglenophyta) were identified at different
sites of the River Nile, Damietta Branch.
There are significant differences in algal
classes and species numbers among sites.
The present study reported a total of 26
algal species representing five algal groups
as 9 Cyanophyta species, 5 Chlorophyta
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species, 7 Bacillariophyta species, 3
Dinophyta species, and 2 Euglenophyta
species. Cyanobacteria was represented by
Anabaena anomala, A. cylindrical, A.
oryzae, A. variabilis, Nostoc sp., Nostoc
punctiforme, Oscillatoria obscura,
Spirulina platensis, and Synechococcus sp.
Chlorophyta  was  represented by
Cosmarium  sp., Chlorella  vulgaris,
Closterium accrosum, Mougeotia sp., and
Pediastrum simplex, while Bacillariophyta

was represented by Amphora ovalis,

@ Cyanophyta 3 Chlorophyta
W Bacillariophyta Dinophyta

S Euglenophyta

C

B Cyanophyta @ Chlorophyta
M Bacillariophyta 8 Dinophyta
8 Euglenophyta

8 Cyanophyta
@ Bacillariophyta @ Dinophyta

8 Cyanophyta

Fragilla sp., Synedra acus, S. ulna,
Nitzschia filiformis,
elongatum, and Cyclotella meneghiniana.

Pleurosigma

Dinophyta species were Exuviaella apora,
Phormidium  sp., and  Peridinium
penardiforme. Euglenophyta was
represented by Euglena sp., and Phacus
triqueter.

As shown in Figure 2, Cyanophytes
dominated at sites I, IV, and V meanwhile
Chlorophytes and Bacillariophytes

dominated at sites II and III, respectively.

O Chlorophyta

@8 Euglenophyta

3 Chlorophyta

W Bacillariophyta B Dinophyta
S Euglenophyta

B Cyanophyta
M Bacillariophyta
S Euglenophyta

03 Chlorophyta
B Dinophyta

Figure 2: Variations in algal group percentages at different sites of the River-Nile Damietta Branch, Egypt
(where A: site 1, B: site II, C: site III, D: site IV, E: site V).
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Dinophyta was absent at sites II, III, and IV.
Euglenophyta recorded the lowest number
of species at different collection sites. A
total of 16, 13, 14, 11, and 20 algal species
were reported at sites I, II, III, IV, and V,
respectively. A high number of Cyanophyta
species (9) was recorded at site V, followed
7 species at site I. Whereas, the minimum
number of Cyanophyta species (3) was
recorded at site III.

Isolation of cyanobacteria

In the present study, water samples were
collected from the River Nile Damietta
Branch - Egypt during the time when the

cyanobacteria are expected to be available
on the photosynthetic area of the water
body. Then, water samples were screened
on standard algal BG-11 media. A total of
nine cyanobacteria (Anabaena anomala, A.
cylindrical, A. oryzae, A. variabilis, Nostoc
sp., Nostoc punctiforme, Oscillatoria
obscura,  Spirulina  platensis,  and
Synechococcus sp.) were isolated in pure
form. Their morphological characteristics
and photomicrographs are shown in Table

1 and Figure 3, respectively.

Table 1: Morphological characteristics of the identified cyanobacteria collected from five sites along River

Nile Damietta Branch — Egypt.

Serial no. Cyanobacterial species

Morphological characteristics

1 Anabaena anomala

Bent filaments, apical cell rounded, ellipsoidal akinete, barrel
heterocyst.

Bluish-green filaments, Solitary straight trichome, No

2 A. cylindrica

mucous sheath, Barrel-shaped cells (2.56-5.28 um in wide,
4.59-10.42 pm in length), Barrel-shaped to cylindrical

heterocyst, Cylindrical to barrel-shaped akinete
Bluish green short straight filaments; colorless sheath,

3 A. oryzae

cylindrical vegetative cell (1.5-3.5 pm in wide, 3.0-5.0 pm in
length), Trichomes with terminal oval heterocyst (2.5-3.5 um

in wide, 3.0-4.0 um in length), ellipsoidal akinete.
Greyish-green filaments, Bundle straight trichome, No
mucous sheath, Cylindrical to barrel-shaped cells (2.29-5.23

4 A. variabilis

um in wide, 2.61-8.48 um in length) with rounded apical cell,
Ellipsoidal

heterocyst (bigger than vegetative cells),

Ellisoidal to long ellipsoidal akinete.
Bluish-green heterocystous filaments, straight to slightly

5 Nostoc sp.

curved long trichome, gelatinous and oblong cells (3.73-6.59
um wide, 4.34-11.38 pm in length), ellipsoidal heterocyst,

spherical akinete.
Dark blue-green heterocystous filaments, Bundle straight to
amorphous trichome, Mucilaginous sheath present, Spherical

6 Nostoc punctiforme

to sub-spherical cells (2.6 — 5.8 um in wide, 2.8-5.8 um in

length) with rounded apical cell, Spherical to sub-spherical
heterocyst, No akinete
Green to blue-green filaments, broad vegetative cell (3.5 - 4.0

7 Oscillatoria obscura

um in wide, 1.5-2.5um in length), cross wall granulated,

trichome ends rounded.
Bluish-green multicellular unbranched long filaments, spiral-

8 Spirulina platensis

shaped trichomes, Septa present, spiral cell (7.0 — 8.0 um in

width, 4.0 - 5.5 pm in length).

9 Synechococcus sp.

Small single solitary cells, ellipsoidal cells (diameter 0.6 and
2.1 um), no flagella or other organelles of motility.
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Figure 3: Photomicrographs of the identified cyanobacterial strains (20 pm) where A: Anabaena anomala
s B: A. cylindrica; C: A. oryzae; D: A. variabilis; E: Nostoc sp.; F: Nostoc punctiforme; G:
Oscillatoria obscura; H: Spirulina platensis; 1: Synechococcus sp. (Magnification of x100).

Biomass and CGP production of different
isolated cyanobacteria.
In the present study, the isolated

cyanobacteria  (nine  species)  were
examined for their biomass and CGP
production under similar incubation
conditions. Variations in dry weight
biomass of different cyanobacteria were
illustrated. It is clear that algal freeze-dry
weight biomass ranged from 0.25+0.01 g L~
Yin Oscillatoria obscura to 0.80+0.02 g L™!
in 4. cylindrical. The capability to produce
CGP in cyanobacteria is widespread,
whereas its amount varies between species.

The results showed that CGP amounts
ranged from 0.030 £0.001 g L' in
Oscillatoria obscura to 0.224+0.007 g L!
in A. cylindrica. CGP in A. cylindrical
reached 28% of cell dry weight (Table 2).

Amino acid analysis

In the present study, amino acid analysis of
CGP produced by 4. cylindrica showed that
aspartic acid and arginine were the two
dominating amino acids in the ratio of 1:1.3
(mass basis). Moreover, other amino acids
are present in different amounts as shown
in Table 3.
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Table 2: Variations in algal freeze-dry weight biomass (g L'') and CGP (g L) produced by different
cyanobacteria grown for 15 days under standard growth conditions. Each value was presented as

Mean =+ standard error, n = 3.

Cyanobacterial species Algal freeze-dry weight biomass (g L) CGP (gL'
Anabaena anomala 0.75 +0.05 0.165 £ 0.001
A. cylindrica 0.80 = 0.02 0.224 +0.007
A. oryzae 0.75 +0.02 0.180 + 0.005
A. variabilis 0.40+0.01 0.072 + 0.003
Nostoc sp. 0.30+0.01 0.057 +0.001
Nostoc punctiforme 0.45+0.02 0.054 + 0.003
Oscillatoria obscura 0.25+0.01 0.030=+0.001
Spirulina platensis 0.70 £ 0.05 0.091 + 0.006
Synechococcus sp. 0.65 +0.04 0.130 + 0.008

Table 3: Amino acids content of crude CGP from
A. cylindrica grown for 15 days under standard
growth conditions.

Amino acid Concintratio.n
(mg g ! protein)

L- Aspartic acid 49.9 +1.253
L- Glutamic acid 0.22+0.003
Histidine 0.92+0.016
Serine 0.10 £ 0.002
Arginine 57.6+1.211
Glycine 0.01 +£0.001
Threonine 0.81£0.016
Tyrosine 0.20 £ 0.004
Alanine 0.11£0.002
Valine 0.47 +0.008
Methionine 0.46 +0.008
Isoleucine 0.07 £ 0.001
Phenyl alanine 0.04 £ 0.001
Leucine 0.03 £ 0.001
Lysine 0.58£0.013

Ultrastructural analysis of CGP produced
by Anabaena cylindrica

SEM was used to examine CGP produced
by A. cylindrica grown in standard BG-11
medium. SEM revealed that cells of A.
cylindrica include intracellular inclusions
that have all of the characteristics of CGP.
As shown in Figure 4, CGP appears as dark
and spherical with irregular parameters
bodies. Moreover, CGP is not bounded by
a membrane and electron-dense with a
granular appearance.

Figure 4: TEM micrographs of A. cylindrica
collected from the River-Nile Damietta Branch
showing CGP, Scale bars: a = 500 nm, b = 700
nm.
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Discussion

Microalgae are considered bioindicators of
eutrophication and are effectively used to
assess the quality of water (Ahmed, 2024).
Some algae are known to release toxins that
contaminate water while others are used to
remove heavy metals from aquatic
ecosystems (Kumar and Amit, 2012;
Cheraghpour et al., 2020; Sarma et al.,
2024).

Five algal groups; Cyanophyta,
Chlorophyta, Bacillariophyta, Dinophyta,
and Euglenophyta were recorded at
different sites along the River Nile,
Damietta Branch. It gives a brief overview
of the quality of water from which
Anabaena  cylindrica was  collected.
Moreover, relationships between  A.
cylindrica and its associated species may be
a factor affecting its CGP production.

The present study reveals the dominance of
Cyanophyta at sites I, IV, and V. The
dominance of Cyanophytes in most sites
may be due to the availability of nutrients
and other favorable environmental
conditions such as light and temperature
(Gao and Song, 2005). A number of
Euglenophyta species was the lowest at all
sites of the studied area. This result was in
agreement with Elrefaey et al. (2017) who
reported that Euglenophyta were scarcely
recorded in the study area compared with
other phytoplankton divisions, and were
completely absent at many sites.

CGP is not considered as a nitrogen-rich
reserve polymer only, it be easily degraded
and utilized as the only carbon source for
growth by some organisms. CGP is not the
only compound whose amount changes
with culture age. Canizales et al. (2023)
reported that cyanophycin production is

associated with the shift from an
exponential growth phase to a stationary
phase. In our results, the highest contents of
CGP in A. cylindrica mean that it was
already in the stationary phase. Compared
to other cyanobacteria, A. cylindrica
recorded high biomass (0.80+0.02 g L)
and CGP content (0.224+0.007 g L) as
presented in Table 2. CGP in A. cylindrical
was reached to 28% of cell dry weight. This
result in agreement with Elbahloul et al
(2005) who reported that cyanophycin can
reach up to 40% of cell dry weight.
Moreover, Hakkoum et al. (2025) reported
that A. cylindrica contains other bioactive
compounds, such as polysaccharides,
proteins, indole acetic acid phytohormone,
nitrogen, phosphorus, and potassium.
Therefore, amongst the tested isolates, it
has been decided to follow up CGP
produced by 4. cylindrica and to analyze it.
Heterocysts of A. cylindrica express
cyanophycinase to degrade cyanophycin
into dipeptides, which are shuttled to
vegetative cells that convert the dipeptides
into free amino acids. These amino acids
can be used as a feedstock in the production
of a wide range of chemicals such as
acrylonitrile, polyacrylic acid, 1,4-
butanediamine, and urea (Burnat et al.,
2014; Zou et al., 2022; Nawaz et al., 2024).
Watzer et al. (2015) indicated that arginine
availability is the main bottleneck of CGP
structure. In the present study, amino acid
analysis of CGP produced by A. cylindrica
showed that aspartic acid and arginine were
the two dominating amino acids in the ratio
of 1:1.3 (mass basis). Simon (1973) also
revealed the presence of arginine in purified
CGP from the cyanobacterium Anabaena

cylindrica. CGP produced by
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Synechococcus sp. and E.coli contained
aspartic acid and arginine in the ratio 0.9:1
and 1.05:1, respectively (Hai et al., 1999).
Moreover, Wingard et al. (2002) reported
that CGP produced by Synechococcus
collected from the Arabian Sea was
composed of approximately equal molar
quantities of aspartic acid and arginine with
small amounts of other amino acids. This
difference may be attributed to the different
environmental  conditions  such  as
temperature (Chen et al., 2022).

Conclusion

Cyanophycin granule polypeptide (CGP) is
a storage material for nitrogen, carbon, and
energy that could be used in various
industrial and biotechnological
applications. This study is one of the first
studies that focuses on CGP production by
some cyanobacteria collected from the Nile
River Delta, Damietta branch. Our results
revealed their capability to produce CGP,
whereas its amount and amino acids ratio
vary between species. By following up
CGP production by Anabaena cylindrica,
SEM showed that CGP is dark and
spherical with irregularly parameters
bodies. Further studies are needed to study
factors affecting CGP production and to
optimise it for the widespread utility of this
natural biopolymer.
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