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Cyanobacteria are anaerobic and photosynthesizing prokaryotes. In the past, the classification of cyanobacteria was
only based on morphological characteristics. Today, advanced techniques such as molecular markers are used to
achieve more accurate and reliable classification. In this research, sampling was done from the Ziarat waterfall in
Golestan province. After cultivation and purification in solid culture medium BG-11, molecular identification of
natural compounds’ biosynthesizing genes (hassallidins synthetase (hasN) and geosmin A (geoA) along with
divergence analyses were performed using the amplification of the chloroplast genes RNA polymerase C1 (rpoCl).
Then, the strain containing the above genes was identified by amplification of 16S rRNA and internal transcribed
spacer (ITS) genes. Phylogenetic trees were built using the Maximum Likelihood method and the appropriate model
with the help of a web server on the 1Q-Tree server. The secondary structure of ITS was drawn in different parts of
helix D1-D1’, D2, D3, tRNAIle, tRNAAla, BOX B, BOX A, and V3 using the Mfold program. The results showed
that only the Nodosilinea sp. 1359 (Leptolyngbyaceae, Synechococcales) strain has the genes mentioned above. In
addition, the results of calculating the KA/KS of hasN and geoA genes and the phylogenetic incongruence of 16S
rRNA and rpoC1 genes showed that natural selection by creating positive mutations has led to diversity in the studied
strain. This study is among the first research conducted on the molecular phylogeny of cyanobacteria producing natural
compounds in Ziarat waterfall.

Bahareh Nowruzi (correspondence<bahareh.nowruzi@srbiau.ac.ir>) & Samaneh Jafari Porzani, Department of
Biotechnology, Faculty of Converging Sciences and Technologies, Islamic Azad University, Science and Research,

Tehran, Iran.

Keywords: Nodosilinea sp. 1359; 16S rRNA; ITS; hasN, geoA, rpoCl, biosynthesizing genes; natural compounds

bl il @5 5Ll 51 T s L il st i s L0 5 S5 sk (5L

ol (O] 31 ol oo pole Ay d S byl pole eaSiisls (g5 4585 5 o5 S Sloleal is5, 5 osle
s31 o\ &sls «oligims poke o=y J s s, poke aSasls (555 g 05 8 ai) eles S s 15 gLder il
ol ol ol

S lgiel (S5 s85 50 Dlao Gelal 5 o bags S sl aes; 41208 o e oS s 5 $5len g S 5, s Sl sl
8505 oo ) 53 35 gn solinal alzel BB 5 5335 saens & s 6l oS0 sl ol aile asb iy s S5 5 035l U
S ot 510055 J5SUse lolid BG-11 sale oS Jaoma 53 (65lepalle 5 0t 51 b ol 1S sl 5L 5 5Ll 51 sls
05 S5 G oS ol e e 3 S ol 7DOCT slags S5 b ) S1s sl dUT ol as 4 (ge0A 5 hasN) ab o\oS 5
TQ-Tree 55, oy oSty omlin Jbo 5 alaiion s atpis 2 ) solined b (K5l oz s s § s Llis ITS 5 16S IRNA b


mailto:bahareh.nowruzi@srbiau.ac.ir

188 The reconstruction of biosynthesizing genes from cyanobacteria

IRAN. J. BOT. 29(2), 2023

KsS4 V3 ,BOX A BOX B tRNAAla tRNAIle D3 D2 DI-D1" SJa cilises gla iz 50 ITS 4 56 s le as asle

Leptolyngbyaceae s .5 4 slawe 5 030 35 b3 sluls Nodosilinea sp. 1359 4 g g5 oS sls lis el ) M-fold 4.t ,

Sy sesls 585G 5 geoA 5 hasN g5 KA/KS o) e a5l ol s ol ssde .ol Synechococcales axl, 5

E3d casllas J‘ ol o asllas D) 98 A g D &}u J\;u‘ A e Cle L;Lhu,...ga .>L>u| L g;gwb ubw‘ aSols QL..A rpo Cl 9 16S rRNA

el 555 Ll o gk OLS 5 saiSud 5 o Sl JoSse S55kd (g5) 0ai ol Olidas s

INTRODUCTION

The process of classification plays a crucial role in
comprehending and quantifying the vast array of living
organisms.  Nevertheless, the complexity of
prokaryotes and  phototrophic  cyanobacteria,
encompassing both simple unicellular forms and
multicellular types, presents a challenge (Komarek
2016). In recent years, there has been a significant shift
in the classification of cyanobacteria, particularly due
to the adoption of molecular techniques and advanced
methods of ultrastructural analysis (Nowruzi &
Hutarova 2023; Nowruzi & Lorenzi 2023).

Historically, the classification of cyanobacteria
relied on morphological and visual attributes, which
were deemed inadequate and imprecise for the
development of the contemporary cyanobacterial
classification system. There is a divergence of
perspectives  regarding the quantification of
cyanobacteria species owing to their considerable
intricacy (Nowruzi & al. 2022; Nowruzi & Afshari
2023). There exists a divergence among researchers
regarding the classification of species, with some
opting to categorize them into various smaller classes,
while others propose the creation of new classes to
accommodate newly discovered species, primarily
considering  disparities in ecophysiology and
morphology (Dvotdak & al. 2015). Significant
advancements have been achieved in the classification
of cyanobacteria and the identification of genera
through the utilization of the polyphasic approach and
molecular sequences. The initial action was initiated in
the year 2002, wherein the identification of the first
genus was accomplished through the integration of
morphological and molecular techniques (Abed & al.
2002).

Despite the extensive metabolic capabilities and
fast growth of cyanobacteria, there has been a relative
lack of research on their molecular phylogeny and
evolutionary genetics. This knowledge gap poses
challenges in identifying high-quality strains for
bioactive compound production (Rastogi & al. 2010).
The pharmaceutical industry has witnessed a
significant increase in the utilization of cyanobacteria
for the extraction and identification of various
metabolites possessing novel medicinal properties.

These metabolites include but are not limited to
anticancer agents, antibiotics, antiviral compounds,
antifungal enzymes, and protease inhibitors. This
recent development highlights the growing significance
of cyanobacteria in the field of pharmaceutical research
(Tan 2007). Hence, the genetic examination of
cyanobacteria possessing valuable metabolic products
represents a significant and substantial advancement in
the characterization of cyanobacterial strains from a
phylogenetic perspective.

The existence of polyphyletic genera leads to the
need to use sufficient different molecular markers to
study the closely related species. In some cases, the lack
of resolution of traditional genetic markers, mainly the
16S rRNA, can lead to a need for the use of several
different genes to identify the species belonging to
these genera (Nowruzi & Lorenzi 2023).

Various protein-coding genetic sequences have
been used for inferring phylogenies within
cyanobacteria (rpoCl, rpoB, gyrB, rbcLX, cpcBA-
IGS, and 16S-23S ITS), (Sciuto & al. 2012; Seo &
Yokota 2003; Boyer & al. 2001; Premanandh & al.
2006; Cai & al. 2019; Neilan & al. 1995).

In the past, the use of different molecular markers
such as rpoCl, nifD, nifH, cpcA, and psbA have helped
to resolve the problem with closely related species. The
rpoC1l gene, which encodes the B-subunit of RNA
polymerase, is a more designating genetic marker
among the closely related species (Nowruzi &
Hutarova 2023). This marker was recently used in the
study and description of the genus Minunostoc (Cai &
al.  2019), Neocylindrospermum  variakineticum
(Tawong & al. 2022), and Dulcicalothrix alborzica
(Nowruzi & Shalygin 2021).

The main cause of odor production in cyanobacteria
is due to the presence of a compound called geosmin,
which is stored in the cells and released in high
concentration when the cells are destroyed. This
organic compound causes many problems in drinking
water and produces dangerous toxins (Nowruzi &
Porzani 2021). Hassallidins are another group of
antimicrobial peptidases that have antifungal activity
against Candida spp. and Cryptococcus neoformans
(Chlipala & al. 2011; Nowruzi 2022).
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The primary objective of this study is to examine
the molecular phylogeny of cyanobacterial strain
Nodosilinea sp. 1359 utilizing the 16S rRNA and ITS
structural genes. Subsequently, the polymerase chain
reaction (PCR) products of the hasN, geoA, and rpoCl1
genes were subjected to sequencing, followed by the
construction of a phylogenetic tree. Furthermore, this is
the first evidence of a potentially natural bioactive
compounds -producing Nodosilinea due to the presence
of the hasN and geoA genes.

MATERIALS AND METHODS
Sampling and cultivation and purification of
cyanobacteria samples

Eleven water samples were obtained from Ziarat
waterfall by employing plastic bottles. To accomplish
this, the containers were meticulously and gradually
rotated to allow for the collection of water, mud, and
algae from the depth of 10 cm (Nowruzi & Shalygin
2021). The samples were transferred to sterile petri
dishes containing 1.2% agar-solidified BG11¢ medium
(Rippka & al. 1979) under aseptic conditions. After 20
days, the isolated colonies were selected, washed with
sterilized deionized water, and transferred to 1 mL of
fresh liquid BG11y medium. Intact filaments were
plated again on solid BG11y medium by spread plate
technique (Katoh & al. 2012) after 10-12 days of
growth. The procedure was repeated until
monocultures were obtained. Subsequently, the isolates
were cultured in a 250 mL cotton stoppered Erlenmeyer
flask containing 100 mL medium with pH adjusted to
7.2 at 28+2 °C with periodic shaking (twice a day),
illumination of ca. 50-55 umoL photons m?s™!, and a
regime of 14:10 h light: dark cycle. After
cyanobacterial isolation, the purification process was
performed under sterile conditions. All the tests were
performed triplets (Nowruzi & Becerra-Absalon 2022).
An Olympus CX31RTS5 (Olympus, Tokyo, Japan)
was utilized for morphological observation of the
culture (Miscoe & al. 2016).
DNA isolation and PCR amplification

Genomic DNA was isolated from 16-18 days old
log phase cultures using the Power Soil™ DNA
Isolation Kit (MO BIO Laboratories, Inc., Carlsbad,
CA, USA), according to the manufacturer’s
instructions. PCR amplification of the 16S rRNA,
Internal Transcribed Spacer (ITS), the chloroplast
genes RNA polymerase C1 (7poCl), hassallidins
synthetase (hasN) and geosmin A (geoA) gene’s
regions were performed in a Bio-Rad iCycler (Bio-
Rad, USA) thermocycler using the oligonucleotide
primer sets listed in Table 1.

Reactions were made using 10-20 ng DNA
template, 0.5 uM of each primer, 1.5 mM MgCl,, 200
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uM dNTPs, 1U/uL Taq DNA polymerase (Invitrogen,
Carlsbad, CA, USA) and ultrapure water to a 25-uL
final volume. The thermocycler was programmed
according to the program shown in Table 1. All PCR
products stained with SYBR® Gold Nucleic Acid Gel
Stain (Invitrogen, Carlsbad, CA, EUA) were checked
by electrophoresis on 1% agarose gels (SeaPlaque®
GTG, Cambrex Corporation) using standard protocols,
and recorded. Subsequently, amplicons were purified
using the GeneClean® Turbo kit (Qbiogene, MP
Biomedicals) prior to sequencing.
DNA sequencing and analysis

DNA sequencing was carried out using the refined
PCR products and the BigDye® Terminator v3.1 Cycle
Sequencing  Kit  (Applied Biosystems, Life
Technologies), following the  manufacturer’s
instructions. The target sequences were bidirectionally
sequenced, and each set of sequencing data was
obtained from at least three independent sequencing
reactions. The pair sequenced fragments were
assembled into contigs using the BioEdit Sequence
Alignment Editor version 7 (Hall 1999). Only bases
with standard quality (Phred score> 20) were
considered. Then, pairwise comparisons with other
cyanobacterial sequences available in the GenBank
from NCBI database were made using the BLAST tool
(http://www.ncbi.nlm.nih.gov/BLAST) and validated
information. Especially for the 16S rRNA gene
sequences, the similarity search was also performed
using the EZtaxon database (www.eztaxon.org) (Kim
& al. 2012) with validated cyanobacterial strains only.
Phylogenetic analysis

The 16S ribosomal RNA gene and 16S-23S
ribosomal RNA internal transcribed spacer, rpoCl,
hasN and geoA sequences obtained in this study as well
as the best hit sequences (>94 % identity) retrieved
from GenBank were aligned using MAFFT version 7
(https://maftt.cbrc.jp/alignment/server/) (Katoh &
Standley 2013). Maximum likelihood analyses were
performed using partial 16S rRNA gene sequences
containing a maximum of 661 characters including
nucleotides and indels. Then maximum likelihood
phylogenetic trees were inferred in IQ-Tree (multicore
v1.5.5), (Nguyen & al. 2015) with 573, 19, 227 and 197
sequences compared during phylogenetic analysis of
16S ribosomal RNA gene and 16S-23S ribosomal RNA
intergenic spacer, rpoCl, hasN and geoA genes
respectively. Optimum models were used as suggested
(BIC criterion) after employing the model test
implemented in [Q-tree (Table 2). Tree robustness was
estimated with bootstrap percentages using 100
standard bootstrap searches and 10,000 ultrafast
bootstrap to evaluate branch supports. FigTree v.1.2.2
was used for tree visualization.
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In order to calculate the percentage of genetic
similarity between strains, p-distances analysis was
used. First, the sequences were aligned with each other
using the Clustal W program. The aligned file was
opened with the MegaX program and after selecting the
best model (TN93+G), pairwise distances were
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performed. In the obtained Excel file, in order to obtain
the percentage of genetic similarity, the number
obtained was subtracted from the number one and
multiplied by the number one hundred (Nowruzi &
Becerra-Absalon 2022).

Table 1: Target genes and oligonucleotide primers used in this study.

Target gene

Primers with their sequences (5-3)

PCR condition Reference

PA (5-AGAGTTTGATCCTGGCTCAG-3')

168 rRNA B23S (5-CTTCGCCTCTGTGTGCCTAGGT-3")

16S-23S ITS-F (5'-TGTACACACCGCCCGTC-3")

rRNA ITS ITS-R (5'-CTCTGTGTGCCTAGGTATCC-3")
5'-TGGGGHGAAAGNACAYTNCCTAA-3'

rpoCl1 , ,
5'-GCAAANCGTCCNCCATCYAAYTGBA-3

oA ge0A-297f (5'-“RTCGAGTACATCGAGATGCG-3")

8 ge0A-552r (5'-CGBGAGGTGAGGAYGTCGTT-3")
GTA GAT GCG GTG CCA TTG AC

hasN

GAC TAC CACTGATTGCTT CCAC

94°C, 3 min 30 x (94°C, 30 s; 55°C, (T2ton & al. 2003)
40 s; 72°C, 1.30 min) 72°C, 3 min

4°C, (Iteman & al. 2000)

95°C, 3 min; 30_ (94°C, 30 sec;
56°C, 30 sec; 72°C, 1 min); and
72°C. 10 min (Rantala & al. 2004)
5 min at 94 °C, followed by 38
cycles of 45 s at 94 °C, 45 s at 55
°C, and 2 min at 72 °C, followed (Shardlow 2021)
by a final elongation step of 10 min

at 72 °C.

94 °C for 3 min, 36 cycles of 94 °C
for 30 s, 50 °C

for 30 s and 72 °C for 1 min, and a
final extension at 72 °C for 10 min.

(Vestola & al. 2014)

Table 2. Accession numbers of sequence data deposited in the DNA Data Bank of Japan.

Target gene

Strain Nucleotide ID Length of region (bp) Number of amino acids Tree model

16S ribosomal RNA gene and 16S-

23S ribosomal RNA intergenic spacer BI339 ORS13468

rpoCl B1359 OR518654
hasN B1359 OR518655
geoA B1359 ORS518656

661 - TVM+F+H+G4
675 225 TVMe+I+G4+F
972 324 TIM2+F+1+G4
1596 532 SYM+G4

16S-23S rRNA ITS secondary structure analysis

The Sequence corresponding to the D1-D1” helix,
D2, D3, BOX B, BOX A and D4 regions of the 16S-
23S ITS of the studied strain were characterized
according to Johansen & al. (2011). Comparison of the
ITS secondary structures of the studied strain and
reference strains were generated using the M-fold web
server (version 2.3) under ideal conditions of untangled
loop fix and the temperature set to default (37° C).
Sequence divergence of hassallidins and geosmin
genes

The number of nonsynonymous substitutions per
nonsynonymous site (KA) and the number of
synonymous substitutions per synonymous site (KS),
using MEGA 6. A KA/KS ratio >1 indicates positive
selection for advantageous mutations, whereas a

KA/KS ratio <I indicates purifying selection to prevent
the spread of detrimental mutations. Moreover,
identifications of the predicted amino acid activated by
NRPS A module and the probably name of the
compound of asN gene was performed using software
located at http://www.tigr.org/jravel/nrps (Rantala &
al. 2004).

RESULTS
Morphology and macroscopic samples

Microscopic inspection of the materials allowed to
the identification of filamentous cyanobacterial
colonies with presence of heterocytes and akinetes. The
results from optical microscope revealed that the strain
is stringy and strapped. The morphology of studied
strain was consistent with Nodosilinea sp.,
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(Leptolyngbyaceae, Synechococcales), because it
presented typical characteristics of the genus, with cells
longer than wide and akinetes that form chains. The
filaments are straight and slightly curved. Filaments are
long (up to more than 100 cells long), straight or gently
curved under high light, uniseriate, without false
branching. Trichomes slightly motile and constricted at
the cross-walls (Fig. 1).
Phylogenetic and p-distances analyses of 16S rDNA
gene

A 16S rDNA fragment was sequenced and aligned
with other 573 nucleotide sequences of cyanobacteria
obtained from GenBank for phylogenetic analysis. The
tree of maximum Likelihood (ML) phylogenetic
analysis is shown in Fig. 2. The studied strain
(Nodosilinea sp. 1359) has been placed together with
other Nodosilinea species with bootstrap support 99.7
percent.
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According to the phylogenetic tree we have also
compared the 16S rRNA and ITS p-distances of our
strain with related genera namely (Nodosilinea sp.
1359, Nodosilinea sp. SLMO0509, Nodosilinea sp.
SLMO0611, Nodosilinea sp. SLM0106, Nodosilinea sp.
SLMO0611, Nodosilinea sp. SLM0106 and Nodosilinea
sp. SLM0509) respectively.

Results showed that Nodosilinea sp. 1359 shared a
16S rRNA sequence similarity of 99.088% with
Nodosilinea sp. SLM0509 (OK030540 1 1125-1439),
99.7933%  with  Nodosilinea  sp.  SLMO0611
(OK030535 1 989-1359), 99. 01% with
(OK030535 1 _731-970) Nodosilinea sp. SLMO0611,
100% with (OK030534 1 1140-1389) Nodosilinea sp.
SLMO0106, 100% with (OK030534 1 882-1121)
Nodosilinea sp. SLMO0106 and 100%  with
(OK030540 1 867-1106) Nodosilinea sp. SLM0509
(Table 3).

Fig. 1. Microscopic images of the strain under the microscope (Bars= 10 um). H, Heterocytes; A, Akinetes.



192 The reconstruction of biosynthesizing genes from cyanobacteria IRAN. J. BOT. 29(2), 2023

98.8/76
Nodosilinea (22 OTUs)
85.1/44 MT946554 1_1324-1907_Nodosilinea_cf__signiensis_NN-2-1-EE_
76.5/56 Nodosilinea (8 OTUs)
- 7872 80.4/96 OK030540_1_11251439_Nodosilinea_sp__SLM0509_
100/100 4‘ OK030535_1_989-1359_Modosilinea_sp__ SLM0611_

OK030534_1_1140-1389_Nodosilinea_sp__SLM0106_

% Nodosilinea sp. 1359

93.5/63 99.7/87 ~| OKD30540_1_867-1106_Nodosilinea_sp__SLMO0509_
0OK030535_1_731970_Nodosilinea_sp__SLM0611_

§6.4/74 99.7/87 OKO030534_1_882-1121_Nodosilinea_sp__SLM0106_

MT946557_1_1324-1900_Nodosilinea_sp__0OD-2-1-CH_
OM732236_1_1353-1939_Nodosilinea_sp__ BACA0422_

99.91M00  MK502141_1_992-1571_Nodosilinea_sp_ 2AD401_Zammit_
MK502140_1_1309-1887_Nodosilinea_sp__ SA1303_Zammit_
OKO030539_1_957-1517_Nodosilinea_sp__ SLM0112_
OKO030538 1 9691529 Nodosilinea sp_ SLM0111_
100100 MF348321_1_1346-1922_Nodosilinea_ramsarensis_KH-S_S2 6 _clone_cl4_
MF348318_1_1325-1901_Nodosilinea_ramsarensis_ KH-S_S2_6_clone_cl1_
95_7/87F MF348319_1_1331-1907_Nodosilinea_ramsarensis_KH-S_S2 6 _clone_cl2_
MF348320_1_1325-1901_Nodosilinea_ramsarensis_KH-S_S2_6_clone_cl3_
99.6/97 KM438183_1_1303-1879_Nodosilinea_sp__lkpPSt44_
ONB97688_1_987-1583_Nodosilinea_sp_ KPABG_T4_strain_T4__KPABG_
Nodosilinea (7 OTUs)
MH688851_1_1334-1916_Nodosilinea_cf__epilithica_Us-2-1_
HMO18678 1 _1034-1616 Nodosilinea sp FI22HA2
6.6/6: K.J939095_1_1034-1488_Nodosilinea_sp__ CMT-3FSIN-NPC22B_

10.
82.1/80|

Nodosilinea (39 OTUs)

0.04

Fig. 2. Phylogenetic relationships among Nodosilinea sp. 1359 (in red) and related cyanobacteria based on 16S rDNA
sequences (573 bp). Numbers near nodes indicate standard bootstrap support (%)/ultrafast bootstrap support (%) for
ML analyses.

Table 3. 16S rRNA gene sequence similarity matrix of Nodosilinea sp. 1359 and related taxa.
(OK030540- (OK030535- (OK030535-731- (OK030534- (OKO030534_882- (OK030540_1 86 Nodosilinea

1125-1439) 989-1359) 970) 1140-1389) 1121) 7-1106) sp. 1359
Nodosilinea Nodosilinea sp. Nodosilinea sp.  Nodosilinea sp. Nodosilinea sp.  Nodosilinea sp.
sp. SLM0509 SLM0611 SLM0611 SLM0106 SLM0106 SLM0509

(0OK030540_1_1125-1439)
Nodosilinea sp. SLM0509

(OK030535 1 989-1359)  99.1206
Nodosilinea sp. SLM0611

(OK030535_1_731-970) 99.088 99.7933
Nodosilinea sp. SLM0611

(OK030534_1_1140-1389)  99.088 99.7933 99.99
Nodosilinea sp. SLM0106

(OK030534_1 882-1121) 99.088 99.7933 99.01 100
Nodosilinea sp. SLM0106

(OK030540_1_867-1106) 99.088 99.7933 99.01 100 100
Nodosilinea sp. SLM0509

Nodosilinea sp. 1359 99.088 99.7933 99.01 100 100 100 100
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Phylogenetic analyses and sequence divergence of
hassallidins and geosmin genes

hasN and geoA genes did not supported the position
of Nodosilinea sp. 1359, because the presence of these
genes in this genus has not been investigated so far. In
the hasN and geoA phylogenetic trees, Nodosilinea sp.
1359 was placed together with the Leptolyngbya
(WP_017289430) and Leptolyngbya sp. A2
(AJP00077) with a phylogenetic similarity of 90.4 and
100% respectively. Leptolyngbya also belongs to
family Leptolyngbyaceae (Figs. 3 & 4).

Results of identifications of the predicted amino
acid activated by NRPS A4 module and the probable
name of the compound of AasN gene showed that
Nodosilinea sp. 1359 screened, possessed only 1 A-
domain, while the remaining possessed 2 or more.
These A-domains can result in the production of one
compound, or multiple independent compounds. The
signature sequence, the name of the compound, and the
predicted amino acid of Nodosilinea sp. 1359 was not

100/100
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the same with other strains. Therefore, clustering of
these NRPS sequences, illustrates a lack of taxonomic
affiliations between cyanobacteria and A-domains
(Table 4). For example, few instances of close
relationship between the taxonomic status and the
predicted compound were evident.

To determine whether the hassallidins and geosmin
synthetase genes are under positive or negative
selection pressure, we compared the number of
nonsynonymous substitutions per nonsynonymous site
(KA) to the number of synonymous substitutions per
synonymous site (KS).

The KA/KS ratio was well greater than 1 in both
genes. The ratio was
KA/KS=0.1762633772/0.0885981721=1.98946968116
9641>1 and KA/KS=0.07952 / 0.03174 =2.50>1 for
hassallidins and geosmin synthetase genes respectively.
The KA/KS ratio greater than one, is a common method
for identifying positive selection in molecular
evolutionary studies and leads to diversity in strain.

—— MBD1812966_1_45566__Microcoleus_sp_FACHB-DQ6_

| MBW4678519_1_30-682__Microcoleus_vaginatus_WJT46-NPBG5_

99.9100 —— MBD1812966_1_1795-2836__Microcoleus_sp__FACHB-DQ6_

100/100 100/99

97.6/96 95.2/94

60.5/27

0.3

L MBW4678519_1_1739-2834__Microcoleus_vaginatus_WJT46-NPBG5_
Synechococcales (41 OTUs)

WP_015202607_1_2094-3184__Crinalium_epipsammum_

Synechococcales (31 OTUs)

Synechococcales (73 OTUs)

NEO48979_1_1-1091__Moorena_sp__SIO4A3_
NJO14389_1_8-1100__Thioploca_sp__
NJO14389_1_1103-2170__Thioploca_sp__
WP_190651245_1_1-1099__Leptolyngbya_sp__FACHB-1624_
WP_017289430_1_1-1099_MULTISPECIES_Leptolyngbya_
Nodosilinea sp.1359
WP_268181785_1_1-1099__Leptolyngbya_sp__GGD_
MBW4629738_1_1293-1402__Brasilonema_octagenarum_HA4186-MV1_
WP_169267185_1_1283-1392__Brasilonema_octagenarum_
WP_171977513_1_1283-1392__Brasilonema_sennae_
NBD32275_1_101-1156_
1001100, WP_169267185_1_1378-2445__ Brasilonema_octagenarum_
m‘ MBW4629738_1_1388-2455__Brasilonema_octagenarum_HA4186-MV1_
WP_171977513_1_1378-2445_ Brasilonema_sennae_

l————""""""] Synechococcales (234 OTUS)

Fig. 3. Phylogenetic relationships among Nodosilinea sp. 1359 (in red) and related cyanobacteria based on hasN gene
sequences. Numbers near nodes indicate standard bootstrap support (%)/ultrafast bootstrap support (%) for ML

analyses.
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Table 4: Analysis of the translated NRPS A-domain proteins showed the signature sequence and substrate-binding
pocket of the metabolite biosynthesis pathway.

Predicted
amino acid

Signatures Number of

. Accession no.
sequences domains

Compounds Strain

Chloroeremomyein synthetase CepB-M1-HPG DVFNLGLI  A-domain 1 Nodosilinea sp. 1359 ORS513468
verm sy NO HIT DILXICLI  Adomainl
o AdpD-MI-lle DAFFLGVT ~A-domain2 | Moploca sp- NJO14389 NJO14389
Anabaenopeptilide synthetase DNO HIT DILXICLI ad 1
-domain .
Anabaenopeptilide synthetase D AdpD-M1-Ile DAFFLGVT A-domain 2 Thioploca sp. NJO14389 NJO14389

Chloroeremomycin synthetase CepB-M1-HPG DVFNLGLI  A-domain | Leptolyngbya sp. FACHB-1624 WP_190651245

Leptolyngbya sp.
WP_017289430.1 WP_017289430

A-domain 1 Leptolyngbya sp. GGD

Chloroeremomycin synthetase CepB-M1-HPG DVFNLGLI  A-domain 1

Chloroeremomycin synthetase CepB-M1-HPG DVFNLGLI WP 268181785

1001100 ".SLT AJP00077_1_387-710_geosmin_synthase__partial__Leptolyngbya_sp_ A2_
572799 Nostocales (211 OTUs)
’—< Nostocales (66 OTUs)
) m Nodosilinea sp.1359
100M00 AJP00077_1_1-539_geosmin_synthase__partial__Leptolyngbya_sp_ A2_
99.7/100 WP_094343825_1_1-539_family_2_encapsulin__Nostoc_sp___Peltigera_membranacea_cyanobiont__232_
57.3/42 ‘{ WP_094331851_1_1-539_MULTISPECIES__family_2_encapsulin__unclassified_Nostoc_
17.9/64 | — MBN3898969_1_1-539_germacradienol_geosmin_synthase_ Nostoc_sp_ NOS_2021__
Ss%ﬁ%u - WP_191757382_1_1-539_family_2_encapsulin__Komarekiella_sp__clone_1_
99.11100 MBW4687161_1_1-539_germacradienol_geosmin_synthase__Komarekiella_atlantica_HA4396-MV6_
96.3/100 WP_162398775_1_1-539_family_2_encapsulin__Nostoc_sp__B_2019__
99.7/99— ' WP_193195238_1_1-539_family_2_encapsulin__Nostoc_sp_ MG11_
78.6/46 [ WP_015209723_1_1-539_family_2_encapsulin__Cylindrospermum_stagnale_
48.7/91 [ WP_196512581_1_1-539_family_2_encapsulin__Nostoc_sp_ NZL_
95.8/100 |- WP_229460469_1_1-539_family_2_encapsulin__Nostoc_sp_ CHAB_5824_
g:gﬁgo MBN3907236_1_1-539_germacradienol_geosmin_synthase__Nostoc_sp_ NMS1_
WP_174711815_1_1-539_family_2_encapsulin__Nostoc_sp__TCL240-02_

927176
| synechococeales (121 OTUS)

02

Fig. 4. Phylogenetic relationships among Nodosilinea sp. 1359 (in red) and related cyanobacteria based on geoN gene
sequences. Numbers near nodes indicate standard bootstrap support (%)/ultrafast bootstrap support (%) for ML
analyses.

Incongruence between the 16S rRNA and rpoC1
The sequence divergence between the taxa included
in this analysis from the 16S rRNA gene and rpoCl
data set were comparable. The high degree of
incongruence between the 16S rRNA and rpoCl data
set are consistent with diversity in strain (Fig. 5). In

fact, the rpoC1 data was able to distinguish the genera,
and the genus Nostoc was separated from the genera
Leptolyngbya  and  Symechococcus. ~ Moreover
Nodosilinea sp. 1359 has been placed together with
Synechococcus with bootstrap support 99 percent (Fig.
5).
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100/100 AF387608_1_Synechococcus_sp_ PCC_7001_
Neodosilinea sp.1359

4 KJ708555_1_Pseudanabaena_sp__PCC_9330_

100100 79.2/60J708574_1_Leptolyngbya_sp__PCC_9026_

: KJ708558_1_Pseudanabaena_sp__PCC_9010_
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CP011382_1_c2533410-2631923_Calothrix_sp_336_3
018280_1_1240017-1241501_Calothrix_sp_ NIES-4101_
18290 1_c2631973-2630489_Calothrix_sp_ NIES4105_
AP018255_1_c2631840-2630356_Calothrix_sp_ NIES-4071_
GP002059_1_830919-832396_Nostoc_azollae_0708
17295_1_c1525042-1523568_Nostoc_sp__NIES-3756_
52675 2 Desikacharya_thermotolerans 8C-PS_
CPO03548_1_201748-203226_Nostoc_sp_PCC_7107
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CPO46155_1_2802061-2802740_Lep

lyngbya_sp__BL0902
Nostoc_sp_ 9C-PS__KX252678_—g3 255
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AF245160_1_84-548_Synechococcus_PCC005_rpoC1_—

100100

27,4181
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Fig 5. Phylogenetic incongruence of rpoC1 and 16srRNA gene drawn by Iq tree web server (16srRNA tree on the left

and rpoC1 tree on the right).

16S-23S rRNA ITS secondary structure

Six reference sequences were used to search for ITS
secondary structure. According to Johansen & al.
(2011), nine different areas (D1-D1’ helix, D2, D3,
BOX B, BOX A, D4 and V3 helix) were found in the
ITS secondary structure of their studied strain. The D1-
DI’ and Box-B regions of all studied strains were
revealed to be very different in terms of length and
shape (Figs. 6 & 7). The lengths of D1-D1” helices were
shown to be the same for all studied strains. Concerning
Box-B, lengths varied from 55 nt in
(OK030540 1 1125-1439) Nodosilinea sp. SLM0509,
(OK030535 1 989-1359) Nodosilinea sp. SLMO0611,
(OK030534 1 1140-1389) Nodosilinea sp. SLM0106,
(OK030534 1 882-1121) Nodosilinea sp. SLM0106,
(OK030535 1 731-970) Nodosilinea sp. SLMO0611
and (OK030540_1 867-1106) to 44 nt in Nodosilinea
sp. 1359.

Moreover, V3 helix was only found in
(OK030535 1 989-1359) Nodosilinea sp. SLM0611
and (OKO030535 1 731-970)  Nodosilinea  sp.
SLMO0611 and the studied strain. The V3 helix was
varied in terms of length and shape among the studied
strain and reference strains (Fig. 8), (Tables 5-7).

DISCUSSION
It is estimated that a large percentage of
cyanobacterial strains worldwide have been wrongly

identified and diagnosed. The use of DNA sequences
allows to identify the strains and infer the phylogeny of
organisms (Komarek 2016). The results of this research
show rRNA sequences can be used to distinguish
unicellular and filamentous species. Likewise, the
study of the nucleotide sequence of rRNA genes
showed that genera that are grouped in a consensus
family and have endospore-producing genes are
grouped in related clusters or branches in phylogenetic
trees (Prabha & Singh 2019). The results of their
research showed that the strains that had the same
producer genes were grouped in a clade, which is
exactly in accordance with the results of our research.
However, the results of the clustering of domain A of
the hassallidin gene illustrates a lack of taxonomic
affiliations between cyanobacteria and A-domains
(Table 4). For example, few instances of close
relationship between the taxonomic status and the
predicted compound were evident.

So far, molecular investigations that have been
carried out in the field of identifying genes that produce
natural compounds, on the genus Nodosilinea; are very
limited (Vestola & al. 2014; Cerén-Vivas & al. 2023;
Tawong & al. 2022). The results of phylogenetic trees
based on hassallidin and geosmin genes were clustered
with the genera in the Leptolyngbyaceae family.
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Fig. 7. Comparison of secondary structure of the Box B helixes from 16S-23S intergenic spacers between Nodosilinea

sp. 1359 and the reference strains.
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Table 5. Comparison of the nucleotide’s length of the ITS regions of Nodosilinea sp.1359 and reference strains.

. . Y + + 1le Ala +

Studied stram'and D1 D spacer+D D3 D3 trRNA™ TrRNA BOXB BOX A D4 Vi D4
reference strains helix 2+ spacer spacer gene gene spacer
Nodosilinea sp.1359 51 42 4 71 74 73 44 11 24 67 9
(OKO030540_1_1125-1439) ;
Nodosilinea sp. SLM0509 > 42 4 30 ™ 73 33 1 2 ?
(OK030535_1_989-1359) 51 42 4 30 74 73 55 11 26 51 9
Nodosilinea sp. SLM0611

(OKO030534_1_1140-1389) ; ;
Nodosilinea sp. SLM0106 > 42 4 30 74 73 33 ) )
(OKO030534 1 _882-1121) ) )
Nodosilinea sp. SLM0106 > 42 4 30 " 73 33 ) )
(OK030535 1 731-970)

Nodosilinea sp. SLMO611 51 42 4 30 74 73 55 11 26 51 9
(OK030540_1_867-1106) 51 42 4 30 74 73 55 11 26 - 9

Nodosilinea sp. SLM0509

Table 6. Comparison of secondary structure of 16S-23S rRNA (D1-D1' helix and Box-B helix) between the

Nodosilinea sp. 1359 and reference strains.

D1-D1: helix BOX B
Studied Strain and Terminal bilateral ~ Bilateral Unilateral Basal Terminal Bilateral ~Bilateral Bulge
reference strains Bulge (A) Bulge (B) Bulge (C) Clamp (D) Bulge (A) B)
Nucleotide Loop Loop Nucleotide Loop Nucleotide

Nodosilinea sp.1359 17 1 1 8 5 10
(OK030540_1_1125-1439) . . . o P 0
Nodosilinea sp. SLM0509

(OK030535 1 989-1359) . . . o P 0
Nodosilinea sp. SLM0611

(OK039§34_1_1140—1389) 17 1 1 8 6 10
Nodosilinea sp. SLM0106

(OK039§34_1_882—1121) 17 1 1 8 6 10
Nodosilinea sp. SLM0106

(OK039§35_1_731—970) 17 1 1 8 6 10
Nodosilinea sp. SLM0611

(OK030540 1_867-1106) . . . o P 0

Nodosilinea sp. SLM0509

ITS sequence is much more diverse than gene
sequence of 16S rRNA and is widely used to distinguish
different species within the same genus. For example,
Rehakova & al. (2007) used ITS secondary structure
variation to compare Nostoc commune and Nostoc
punctiforme (Rehdkova & al. 2007). Also, Bohunicka
& al. (2015), used ITS gene sequence and Box-B and
V3 helices to identify four

species of the genus Roholtiella (Bohunickda & al.
2015). In the current research, various regions in ITS
were used to further separate the strain producing
natural compounds from other strains, while the D1-D1
helix did not show any difference among the reference
strains, B Box region contained significant differences
between the studied strain and the other referenced
sequences.
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Table 7. Comparison of secondary structure of 16S-23S rRNA (V3 helix) between the Nodosilinea sp.1359 with

reference strains.

V3 helix

Studied Strain and Terminal Bilateral Bulge (A)  Bilateral Bulge ()  Unilateral Bulge (C)  Basal Clamp (D)
reference Strains ermina liateral bulge 1ateral bulge nilateral bulge asa amp

Nucleotide Loop Loop Nucleotide
Nodosilinea sp. 1359 13 1 1 8
(OK030540_1_1125-1439)
Nodosilinea sp. SLM0509
(OK030535_1_989-1359) 3 | | o

Nodosilinea sp. SLM0611

(OK030534_1_1140-1389)
Nodosilinea sp. SLM0106

Rivandi & al. (2021) investigated the morphology
and phylogeny of the toxic strain purified from Lavasan
Lake water, using 16S rRNA and ITS gene markers
(Rivandi & al. 2021). Based on the results obtained
from the phylogeny tree drawn based on the 16S rRNA
gene, the non-toxic strains with the toxic strain of
Anabaena sp. B3 (CCC B3), were not clustered within
a clade. The results of ITS gene analysis using Mfold
showed that the most important difference between the
strain producing natural compounds Nodosilinea sp.
1359 and other similar strains is the number of Box-B
nucleotides and the presence of V3 region.

Analysis of the ITS region in seven Oculatella
species showed that it is similar to most of the
Pseudanabaenales and has at least two operons, one
with two tRNAs and the other with no tRNAs. Helices
in different operons have similar structures. In this
study, all studied strains had both tRNAs.

The results of p-distances analyses of 16S rDNA
gene of studied strain showed that Nodosilinea sp. 1359
represented a 16S rRNA sequence similarity of more
than 99.088 % with the references sequences.
According to the Yarza & al. 2014, identities <98.7%
are considered strong evidence for considering
compared strains to be in different species, while
identities <94.5% are considered to be strong evidence
for considering compared strains to be in different
genera (Yarza & al. 2014). Therefore, the studied strain
does not belong to a new species or genus.

The construction and comparison of phylogenetic
trees are perhaps the best ways to assess the
contribution of horizontal gene transfer to the
evolutionary history of a gene family. Incongruence is
taken to indicate a role for horizontal gene transfer,
whereas congruence is consistent with descent through
common ancestry. In this study we compared two data

sets comprised of 7poC1 and 16stRNA genes. These
sequences were analyzed and tested for congruence.
Based on the findings of this investigation, it can be
inferred that the incongruity in the phylogenetic
placement of the rpoCl gene and 16srRNA in
phylogenetic trees are likely attributable to the
horizontal transfer of cyanobacterial biosynthetic genes
and also different phylogenetic signals because of their
different evolutionary pathways.

The present study has determined that the utilization
of functional and structural protected sequences in the
genome of cyanobacteria, such as hassallidins
synthetase (hasN) and geosmin A (geoA), rpocl, ITS,
and 16SrRNA sequences, can be valuable in
elucidating genomic relationships and discerning strain
types. The study demonstrates significant utility,
highlighting the necessity of employing multiple genes
in conjunction for the purpose of identification. This
method can serve as a diagnostic tool for differentiating
cyanobacteria and identifying them across various
biological, climatic, and geographical contexts.
Furthermore, by conducting an analysis to identify the
potential presence of cyanobacteria in the ponds of
Ziarat waterfall, it becomes feasible to contemplate
suitable strategies pertaining to the optimal water
treatment approach.
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