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ABSTRACT

Filamentous non-heterocystous cyanobacterial taxa from 8 genera were collected from different ecological
niches like high altitudes, plains and estuaries of eastern India. The systematic accounts of 23 taxa were in-
vestigated with a polyphasic approach considering morpho taxonomy, cultural behavior, and molecular phy-
logenetic analysis with 16S and 16S-23S Internal Transcribed Spacer (ITS) regions as molecular markers. The
collected taxa were from the families Oscillatoriaceae, Phormidiaceae and Pseudanabaenaceae with 8 repre-
sentative genera viz. Lyngbya, Plectonema, Oscillatoria, Limnothrix, Leptolyngbya, Planktothrix, Desertifi-
lum and Phormidium. The 16S-23S ITS region-based molecular characterization of 13 species from Oscilla-
toriaceae, 6 species from Phormidiaceae, and 4 species from Pseudanabaenaceae were found to be congruent
with earlier phylogenetic studies using other markers. Phylogenetic tree analysis revealed habitat-specific
clustering of ITS sequences of the investigated taxa. The 16S molecular marker-based phylogenetic analysis,
along with cultural studies of the Lyngbya-Plectonema clade, highlighted the need for morphotaxonomic re-
consideration of Lyngbya birgei and Plectonema tomasinianum related to the formation of false branching.
The present study affirmed that 98% sequence similarity in the ITS region can be considered as a threshold
percentage for conspecificity determination in the Lyngbya genus.
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INTRODUCTION

The filamentous cyanobacteria without heterocyst and akinetes are generally grouped together in the order
Oscillatoriales !. This large group has simple trachomatous members with or without the sheath. Besides dif-
ferent morphological traits like sheath morphology, cell shape, size and cross-wall constriction, a number of
other characteristics were considered from time to time for proper identification of cyanobacterial taxa like
nucleoid structure >4, fimbriae °, membrane system architecture ¢, composition of cell wall external structure
78 consequences of cyanophage infection ° and polyphosphate bodies °'2. Monumental taxonomic works
have been done to classify the group according to their morphological perspectives '*!%. Both non-heterocys-
tous and heterocystous genera were classified under the same order, Nostocales, where non-heterocystous
filamentous cyanobacteria were grouped into the family Oscillatoriaceae with a total of 15 genera and 250
species . The genera Lyngbya, Phormidium, and Oscillatoria dominated the group, having 65, 45, and 76
species, respectively. Relying solely on morphological traits, few misidentifications at the generic level were
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detected in classical taxonomy after the intervention of molecular methods along with ultrastructure of
thylakoids and cultural behavior studies.! Based on this, several genera like Lyngbya, Oscillatoria, Lep-
tolyngbya, and Phormidium were reconsidered and split into many new genera to reduce confusion. However,
the genus Oscillatoria is still understudied compared to others '°. For cyanobacteria, 16S rDNA, 16S-23S ITS
region, phycocyanin gene, if D, psbA, rbcLX, and rpoCl are considered the significant molecular markers
used for the determination of phylogenetic relationship in taxonomically complex group '*2°. Though 16S
rDNA is widely used for oscillations, the reliability of 16S rDNA has been restricted to higher taxonomic
groups and has not been proven efficient at the sub-generic level because of its conserved nature.?! In that
context, the intergenic spacer region between the 16S-23S region was investigated to study the variation at
the species level. The heterogeneities were noticed mainly in the size, secondary structure, and, most im-
portantly, insertion and deletion of tRNA genes in multiple operons 2. ITS region was less utilized in popula-
tion genetics and molecular systematic studies for these variations.

Phylogenetic relationships using intergenic spacer sequences can be resolved by targeting the same operon in
different species with the help of operon-specific primers. The first sequencing of the intergenic spacer region
of Microcystis sp. was done to resolve phylogenetic relationships at population level *. Boyer et al. (2001)*
compared the variations in the ITS region for the first time in five heterocystous genera. The ITS region should
always be handled accurately to avoid complications associated with multiple non-identical operons. However,
problems may arise if sequence data is assigned to morphologically misidentified samples. The presence of
several cryptic species in Microcoleus was reported by using 16S and ITS sequence data ??. Instead of directly
constructing a phylogenetic tree, secondary structures of the ITS region should also be used for better resolu-
tion at the molecular level. Due to a few earlier trials worldwide, no such threshold similarity percentage of
the ITS region is fixed for concluding conspecificity in the order Oscillatoriales.

MATERIALS AND METHODS

Sample collection

Cyanobacterial samples were collected from 23 sites in Eastern India (Figs 1-3). The latitude and longitude of
the collection sites are represented in Table 1. The sites were located in northern hilly areas, suburb areas,
lateritic soil areas, hot spring habitats, riverine plains, and also from mangrove regions, i.e., intertidal areas.
The collection areas included aquatic habitats, moist soils and tree barks.
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Figs 1-3: Map of sampling locations of Cyanobacteria in India. Fig. 1. Location sites are indicated. Fig. 2. Enlarged view of
India showing the collection sites. Fig. 3. Enlarged view of eastern India showing the collection sites. (Map courtesy- Mapline,

mapping software).
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Immediate field vouchers were prepared at the sampling site using 4% formaldehyde in 25x50mm screw cap
bottles (Tarson). The vouchers were deposited in the Calcutta University Herbarium for Algae (CUH/AL).
The voucher numbers were assigned and are represented in Table 2. The remaining samples were cleaned
thoroughly in double distilled water 2-3 times to remove debris from filaments. A portion of cleaned filaments
was soaked in blotting paper, and approximately 100 mg of dried filaments were kept at -20°C for molecular
characterization purposes.

Site number Names of collection sites

Latitude

Longitude

Site 1 Canning, South 24Parganas 22°19'58.62" N 88°41' 12.624" E
Site 2 Canning, South 24Parganas 22° 19' 59.628" N 88°41'11.364"E
Site 3 Bakreswar, Birbhum 23°52'42.924" N 87°22'7.68"E
Site 4 Behala, Kolkata 22°29'21.912"N  88°18'55.908" E
Site 5 Dankuni, Howrah 22°38'5.532" N 88° 18' 8.748" E
Site 6 Dankuni, Howrah 22038 11.364" N 88°18'18.792" E
Site 7 Kasba, Kolkata 22°31'19.38" N 88°23' 18.96" E
Site 8 Saheb bandh, Purulia 23°19'20.424" N 86°22'19.884" E
Site 9 Ballygunge, Kolkata 22°31'38496" N 88°21'50.904" E
Site 10 Hasimara, Alipurduar 26°40'23.916"N  89°24'22.212"E
Site 11 Mahananda river, Siliguri  26°39'31.716"N  88°24'23.616" E
Site 12 Mahananda river, Maldah 15 4 45 48n 87°58'3.18" E
Site 13 Hedua, Kolkata 22°35' 14.82" N 88°22' 7.608" E
Site 14 Dhakuria, Kolkata 22030 43.38" N 88°21'35.784" E
Site 15 Bhubandanga, Birbhum  23°40' 28.92" N 87°41' 17.88" E
Site 16 Ajay river, Birbhm 23°36'55.764" N 87°41'47.292" E
Site 17 Kopai river, Birbhum 23°41'16.224" N 87°38'53.628" E
Site 18 Kopai river, Birbhum 23°41'19.968" N 87°38'53.844" E
Site 19 Baghmundi, Purulia 23°11'33.324"N  86°6'4.176" E
Mathurapur, South 24Parga-

Site 20 nas 22°5'38.364" N 88°25'5.268" E
e ndarmank Puba Medity o394 5N 87042219967 E
Site 22 Bakreswar, Birbhum 23° 52' 47.46" N 87°22'2.712" E
Site 23 Duff street, Kolkata 22°35'14.964" N 88°22'13.008" E

Table 1: Sample collection sites, along with their latitudes and longitudes.

Morphological characterization

The slides were prepared, and morphological details were studied using Carl Zeiss Axiostar microscope with
40X and 100X objective lenses. Photomicrographs were taken using Canon T2-T2 1, 6x SLR 426115. Mor-
phological identifications were performed using Komarek and Anagnostidis (2005) and AlgaeBase *°.

Clinical Biotec, Universidad Catdlica del Oriente (UCO) and Universidad Nacional Auténoma de Honduras (UNAH)



http://clinicalbiotec.com/
https://www.uco.edu.co/Paginas/home.aspx
https://www.unah.edu.hn/

https://bionaturajournal.com/

Bionatura 2024, 10.21931/B]/2024.01.01.66 4

Molecular characterization

The stored samples were subjected to genomic DNA extraction following phenol-chloroform extraction
method 2°. Extracted DNA was stored in Tris-EDTA buffer at -20°C. Partial 16S rDNA and 16S-23S ITS
regions were amplified using suitable primers (Table 2) 2%, The amplifications were carried out in a thermal
cycler machine (Biorad T100 PCR thermal cycler). The PCR cycle conditions were initial denaturation for 5
min at 94°C, 35 cycles of 94°C for 30 s, 45 s at 52°C for ITS region and 58.5°C for 16S rDNA region, 1 min
at 72°C, and a final extension step for 10 min at 72°C. Using a gel documentation system, the PCR products
were visualized in 1% agarose gel (Vilber). The PCR products were subjected to purification and Sanger se-
quencing through a commercial sequencing service (Syngex India).

Phylogenetic analysis

In order to construct a phylogenetic tree, close relatives of the taxa were searched using the robust NCBI
database using BLASTn queries (http://blast.ncbi.nlm.nih.gov). The collected sequences were visually in-
spected and then manually edited using BioEdit sequence alignment editor version 7.0.9.0 (Tom Hall, Ibis
Biosciences, Carlsbad, USA). The sequences were submitted to NCBI, and accession numbers were assigned
(Table 3, Table 4). The phylogenetic tree constructions were carried out in Molecular Evolutionary Genetics
Analysis (MEGA) (version 7) ?°. The multi-sequence comparison by log expectation (MUSCLE) program
aligned the sequences. The best evolutionary model for the used dataset was selected based on the lowest BIC
value calculated. The tree was constructed by the maximum likelihood analysis (ML) using the model K2 +
G and the neighbor-joining analysis (NJ) based on sequence differences with uniform rates in 1,000 bootstrap
replications. The phylogenetic tree obtained was visualized using Tree Graph 2 °.

The secondary structures of the 16S-23S internal transcribed spacer (ITS) were determined using Mfold ver-
sion 2.3 with default parameters 31. According to Iteman et al. (2002) 32, different conserved and variable
regions were identified.

Primer name  Sequence References
ITSCYA236F  5'CTGGTTCRAGTCCAGGATS3’ 27
ITSCYA225R  5'TGCAGTTKTCAAGGTTCT3’ 27
CYAI106F 5'CGG ACG GGT GAG TAA CGC GTG A3’ 28
CYAT781IR 5'GAC TAC TGG GGT ATC TAA TCC CAT T3’ 28

Table 2: Primers used for amplification and sequencing.

Cultural behavior studies

The selected samples were thoroughly cleaned in sterile double distilled water and cultured in BG11 medium
(NaNOs-1.5 g L''; MgS04.7H,0-0.075 g L!; CaCl2.2H,0-0.036 g L'!; NaxC03 0.02 g L!; K;HPO4- 0.04 g L
1) at 20°C under cool fluorescent lights at 20~30 umol photons m 2 s ! with 16:8 h light: dark. All the cultures
were kept for 15 days, and morphology was studied after subsequent time intervals. Slides were prepared, and
photomicrographs were taken under 40X and 100X objective lenses using the Carl Zeiss Axiostar microscope
attached with Canon T2-T2 1, 6x SLR 426115.
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RESULTS

Twenty-three samples were identified based on morphological characters and grouped under 8 genera, namely
Leptolyngbya, Planktothrix, Oscillatoria, Lyngbya, Phormidium, Limnothrix, Plectonema, and Desertifilum.
Among them, Lyngbya was found in rivers of the northern uphill and lateritic soil regions and the Gangetic
plain associated with the coastal region. Genus Oscillatoria was collected from northern hilly aquatic habitats
and the regions surrounding populated cities, whereas Plectonema was recorded from the aquatic habitats of
lateritic soil areas. Leptolyngbya was found in the hot spring habitat and brackish mangrove region, whereas
Limnothrix was detected only from the hot spring. Three genera like, Planktothrix, Phormidium, and Deserti-
filum, were solely found in suburban areas (Table 3). Photomicrographs of collected samples are represented
in Figs 4-16 and 17-28. A total of 11 species were identified namely Leptolyngbya valderiana (Gomont) An-
agnostidis et Komarek, Limnothrix vacuolifera (Skuja) Komarek ex G.McGregor, Planktothrix pseudagardhii
Suda, Phormidium autumnale [Agardh] Trevisan ex Gomont, Phormidium formosum (Bory ex Gomont)
Anagnostidis and Komérek, Lyngbya birgei G.M. Smith, Lyngbya aestuarii Liebman ex Gomont, Lyngbya
semiplena J.Agardh ex Gomont, Plectonema tomasinianum Bornet ex Gomont, Oscillatoria princeps Vaucher
ex Gomont and Oscillatoria sancta Kutzing ex Gomont. Taxonomic descriptions are provided in supplemen-
tary material.

Specimen (as depos-

ited in NCBI Gen- pecimen (Morpho- .y, o Numbers Habitat GenBank Accession num-
logically) bers
Bank)
Leptolyngbyasp- 1\ 1deriana  CUH/AL/MW/CYANO-174 Mangrove (Brackish MN640091
RPL2 water)
Leptolyngbya sp. L valderiana  CUH/AL/MW/CY ANO-172 Mangrove (Brackish MN640090
RPL1 Water)
Lep ’Og’;{gé’y “SP- Leptolyngbya sp. CUH/AL/FW/CYANO-103  Hotspring MW238348
Limnothrix sp. BKR L”””Othreffamc”"hﬁ CUH/AL/FW/CYANO-104 Hotspring MW393862
Planktothrix sp. DNK  P. pseudagardhii ~ CUH/AL/FW/CYANO-98 Suburb areas MW238345
P l"”]’f)’l‘ifgx P P pseudagardhii  CUH/AL/FW/CYANO-96  Suburb areas MW366802
Planktothrix sp. S41  Planktothrix sp. ~ CUH/AL/FW/CYANO-270 Suburb areas MW393863
P h"”l’(’;;ggim Sp- P. formosum ~ CUH/AL/FW/CYANO-248  Suburb areas MNB817999
Desertifilum sp. RPL  Desertifilum sp. =~ CUH/AL/FW/CYANO-260 Suburb areas MW366801
Phormidium sp. RPL P. autumnale CUH/AL/FW/CYANO-%4 Suburb areas MW238346
Plectonema sp. KAS  P. tomasinianum  CUH/AL/FW/CYANO-138 V" (];j‘ézgmc soil MNB814325
Plectonema sp. KOP  P. tomasinianum  CUH/AL/FW/CYANO-121 River (I;?;Z;IHC soil MN814326
Plectonema sp. AIY  P. tomasinianum  CUH/AL/FW/CYANO-127 TIVer (];j;zgmc soil MN814324
L. River (Northern
Lyngbya sp. NB L. birgei CUH/AL/FW/CYANO-74 Hilly area) MT258376
Lyngbya sp. MHN L. birgei CUH/AL/FW/CYANO-161 River MN818000
ILyngbyasp. SUND L. aestuarii  CUH/AL/MW/CYANO-136 Mangr‘zaetégr“k“h MN817998
Lyngbya sp. MANI L. semiplena CUH/AL/MW/CYANO-246  Coastal region MN630163
Lyngbya sp. RAB L. birgei CUH/AL/FW/CYANO-134 Freshwater MN638845
Lyngbya sp. PRLA L. birgei CUH/AL/FW/CYANO-124 River (Lateritic soil MK224842

area)
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Lyngbya sp. HDA L. birgei CUH/AL/FW/CYANO-120  Freshwater Pond MN8 17997
Iyngbyasp. SHNTN L. birgei CUH/AL/FW/CYANO-111 TIVer (I;?;z;‘tlc soil MN630164
Oscillatoria sp. MND O, princeps  CUH/AL/FW/CYANO-72  River (Northern MW238347

Hilly area)
Oscillatoria sp. 0. Sancta CUH/AL/FW/CYANO-89  Suburb arcas MN630162

Table 3: Lists specimens with their voucher numbers and GenBank accession numbers of 16S-23S ITS sequences.

Specimen (as de-

Specimen (Mor- GenBank Accession
posited in NCBI Voucher Numbers Habitat
phologically) numbers
GenBank)
Plectonema sp. CUH/AL/FW/CYANO- River  (Lateritic
P. tomasinianum MT192753
KAS 138 soil area)
Plectonema sp. CUH/AL/FW/CYANO- River  (Lateritic
P. tomasinianum MT192750
KPY 121 soil area)
Plectonema sp. CUH/AL/FW/CYANO- River (Lateritic
P. tomasinianum MT192748
AJY 127 soil area)
River  (Northern
Lyngbya sp. NB L. birgei CUH/AL/FW/CYANO-74 MT192720
Hilly area)
CUH/AL/FW/CYANO- )
Lyngbya sp. MHN L. birgei 161 River MT192718
CUH/AL/FW/CYANO-
Lyngbya sp. RAB L. birgei 134 Freshwater MT254899
CUH/AL/FW/CYANO- River (Lateritic
Lyngbya sp. PRLA L. birgei MT254898
124 soil area)
CUH/AL/FW/CY ANO-
Lyngbya sp. HDA L. birgei 190 Freshwater pond MT254994
Lyngbya sp. CUH/AL/FW/CYANO- River  (Lateritic
L. birgei MW362745
SHNTN 111 soil area)

Table 4: List of freshwater Lyngbya and Plectonema samples with their voucher numbers and GenBank accession numbers

of 16S sequences
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Figs 4-16: Photomicrographs of the specimens. Fig. 4. Phormidium formosum (Phormidium sp. AKS1). Fig. 5. Planktothrix
pseudagardhii (Planktothrix sp. DNK). Fig. 6. Planktothrix pseudagardhii (Planktothrix sp. DNK2). Fig. 7. Leptolyngbya val-
deriana (Leptolyngbya sp. RPL1). Fig. 8. Leptolyngbya valderiana (Leptolyngbya sp. RPL2). Fig. 9. Oscillatoria sancta (Osci-
llatoria sp.). Fig. 10. Leptolyngbya sp. (Leptolyngbya sp. BKR). Fig. 11. Limnothrix vacuolifera (Limnothrix sp. BKR). Fig. 12.
Desertifilum sp. (Desertifilum sp. RPL) Fig. 13-14. Phormidium autumnale (Phormidium sp. RPL). Fig. 15-16. Planktothrix
sp. (Planktothrix sp. S41). Scale Bar- S pm.
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Figs 17-28: Photomicrographs of the specimens. Fig. 17. Lyngbya birgei (Lyngbya sp. PRLA). Fig. 18. Lyngbya birgei (Lyngbya
sp. NB). Fig. 19. Lyngbya birgei (Lyngbya sp. SHNTN). Fig. 20. Lyngbya birgei (Lyngbya sp. RAB). Fig. 21. Lyngbya birgei
(Lyngbya sp. MHN). Fig. 22. Lyngbya birgei (Lyngbya sp. HDA). Fig. 23. Plectonema tomasinianum (Plectonema sp. KOP).
Fig. 24. Plectonema tomasinianum (Plectonema sp. AJY). Fig. 25. Oscillatoria princeps (Oscillatoria sp. MND). Fig. 26.
Lyngbya aestuarii (Lyngbya sp. SUND). Fig. 27. Plectonema tomasinianum (Plectonema sp. KAS). Fig. 28. Lyngbya semiplena
(Lyngbya sp. MANI). Scale Bar- 5 pm.
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A phylogenetic study using 16S-23S ITS region

The genera were grouped into three families, namely Pseudanabaenaceae, Oscillatoriaceae, and Phormidi-
aceae, on the basis of morphology. The phylogenetic trees were constructed within each family. The ITS
length was around 250bp except for the MW238347 Oscillatoria sp. MND (morphologically identified as O.
princeps) was almost 450bp. The similarity matrices of the sequences are represented in Supplementary Tables
1-6.

The Pseudanabaenaceae tree was constructed from a total of 34 sequences of ITS, including 4 from our study
and 30 from the NCBI database (Fig. 29). The samples were resolved into 3 distinct clades with moderate to
high bootstrap support (NJ/ML) values. The sequence similarities were represented in supplementary table 1.
In clade 1 brackish water taxa MN640090 Leptolyngbya sp. RPL1(morphologically L. valderiana) and
MN640091 Leptolyngbya sp. RPL2 (morphologically L. valderiana) formed a monophyletic clade with high
bootstrap support with other saline Leptolyngbya sequences of the NCBI database (HQ891920, MF084983,
MF084982, MF084981) and showed polyphyly with the experimental MW2383488 Leptolyngbya sp. BKR
(morphologically Leptolyngbya sp.) from Hotspring. The MW2383488 Leptolyngbya sp. BKR formed mon-
ophyly with a hot-spring KM438181 Leptolyngbya sp. of Greece (clade 2). The sequences of Albertania,
which has recently been established as a new genus from Leptolyngbya, showed similarity with the Lep-
tolyngbya sp. BKR and shared sister clade with the experimental taxa. Our experimental MW393862 Lim-
nothrix sp. BKR (morphologically Limnothrix vacuolifera) sequence was well separated from the Lep-
tolyngbya clades and formed a monophyletic clade with Limnothrix, Geitlerinema, and Jaaginema having
high bootstrap values (clade 3).
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0.951 E Leptolyngbya sp. RPL2 (MN640091) (L. valderiana)
0735 ‘— Leptolyngbya sp. RPL1 (MN640090)(L. valderiana)

Uncultured Leptolyngbya sp. clone GEN(G)(HQ891920)

. [~ LePlOIyTgbya sp. CENAS54 (MF084952) Clade 1
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Blennothrix sp. AQS clone (EU586734)[Outgroup]

(e revee
0.0 100.0 29

Figure 29: Phylogenetic tree of ITS sequences based on neighbor-joining and the maximum likelihood of the family Pseudan-

abaenaceae. Bootstrap values (NJ/ML) for nodes >50% were shown in the tree. Genbank accession numbers are provided.

The phylogenetic tree of Phormidiaceae was built up with 29 NCBI sequences along with 6 sequences of the
current study (Fig. 30). Samples appeared to be divided into four clades of moderate to high bootstrap values—
experimental MW238346 Phormidium sp. RPL (morphologically Phormidium autumnale) was placed in
clade 1 with moderate to high bootstrap support and showed (90-91%) sequence similarity with its neighbor-
ing sister clades containing Microcoleus and Phormidium autumnale samples—the MN817999 Phormidium
sp. AKS (morphologically identified as Phormidium formosum) was found to be very close to the Planktothrix
clade (clade2) (having 60-70% similar sequences) and shown monophyly with the same instead of the Phor-
midium clade. The three Planktothrix samples were separated into two sub-clades within clade 2 and showed
paraphyletic origin regardless of their morphological similarity. Experimental MW238345 Planktothrix sp.
DNK (morphologically Planktothrix pseudagardhii) and MW393863 Planktothrix sp. S41 sequences were
91% similar and formed monophyletic clades with high bootstrap support with other Planktothrix sequences
of the NCBI database (Supplementary Table 2)—another MW366802 Planktothrix sp. DNK2 (morphologi-
cally Planktothrix pseudogardhii) was separated and formed a distinct clade with Planktothrix samples from
the NCBI database. MW366801 Desertifilum sp. RPL was found to form a monophyletic lineage with 99%
similar Desertifilum sequences of NCBI databases consistent with their morphology and separated from clade
1 and clade 2.
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Microcoleus vaginatus SLad22 (JQ712662)
Microcoleus vaginatus SNM1-KK1 (EF654077) Cl a d e l
Microcoleus vaginatus CSU-U-KK1(EF667962)
Microcoleus vaginatus KZ-2-2-6 (MK211229)
0.7 1 E Phormidium autumnale JR3 (JN230338)
0.948 0.948 Phormidium autumnale JR12 (JN230335)
1 Microcoleus vaginatus POB (JQ347237)

Micracoleus vaginatus SL1 (JQ347237)
Phormidium autumnale Kvet-2 (EU196662)
Phormidium autumnale CB-V clone 1(U196665)
0.577 Phormidium autumnale CB-V (EU196666)
Phormidium sp. RPL(MW238346)(P. autumnale)
Planktothrix sp.DNK2 (MW366802)(P. pseudagardhii)
Phormidium sp. AKS (MN817999)(P. formosum)

0721 — Planktothrix sp. DNK (MW238345)(P. pseudagardhii) Cla d e )

0.775 " Planktothrix sp. $41 (MW393863)
, [— Planktothrix pseudagardhii No1020 (KU574116)

Planktothrix tepida PCC 9214(KU574112)

Planktothrix agardhii No976 (KU574114)
Planktothrix agardhii NIVA-CYA 15 (KU574105)
Planktothrix agardhii NIVA-CYA 56/3(KU574106)
Planktothrix agardhii (MH619998)
Phormidium autumnale UTCC (AM778721)
Desertifilum tharense UAM-C-S02 (MK424816)
Desertifilum sp. NapGTem17 (KM438193)
Desertifilum salkalinema CHAB7200 (KR269852) Clade 3
Desertifilum sp. RPL(MW366801)
Desertifilum tharense (FJ158998)
Oscillatoria sp. (MW238347) [outgroup]

0.0 100.0
S 30

0.564 | 0577

[0.721]

0.701 |
[0.73¢] | 0900 |
0.734]

0.986 | 0.788
[0.759] | 0.883

Figure 30: Phylogenetic tree of ITS sequences based on neighbor-joining and the maximum likelihood of the family Phor-

midiaceae. Bootstrap values (NJ/ML) for nodes >50% were shown in the tree. Genbank accession numbers are provided.

Phylogenetic relationships in Oscillatoriaceae were drawn using a total of 37 sequences, out of which 13 se-
quences were from the present study and 24 from the NCBI database (Fig. 31). Samples were divided into
five clades of moderate to high bootstrap values. The experimental sample MN630162 Oscillatoria sp. (mor-
phologically Oscillatoria sancta) formed a monophyletic clade (clade 2) with other Oscillatoria sancta se-
quences of the NCBI database with high bootstrap values. The sequences were 94-96% similar—another ex-
perimental MW238347 Oscillatoria sp. MND sequences from hilly regions (morphologically Oscillatoria
princeps) formed a separate clade (clade 5) having high bootstrap values with Oscillatoria sequences collected
from the NCBI database. The sequence of this strain's sister clades was 99% similar (Supplementary Table 3).
It was well separated from the Oscillatoria sancta with 84% sequence similarity. Among the two brackish
Lyngbya sequences, MN817998 Lyngbya sp. SUND (morphologically L. aestuarii) showed 81-82% sequence
similarity with deposited sequences in NCBI and formed a monophyletic clade (clade 1) with the sequences.
The MN630163 Lyngbya sp. MANI (morphologically L. semiplena) showed 97% similarity with Neolyngbya
irregularis, which was also marine and formed a monophyletic clade (clade 3) with it (Supplementary Table
4). All the freshwater Lyngbya samples collected from high as well as low altitude regions (morphologically
L. birgei) formed a single monophyletic clade (clade 4), which was separated from the marine Lyngbya clades,
i.e., clade 1 and clade, 3. This monophyletic clade also contained Plectonema sequences along with Lyngbya.
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Due to less availability of deposited sequences in GenBank, this clade mainly consists of sequences from the
present investigation rather than from any online database. Though this clade contains sequences from two
different genera, all the sequences were 99-100% similar (Supplementary Table 5). No threshold percentage
for species discrimination had been recorded in the case of the 16S-23S ITS region. To attain better resolution
in this clade 4, a 16S molecular marker-based phylogenetic tree was built (Fig. 32).

0754 — Lyngbya sp. 8B7 (KF941239)
Lyngbya sp. 7TH9 (KF941240)
Uncuitured Lyngbya sp. clone (JX006094) Clade 1
Lyngbya sp. 2E11 (KF941246)
Lyngbya sp.SUND (MN817998)(L. aestuarii)
Lyngbya aestuarii PCC 7419 (AY768375)
Oscillatoria sp.(MN630162 ) (O. sancta)
Oscillatoria sancta PCC 7515 (EF178272) Clade 2
Oscillatoria sancta PCC 7515 (KF941246)
Oscillatoria cf. curviceps Fkv-4 (EU196674 )
0935 '— Oscillatoria cf. curviceps Fkv-3 (EU196673)

1 — Neolyngbya irregularis (MW042682) Clade 3
0.997  Lyngbya sp. MANI (MN630163) (L. semiplena)
Blennothrix sp. AQS clone(EU586734)

1 | 0.652 — Lyngbya sp. RAB (MN638845) (L. birgei)

0.707 L Lyngbya sp. SHNTN (MN630164) (L. birgei) Clade 4
Plectonema sp. AJY(MN814324) (P. tomasinianum)
Lyngbya sp. HDA(MN817997) (L. birgei)
Plectonema sp. KOP(MN814326)(P. tomasinianum)
Lyngbya sp. MHN (MN818000)(L. birgei)

037 Lyngbya sp. NB (MT258376) (L. birgei)

0.501 [:Lyngbya sp. PRLA (MK224842)(L. birgei)

(0.72) “— Plectonema sp. KAS (MN814325)(P. tomasinianum)
— 0746 — Uncultured Oscillatoria sp. clone (MG250659)

[0.566)
0.562

0.685

0.952 0543 — Oscillatoria sp. (MG250665)
077 Oscillatoria princeps CCALA (MG255269) Clade 5
1 0.855 Uncultured Oscillatoria sp. clone 15¢l5 (MG250660)
077 % Uncultured Oscillatoria sp. clone 03 (MG250650)
0848 0683 Uncultured Oscillatoria sp. clone T3(2) (MG250653)

Oscillatoria sp.MND (MW238347)(0. princeps)
Uncultured Oscillatoria sp. clone 10cl (MG250675)
Uncultured Oscillatoria sp. clone 9¢l1(MG250670)
Uncultured Oscillatoria sp. clone 10¢l10(MG250673)
Uncultured Oscillatoria sp. clone 10cl11 (MG250674)
Uncultured Oscillatoria sp. clone 10¢l5 (MG250672)
Uncultured Oscillatoria sp. clone 5¢l4 (MG250668)
Nostochopsis sp.(MN152981) [outgroup]

0.77

luwnlyund
0.0  100.0 31

Figure 31: Phylogenetic tree of ITS sequences based on neighbor-joining and the maximum likelihood of the family Oscilla-

toriaceae. Bootstrap values (NJ/ML) for nodes >50% were shown in the tree. Genbank accession numbers are provided.

Phylogenetic study in Oscillatoriaceae using 16S rDNA region

The average sequence length in the tree was around 700bp. Samples were divided into two clades of moderate
to high bootstrap values. This tree topology (Fig. 32) was more or less congruent with a phylogenetic tree with
ITS sequence data. The non-availability of the same sequence in the NCBI database for 16S and ITS sequence
data resulted in a difference in the topology of the phylogenetic tree. However, the basic topology remained
the same, which supported the conspecificity of all freshwater Lyngbya. The 16S sequence similarity in
Lyngbya and Plectonema ranged between 99-100%, similar to their similarity in the ITS region (Supplemen-
tary Table 6). In the 16S rDNA-based phylogenetic tree, Plectonema showed polyphyletic origin. MT192748
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Plectonema sp. AJY (morphologically Plectonema tomasinianum) and MT192750 Plectonema sp. KPY (mor-
phologically Plectonema tomasinianum) showed 98-99% similarity with Microseira whole sequences and
formed a monophyletic clade with them, whereas MT192753 Plectonema sp. KAS (morphologically Plec-
tonema tomasinianum) formed a clade with Lyngbya sp. NB has 100% sequence similarity.

0964 — Microseira wollei AW2009 (KM077452)
Microseira wollei AW2009 (KM077451)
Microseira wollei YC1109 (KM077454) Clade 1
Microseira wollei YC2010 (HQ419202)
Plectonema sp.KOP(MT192750)(P. tomasinianum)
Lyngbya sp. SHNTN (MW362745)(L.birgei)
Plectonema sp. AJY(MT192748)(P. tomasinianum)
Microseira wollei NIES-4236 (MK577503)
0517 — Microseira wollei NO99(HQ419204)
— Microseira wollei NO97 (HQ419204)
Lyngbya wollei (EU603708)
Lyngbya sp. PRLA (MT254898)(L. birgei)
Lyngbya sp. RAB (MT254899)(L. birgei)
Lyngbya sp.MHN (MT192718)(L. birgei) Clade 2
Lyngbya sp. HDA (MT254994) (L. birgei)
Lyngbyasp.NB (MT192720) (L. birgei)
0838 “— Plectonema sp. KAS (MT192753)(P. tomasinianum)
. 1 — Moorea bouillonii PNG5-1981(FJ041298)
0.995 — Moorea producens 1(FJ151523)
0.904 Lyngbya confervoides (AF510980)
0679 1 Neolyngbya irregularis ALCB 114389 (MF190470)
099z | 0797 Neolyngbya arenicola ALCB 114386 (MF190466)

[0.545] Neolyngbya maris-brasilis ALCB 114380 (KY824056)

Gloeobacter violaceus (NR0O74282 )[Outgroup]

[0.513]

lunlun
0.0 100.0 32

Figure 32: Phylogenetic tree of 16S sequences based on neighbor-joining and the maximum likelihood of the family Oscilla-

toriaceae. Bootstrap values (NJ/ML) for nodes >50% are shown in the tree. Genbank accession numbers are provided.

Cultural behavior study of Lyngbya-Plectonema complex

The cultural behavior of Plectonema tomasinianum samples and Lyngbya birgei were studied for further clar-
ification. Surprising similarities in different growth stages were recorded among them. On the same note,
Lyngbya samples formed false branching like Plectonema samples during the growth of filaments. The de-
tailed changes are represented in Table 5, Figs 33-42, and Figs 43-57.
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Fig. 33-42: Light photomicrographs of Lyngbya birgei and Plectonema tomasinianum filaments at different growth phases in
culture show the formation of separation discs and pseudohormogone formation. Fig. 33. Separation disc formation in
Lyngbya sp. RAB filament. Fig. 34. Separation disc formation in Lyngbya sp. HDA filament. Fig. 35. Pseudohormogone
formation in Plectonema sp. KAS. Fig. 36. Hormogone and pseudohormogone formation in Plectonema sp. KPY. Fig. 37.
Pseudohormogone formation in Plectonema sp. AJY. Fig. 38. Cell division in different planes in Lyngbya sp. RAB. Fig. 39.
Cell division in different planes in Lyngbya sp. HDA. Fig. 40. Cell division in different planes in Plectonema sp. KAS. Fig.
41. Cell division in different planes in Plectonema sp. KPY. Fig. 42. Cell division in different planes in Plectonema sp. AJY.
Scale bar- 20 pm.

No. of
days

Plectonema sp. | Plectonema sp.

KAS KPY Plectonema sp. AJY

Lyngbya sp. RAB | Lyngbya sp. HDA

Separation disc for- | Separation disc for- |Pseudo- Hormogo-| Hormogonia for- | Hormogonia for-
mation. mation. nia formation. mation. mation.
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15

Hormogonia for-
mation continued,
with cell division in
different planes.

Diagonal fragmenta-
tions were noticed.

Cell division in
different planes is
initiated.

Cell division in dif-
ferent planes is ini-
tiated.

Cell division in dif-
ferent planes was ob-
served with hormone

formation.

Diagonal fragmenta-
tion followed by
growth of trichome in
a single sheath

Cell division in differ-
ent planes, followed
by growth of nascent

trichomes.

Diagonal cell divi-
sion followed by
fragmentation of

trichome.

The nascent tri-
chome remained
enclosed in the
same sheath as the
mother filament.

The nascent trichome
remained enclosed in
the same sheath as
the mother filament.

12

Nascent filament
growing with mother
filament within the
common sheath.

Nascent filament
growing with mother
filament within the
common sheath.

Nascent filament
growing with
mother filament
within the common
sheath.

Nascent filament
growing with
mother filament
within the common
sheath.

Nascent filament
growing with mother
filament within the
common sheath.

15

The nascent filament
became mature and
developed as a false

branch within the
same sheath, observed
as a Criss-cross struc-
ture.

False branches devel-
oped.

False branches
developed.

False branches
developed.

False branches
developed.

Table 5: Variation in growth performances of Lyngbya and Plectonema in cultural condition.
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Fig. 43-57: Light photomicrographs of Lyngbya birgei and Plectonema tomasinianum filaments at different growth phases
in culture showing diagonal fragmentation followed by initiation of nascent trichome and false branch development. Ar-
rows indicate the changes. Fig. 43. Filament of Lyngbya sp. RAB. Fig. 44. Filament of Lyngbya sp. HDA. Fig. 45. Filament
of Plectonema sp. KAS. Fig. 46. Filament of Plectonema sp. KPY. Fig. 47. Filament of Plectonema sp. AJY. Fig. 48. Filament
of Lyngbya sp. RAB. Fig. 49. Filament of Lyngbya sp. HDA. Fig. 50. Filament of Plectonema sp. KAS. Fig. 51. Filament of
Plectoneme sp. KPY. Fig. 52. Filament of Plectonema sp. AJY. Fig. 53. Filament of Lyngbya sp. RAB. Fig. 54. Filament of
Lyngbya sp. HDA. Fig. 55. Filament of Plectoneme sp. KAS. Fig. 56. Filament of Plectonema sp. KPY. Fig. 57. Filament of
Plectonema sp. AJY. Scale bar- 20 pm.
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ITS secondary structure analysis

The 16S-23S ITS regions were subjected to the identification of conserved regions followed by secondary
structure analysis for freshwater Lyngbya and Pleconema samples. The amplified ITS region contained
tRNAA2 tRNA V,, Box A and B helices. The lengths of individual helices are represented in Table 6. The
secondary structures are provided in Supplementary Figure 1. No difference in secondary structures was no-
ticed in all the investigated samples.

DISCUSSION

The current approaches to cyanobacterial systematics faced considerable challenges in building up conclusive
results regarding the congruence of morphological, cultural, and molecular data for phylogenetic interpreta-
tion 2%, In the present study, 23 taxa under 8 genera of the order Oscillatoriales were investigated with a poly-
phasic approach considering morphometry, cultural behavior, and ITS sequence-based molecular data in a
need-based manner. As very few ITS sequence data of Oscillatoriales were available in the online database,
we tried to incorporate our data as a reference value and constructed phylogenetic trees per the existing NCBI
database.

To date, genera of non-heterocystous Oscillatoriales have yet to be well resolved by molecular approach. The
Leptolyngbya is one of the most abundant and complicated genera of Pseudanabaenaceae due to its simple
morphology with genetic variation'. A few Lyngbya, Plectonema and Phormidium members with very thin
trichomes (0.5-3.5um wide) were described as a new genus Leptolyngbya®®. The monophyletic assemblage of
this genus has not been proved yet. Polyphyletic assemblage based on 16S rDNA analysis was observed in
the case of Pseudanabaena, Leptolyngbya, Limnothrix, and Geitlerinema ***°. In our present study, the poly-
phyletic origin of Leptolyngbya and Limnothrix, as well as habitat-specific clustering among species of Lep-
tolyngbya, was noticed (Fig. 29). The sequences were clustered with other sequences with similar types of
ecological preferences. Cyanobacterial habitat selectivity is a matter of debate to many researchers. The argu-
ment regarding endemism *° or cosmopolitan distribution has existed for a long time*’. However, present-day
research has demonstrated that habitat specificity or nutrient requirement is related to genome size **-°. In the
current study, genetic diversity among cyanobacteria dwelling in freshwater as well as extreme environments,
like marine and hot springs, was studied based on ITS-based phylogenetic analysis for the very first time,
which indicated that this molecular maker is capable of discriminating species belonging to different habitats.
Morphologically ambiguous identification is inevitable in the family Phormidiaceae of Oscillatoriales due to
its misleading nature of identifying criteria. The name of Phormidium was considered an invalid name due to
more than 100 years of taxonomic confusion*’. However, Casamatta et al. (2005)*' did not agree with the fact
totally but concluded that generic and subgeneric categorizations in this genus should not essentially corre-
spond to systematic relations. The genus was revised and grouped using morphological and ultrastructural
criteria to ease the identification process!. The 16S rDNA-based analysis showed a phylogenetically close
Microcoleus vaginatus and Phormidium autumnale assemblage with almost indistinguishable morphological
characters®*. Both the taxa mainly differed in their sheath properties and filament size influenced by environ-
mental factors; therefore, they are inconsistent in culture conditions and 16S rDNA-based phylogenetic study™.
In the current ITS sequence-based study also, the Microcoleus and Phormidium formed a monophyletic as-
semblage that appeared as sister to the experimental genus Phormidium (morphologically P. autumnal), indi-
cating congruency between 16S and ITS sequence-based interpretations (Fig. 30).
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The genus Planktothrix was placed under Phormidiacae (after separation from Oscillatoria) because of their
cellular characteristics and support from 16S rDNA sequencing*. In our study, the placement of MW238346
Phormidium sp. (morphologically P. formosum) with Planktothrix sequences (Fig. 30) justified polyphyly of
Phormidium as proved by other authors also*’. This kind of polyphyly may have resulted due to inadequate
deposited sequences, and thus, more ITS sequence-based research should be done to enrich the sequence da-
tabase. Paraphyly of Planktothrix was observed in our study (Fig. 30) as interpreted in earlier studies using
16S rDNA*. Desertifilum was considered a new genus under Phormidiaceae after being separated from Mi-
crocoleus and Phormidium based on 16S rDNA-based analysis coupled with morphological parameters*’. In
the current study, Desertifilum was in a monophyletic lineage consistent with their morphology and separated
from the Microcoleus-Phormidium clade. The interpretation is congruent with the 16S rDNA-based study by
the earlier workers. This is the first report of Desertifilum from eastern India.

Polyphyletic nature of Oscillatoria was also reflected in this ITS sequence-based study (Fig. 31). In the phy-
logenetic tree of Oscillatoriaceae, MN630162 Oscillatoria sp. (morphologically O. sancta) having apical cap
was placed in monophyletic lineage with other O. sancta sequences with high sequence similarity and good
bootstrap support whereas MW238347 Oscillatoria sp. MND (morphologically O. princeps) formed a well-
supported clade with other Oscillatoria strains and was distantly placed from O. Sancta. As studied by Hasler
et al. (2012) ** Oscillatoria sancta having thickened apical cap formed well-supported lineage with other
calyptrate taxa in 16S rDNA-based study. The origin of calyptra or their role in cyanobacteria has never been
investigated**. Phylogenetic remoteness, as observed in our study, cannot be disregarded as both the sequences
have shared a high level of similarity with their sister sequences having good bootstrap support. The genus
Oscillatoria was not revised earlier; however, from our observation, it can be concluded that Oscillatoria
having an apical cap showed a somewhat different evolutionary history from that of Oscillatoria without an
apical cap. Further detailed investigation is needed in this regard.

For Lyngbya, brackish water and marine species were well separated, and their monophyletic assemblage with
other ecologically consistent strains supported again that ITS-based sequence clustering can reflect ecological
selectivity. Genetic divergence can reflect habitat preferences for ecologically distinct organisms*. In the
phylogenetic tree of Oscillatoriaceae, freshwater Lyngbya sp. (morphologically L. birgei) formed a different
monophyletic lineage than that of marine Lyngbya (Fig. 31). The morphological similarity was also tested at
the molecular level because all the samples have shown 99-100% similarity. Surprisingly, Plectonema shared
a common monophyletic lineage with the Lyngbya clade, having 99-100% sequence similarity. Though no
threshold percentage value is available in the literature for species-level identification, the high-level sequence
similarity of the ITS study may be considered further.

The ITS tree topology was compared with rDNA based phylogenetic tree (Fig. 32), and the topology was
almost similar. However, two Plectonema samples (MT192748 Plectonema sp. AJY and MT192750 Plec-
tonema sp. KPY) (morphologically P. tomasinianum) and MW362745 Lyngbya sp. SHNTN, all collected
from rivers flowing over lateritic soil regions, formed a monophyletic clade with Microseira wollei, a nascent
genus separated from Lyngbya. MT192753 Plectonema sp. KAS collected from similar habitats and having
exactly similar morphology have been placed in the Lyngbya clade with 98% similar sequences. As per con-
vention, more than 98% 16SrDNA similarity can be considered the same species*. Thus, in our present study,
morphological identification of freshwater Lyngbya sequences from high to low altitudes became congruent
with molecular characterization based on ITS and 16S sequence data. Both morphological and molecular de-
tails support that all freshwater Lyngbya belong to the same species. However, a problem in identifying

Clinical Biotec, Universidad Catdlica del Oriente (UCO) and Universidad Nacional Auténoma de Honduras (UNAH)



http://clinicalbiotec.com/
https://www.uco.edu.co/Paginas/home.aspx
https://www.unah.edu.hn/

https://bionaturajournal.com/

Bionatura 2024, 10.21931/B]/2024.01.01.66 19

Plectonema still needs to be resolved. Secondary structures (Table 6, Supplementary Figure 1) were also in-
vestigated, but no differences were noticed among the samples.

Plectonema was initially classified under Scytonemataceae'**” based on false branching formation, though no
heterocyst was found. Genus Lyngbya was classified under Oscillatoriaceae by Geitler (1932), where the oc-
casional occurrence of false branching was also noticed. Later on, the observation of other scientists inferred
that false branching occurred facultatively in a tiny part of the population of P. tomasinianum, and the char-
acter was also overcredited, which should not be done because of its inconsistency**. Scarcity in the P.
tomasinianum sequence in online databases led to the dilemma that existed for a long. In the present study,
false branching in Lyngbya culture again confounded the generic discrimination between Plectonema to-
masinianum and Lyngya birgei. Supporting the earlier workers, the current study also emphasized and pro-
posed that this kind of plastic, pleomorphic character of cyanobacteria should not be considered as an autapo-
morphic character at the genus level.

CONCLUSIONS
The study marks the first-ever attempt to use ITS-based phylogenetic analysis on Indian non-heterocystous

filamentous cyanobacteria. The results of our research demonstrate the impressive discriminatory ability of
the 16S-23S ITS region in identifying and distinguishing cyanobacteria from various habitats. Our study high-
lights the novelty of this approach and its potential for revolutionizing the field of cyanobacterial research.
Our research shows that species clustering in the ITS-based phylogenetic tree is habitat-specific. For instance,
marine species of Leptolyngbya form a monophyletic clade with other marine Leptolyngbya sp., while
hotspring taxa form a separate monophyletic clade with other hotspring Leptolyngbya species. Moreover, the
study revealed the polyphyletic nature of Planktothrix and Phormidium in the phylogenetic tree of Phormidi-
aceae. The ITS-based species clustering supported earlier 16S rDNA-based studies, highlighting the signifi-
cance of the ITS region in species identification.

We present a novel approach to differentiate various species of Lyngbya by proposing 98% sequence similarity
as a threshold percentage of ITS sequence. Furthermore, this study emphasizes the need to re-evaluate the
taxonomic status of Lyngbya birgei and Plectonema tomasinianum as they appear highly similar based on 16S
rDNA and ITS sequence-based analysis and cultural behavior study. Our study offers valuable insights into
the complexities of identifying these species and calls for more research in this area.

Supplementary Materials: The following are available online at www.revistabionatura.com/xxx/s1,

Figure S1: Secondary structures of 16S-23S internal transcribed spacer (ITS) sequences from the Lyngbya
sp.HDA, Lyngbya sp.RAB, Plectonema sp. KOP, Plectonema sp. KAS and Plectonema sp. AJY., Table S1:
A partial similarity matrix (P distance) generated using 16S-23S ITS region (Family- Pseudanabaenaceae),
Table S2-A partial similarity matrix (P distance) generated using 16S-23S ITS region (Family- Phormidi-
aceae), Table S3-A partial similarity matrix (P distance) generated using 16S-23S ITS region (Family- Oscil-
latoriaceae-genus Oscillatoria), Table S4-A partial similarity matrix (P distance) generated using 16S-23S ITS
region (Family- Oscillatoriaceae-genus Lyngbya(marine)), Table S5-A partial similarity matrix (P distance)
generated using 16S-23S ITS region (Family- Oscillatoriaceae-genus Lyngbya-Plectonema(freshwater)), Ta-
ble S6-A partial similarity matrix (P distance) generated using 16S region (Family Oscillatoriaceae-genus
Lyngbya-Plectonema)

Author Contributions: "Conceptualization, Sreemanti Banerjee and Ruma Pal.; methodology, Sreemanti
Banerjee.; software, Sreemanti Banerjee; validation, Sreemanti Banerjee, Akanksha Singh and Ruma Pal; for-
mal analysis, Sreemanti Banerjee; investigation, Sreemanti Banerjee, Akanksha Singh; resources, Sreemanti

Clinical Biotec, Universidad Catdlica del Oriente (UCO) and Universidad Nacional Auténoma de Honduras (UNAH)



http://clinicalbiotec.com/
https://www.uco.edu.co/Paginas/home.aspx
https://www.unah.edu.hn/

https://bionaturajournal.com/

Bionatura 2024, 10.21931/B]/2024.01.01.66 20

Banerjee; data curation, Sreemanti Banerjee; writing—original draft preparation, Sreemanti Banerjee; writ-
ing—review and editing, Ruma Pal; visualization, Sreemanti Banerjee; supervision, Ruma Pal; project admin-
istration, Sreemanti Banerjee; funding acquisition, Sreemanti Banerjee and Ruma Pal. All authors have read
and agreed to the published version of the manuscript."

Funding: The present research has been funded by the Council for Science and Industrial Research (CSIR) -
sanction n0.-09/028(0964)2015-EMR1. CAS Phase VII and DST-FIST Level II, Department of Botany, Uni-
versity of Calcutta, supported the infrastructural facility.

Acknowledgments: The authors thank Prof. Sagarmoy Ghosh, Department of Microbiology, University of
Calcutta, and Dr. Suparna Ghosh, Department of Microbiology, University of Calcutta, for their cooperation
during the work.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the study's design,
in the collection, analyses, or interpretation of data, in the writing of the manuscript, or in the decision to
publish the results.

REFERENCES

1. Komarek J, Anagnostidis K. Cyanoprokaryota. II. teil: Oscillatoriales. In Siisswasserflora von Mitteleu-
ropa. Biidel B, Girdner G, Krienitz L, Schagerl M, editors. Vol. 19. Miinchen: Elsevier; 2005. 1-759 p.

2. Tschermak-Woess E, Scholler A. Verteilung und Aufteilung der DNS bei einigen Cyanophyceen, fest-
gestellt durch ihre DAPI-Fluoreszenz. Plant Systematics and Evolution. 1982;140:207-23.

3. Cepak V. Morphology Of DNA containing structures (nucleoids) as a prospective character in cyanophyte
taxonomy. J Physiol. 1993 Dec 20;29(6):844-52.

4. Cepak V, Kovacik L, Komarek J. DNA containing structures (nucleoids) in some cyano-phytes/cyano-
bacteria as revealed by DAPI fluorescent staining. Algological Studies/Archivfiir Hy-drobiologie.
1991;Supplement Volumes:25-39.

5. Guglielmi G, Cohen-Bazire G. Etude taxonomique d’un genre de cyanobacterie oscillatoriacee: le genre
Pseudanabaena Lauterborn. II. Analyse de la composition moleculaire et de la structure des phycobiliso-
mes. Protistologica. 1984;20:393—413.

6. Golecki JR, Drews G. Supramolecular organization and composition of membranes. In: Carr N.G., Whit-
ton B.A, editors. The Biology of Cyanobacteria. Blackwell Science; 1982. p. 125-41.

7. Weckesser J, Drews G, Mayer H. Lipopolysaccharides of Photosynthetic Prokaryotes. Annu Rev Micro-
biol. 1979 Oct;33(1):215-39.

8. Lounatmaa K, Vaara T, Osterlund K, Vaara M. Ultrastructure of the cell wall of a Synechocystis strain.
Can J Microbiol. 1980 Feb 1;26(2):204-38.

9. Mamkaeva KA, AL-MusAvl RA, Gromov BV. The effect of photosynthesis on the ultrastructure of a
cyanophage during its intracellular growth. Mikrobiologiia. 1980;49:631-3.

10. Jensen TE, Baxter M. Imaging cell inclusions in air dried unfixed cyanobacteria with a transmission elec-
tron microscope at 75 kV. Microbios. 1985;28:145-50.

11. Baxter M, Jensen TE. Cell volume occupied by polyphosphate bodies during the polyphosphate overplus
phenomenon in Plectonema boryanum. Cytobios. 1986;45:147—-60.

12. Rippka R, Deruelles J, Waterbury JG, Herdman M, Stanier RY. Generic assignments, strain histories and
properties of pure cultures of cyanobacteria. J Gen Microbiol. 1979;1-61.

13. Gomont M. Monographie des Oscillariées. Annales des Sciences Naturelles; Botanique. 1892;16:198—
246.

14. Desikachary TV. Cyanophyta. Delhi: Indian Council of Agricultural Research; 1959. 1-686 p.

15. Casamatta DA, Vis ML, Sheath RG. Cryptic species in cyanobacterial systematics: a case study of Phor-
midium retzii (Oscillatoriales) using RAPD molecular markers and 16S rDNA sequence data. Aquat Bot.
2003 Dec;77(4):295-309.

16. Turner S. Molecular systematics of oxygenic photosynthetic bacteria. In 1997. p. 13-52.

Clinical Biotec, Universidad Catdlica del Oriente (UCO) and Universidad Nacional Auténoma de Honduras (UNAH)



http://clinicalbiotec.com/
https://www.uco.edu.co/Paginas/home.aspx
https://www.unah.edu.hn/

https://bionaturajournal.com/

Bionatura 2024, 10.21931/B]/2024.01.01.66 21

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Wilmotte A. Molecular evolution and taxonomy of the cyanobacteria. In: Bryant DA, editor. The Molec-
ular Biology of Cyanobacteria. Boston: Kluwer Academic Press; 1994. p. 1-25.

Singh P, Singh SS, Elster J, Mishra AK. Molecular phylogeny, population genetics, and evolution of
heterocystous cyanobacteria using nifH gene sequences. Protoplasma. 2013 Jun 23;250(3):751-64.
Mondal SK, Shit S, Kundu S. A comparative computational study of the ‘rtbcL’gene in plants and in the
three prokaryotic families—Archaea, cyanobacteria and proteobacteria. Indian J Biotechnol. 2013;12:58—
66.

Singh P, Fatma A, Mishra AK. Molecular phylogeny and evogenomics of heterocystous cyanobacteria
using rbcl gene sequence data. Ann Microbiol. 2015 Jun 30;65(2):799-807.

Garcia-Martinez J, Acinas SG, Anton Al, Rodriguez-Valera F. Use of the 16S-23S ribosomal genes
spacer region in studies of prokaryotic diversity. J Microbiol Methods. 1999 May;36(1-2):55-64.

Boyer SL, Johansen JR, Flechtner VR, Howard GL. Phylogeny and genetic variance in terrestrial Micro-
coleus (Cyanophyceae) species based on sequence analysis of the 16s rrna gene and associated 16S-23S
its region. J Phycol. 2002 Dec 19;38(6):1222-35.

Otsuka S, Suda S, Li R, Watanabe M, Oyaizu H, Matsumoto S, et al. Phylogenetic relationships between
toxic and non-toxic strains of the genus Microcystis based on 16S to 23S internal transcribed spacer se-
quence. FEMS Microbiol Lett. 1999 Mar;172(1):15-21.

Boyer SL, Flechtner VR, Johansen JR. Is the 16S-23S rRNA Internal Transcribed Spacer Region a Good
Tool for Use in Molecular Systematics and Population Genetics? A Case Study in Cyanobacteria. Mol
Biol Evol. 2001 Jun 1;18(6):1057-69.

Guiry MD, Guiry GM. AlgaeBase. Worldwide electronic publication, National University of Ireland,
Galway. 2021. http://algaebase.org.

Doyle JJ, Doyle JL. A rapid DNA isolation procedure for small quantities of fresh leaf tissue. Phytochem-
ical Bulletin. 1987;19:11-5.

Valério E, Chambel L, Paulino S, Faria N, Pereira P, Tenreiro R. Molecular identification, typing and
traceability of cyanobacteria from freshwater reservoirs. Microbiology (N Y). 2009 Feb 1;155(2):642—
56.

Niibel U, Garcia-Pichel F, Muyzer G. PCR primers to amplify 16S rRNA genes from cyanobacteria. Appl
Environ Microbiol. 1997 Aug;63(8):3327-32.

Kumar S, Stecher G, Tamura K. MEGA7: Molecular Evolutionary Genetics Analysis Version 7.0 for
Bigger Datasets. Mol Biol Evol. 2016 Jul 1;33(7):1870—4.

Stover BC, Miiller KF. TreeGraph 2: Combining and visualizing evidence from different phylogenetic
analyses. BMC Bioinform. 2010 Dec 5;11(1):7.

Zuker M. Mfold web server for nucleic acid folding and hybridization prediction. Nucleic Acids Res.
2003 Jul 1;31(13):3406-15.

Iteman I, Rippka R, de Marsac NT, Herdman M. rDNA analyses of planktonic heterocystous cyanobac-
teria, including members of the genera Anabaenopsis and Cyanospira. TheGenBank acces-sion numbers
of the 16S rDNA gene sequences reported in this paper are AY038032—AY038037. Microbiology (N Y).
2002;148:481-96.

Stoyanov P, Moten D, Mladenov R, Dzhambazov B, Teneva 1. Phylogenetic Relationships of Some Fil-
amentous Cyanoprokaryotic Species. Evol Bioinform. 2014 Jan 23;10:EBO.S13748.

Hasler P, Dvorak P, Johansen JR, Kitner M, Ondfej V, Pouli¢kova A. Morphological and molecular study
of epipelic filamentous genera Phormidium, Microcoleus and Geitlerinema (Oscillatoriales, Cyano-
phyta/Cyanobacteria). Fottea. 2012 Sep 1;12(2):341-56.

Perkerson III RB, Perkerson EA, Casamatta DA. Phylogenetic examination of the cyanobacterial genera
Geitlerinema and Limnothrix (Pseudanabaenaceae) using 16S rDNA gene sequence data. Arch Hydrobiol
Suppl Algol Stud. 2010 Jul 1;134:1-16.

Komarek J. Diversity of cyanoprokaryotes (cyanobacteria) of King George Island, maritime Antarctica -
a survey. Arch Hydrobiol Suppl bd Algol Stud. 1999 Sep 16;94:181-93.

Mullins TD, Britschgi TB, Krest RL, Giovannoni SJ. Genetic comparisons reveal the same unknown
bacterial lineages in Atlantic and Pacific bacterioplankton communities. Limnol Oceanogr. 1995 Jan
22;40(1):148-58.

Clinical Biotec, Universidad Catdlica del Oriente (UCO) and Universidad Nacional Auténoma de Honduras (UNAH)



http://clinicalbiotec.com/
https://www.uco.edu.co/Paginas/home.aspx
https://www.unah.edu.hn/

https://bionaturajournal.com/

Bionatura 2024, 10.21931/B]/2024.01.01.66 22

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.
48.

49.

50.

Prabha R, Singh DP. Cyanobacterial phylogenetic analysis based on phylogenomics approaches render
evolutionary diversification and adaptation: an overview of representative orders. 3 Biotech. 2019 Mar
15;9(3):87.

Prabha R, Singh DP, Somvanshi P, Rai A. Functional profiling of cyanobacterial genomes and its role in
ecological adaptations. Genom Data. 2016 Sep;9:89-94.

Castenholz RW, Rippka R, Herdman M. Form genus IX. OscillatoriaVaucher 1803 (sensu Rippka, De-
ruelles, Waterbury,Herdman, and Stanier 1979). . In: Boone DR, Castenholz RW, editors. Bergey’s Man-
ual of Systematic Bacteriology. New York: Springer; 2001. p. 550-3.

Casamatta DA, Johansen JR, Vis ML, Broadwater ST. Molecular and morphological characterization of
ten polar and near-polar strains within the Oscillatoriales (Cyanobacteria). J Phycol. 2005 Apr
17;41(2):421-38.

Komarek J, Komarkova J. Taxonomic review of the cyanoprokaryotic genera Planktothrix and
Planktothricoides. Czech Phycology, Olomouc. 2004;4:1-18.

Dadheech PK, Abed RMM, Mahmoud H, Mohan MK, Krienitz L. Polyphasic characterization of cyano-
bacteria isolated from desert crusts, and the description of Desertifilum tharense gen. et sp. nov. (Oscilla-
toriales). Phycologia. 2012 May 23;51(3):260-70.

Whitton BA. Cyanobacterial diversity in relation to the environment. In: Algal toxins: nature, occurrence,
effect and detection. Dordrecht: Springer; 2008. p. 17—43.

Niibel U, Garcia-Pichel F, Clavero E, Muyzer G. Matching molecular diversity and ecophysiology of
benthic cyanobacteria and diatoms in communities along a salinity gradient. Environ Microbiol. 2000 Apr
21;2(2):217-26.

Yarza P, Yilmaz P, Pruesse E, Glockner FO, Ludwig W, Schleifer KH, et al. Uniting the classification of
cultured and uncultured bacteria and archaea using 16S rRNA gene sequences. Nat Rev Microbiol. 2014
Sep 14;12(9):635-45.

Geitler L. Cyanophyceae in Rabenhorst’s Kryptogamen flora. Leipzing. 1932;1-1196.

McGregor GB, Sendall BC. Phylogeny and toxicology of Lyngbya wollei (Cyanobacteria, Oscillatoriales)
from north-eastern Australia, with a description of Microseira gen. nov. J Phycol. 2015 Feb 11;51(1):109—
19.

Seifert M, McGregor G, Eaglesham G, Wickramasinghe W, Shaw G. First evidence for the production of
cylindrospermopsin and deoxy-cylindrospermopsin by the freshwater benthic cyanobacterium, Lyngbya
wollei (Farlow ex Gomont) Speziale and Dyck. Harmful Algae. 2007 Jan;6(1):73-80.

Speziale BJ, Turner EG, Dyck LA. “Giant” Lyngbya. Aquatics. 1988;4—11.

Received: October 9th 2023/ Accepted: January 15th 2024 / Published:15 February 2024

Citation: Banerjee S., Singh A., Pal R. Taxonomic interpretation of non-heterocystous Cyanobacteria (Os-
cillatoriales) from eastern India with particular emphasis on Lyngbya Plectonema complex. Bionatura Jour-
nal 2024; 1 (1) 66. http://dx.doi.org/10.21931/BJ/2024.01.01.66

Additional information Correspondence should be addressed to sreemantibanerjee(@gmail.com

Peer review information. Bionatura Journal thanks anonymous reviewer(s) for their contribution to the

peer review of this work using https://reviewerlocator.webofscience.com/

All articles published by Bionatura Journal are made freely and permanently accessible online immediately

upon publication, without subscription charges or registration barriers.

Publisher's Note: Bionatura Journal stays neutral concerning jurisdictional claims in published maps and

institutional affiliations.

Clinical Biotec, Universidad Catdlica del Oriente (UCO) and Universidad Nacional Auténoma de Honduras (UNAH)



http://clinicalbiotec.com/
https://www.uco.edu.co/Paginas/home.aspx
https://www.unah.edu.hn/

https://bionaturajournal.com/

Bionatura 2024, 10.21931/B]/2024.01.01.66 23

Copyright: © 2024 by the authors. They were submitted for possible open-access publication under the
terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecom-
mons.org/licenses/by/4.0/).

Clinical Biotec, Universidad Catdlica del Oriente (UCO) and Universidad Nacional Auténoma de Honduras (UNAH)



http://clinicalbiotec.com/
https://www.uco.edu.co/Paginas/home.aspx
https://www.unah.edu.hn/

	INTRODUCTION
	MATERIALS AND METHODS
	RESULTS
	DISCUSSION
	CONCLUSIONS
	REFERENCES



