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Desmonostoc cockrellii sp. nov. (Nostocales, Cyanobacteria): a new record of
a subaerophytic species from The Habitat Penang Hill, Malaysia
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Abstract: Subaerophytic cyanobacterial diversity is poorly known in Malaysian rainforests generally and at
Penang Hill specifically. A new subaerophytic species of cyanobacteria, Desmonostoc cockrellii sp. nov., was
isolated from rocky surfaces along trails in The Habitat Penang Hill, Malaysia. Polyphasic analysis identified
unique morphological structures such as larger dimensions of akinetes and bubble formations within colonies
grown on agarized medium. Toxin—encoding genes for microcystin, nodularin, cylindrospermopsin, anatoxin—
a and saxitoxin were not detected. The 16S rRNA gene phylogeny inferred by both maximum likelihood and
Bayesian inference placed our four isolates within the Desmonostoc clade, distinct from previously characterised
Desmonostoc species. The length and nucleotide sequences of the secondary structures of Box—B and V2 helices
further differentiated them from known members of the genus. Fatty acid profiling showed that saturated fatty
acids (53.7-77.5% dwt.) dominated over monosaturated fatty acids (8.6-22% dwt.) and polyunsaturated fatty
acids (13.9-24.3% dwt.). The most abundant fatty acids were butyric acid (4:0), palmitic acid (16:0), oleic acid
(18:1), y-linolenic acid (18:3) and docosahexaenoic acid (22:6). Clear differences were apparent between the dif-
ferent isolates of D. cockrellii sp. nov. in the presence or absence and percentage composition of these fatty acids.
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INTRODUCTION

The taxonomy of heterocytous cyanobacteria, such as
members of the genus Nostoc Vaucher ex Bornet et
Flahault, is notoriously problematic (SINGH et al. 2020).
Previous phylogenetic studies have reported Nosfoc to
be polyphyletic (REHAKOVA et al. 2007; KOMAREK et al.
2014). Recent polyphasic studies have led to the establish-
ment of Nostoc sensu stricto and the erection of fifteen
Nostoc—like genera including Desmonostoc Hrouzek
et Ventura (MIsHRA et al. 2021; TAWONG et al. 2022).
This approach highlights the importance of assessment
of a range of data to differentiate taxa lacking diacritical
morphological characters. Molecular evidence forms the
primary criterion while morphological, ultrastructural
and ecological characters provide secondary support

(SINGH et al. 2020).

The genus Desmonostoc was erected based on 16S
rRNA gene sequence analysis (HrRouzex et al. 2013). To
date, 14 species of Desmonostoc have been described,
excluding D. vinosum Miscoe et Johansen which does not
belong to the Desmonostoc phylogenetic clade (MISHRA
et al. 2021; PEcunDO et al. 2023). Discriminating the
genus from Nostoc and other Nostoc—like groups mor-
phologically remains challenging without assimilating
phylogenetic data, although the large production of
mucilaginous sheath throughout the life cycle, diffluent
to parallel arrangement of trichomes (ALVARENGA et al.
2018; PEcuNDO et al. 2021; ALMEIDA et al. 2023), and
the apoheterocytic differentiation of akinetes in long
chains, with the exception of large, solitary akinetes in
D. magnisporum Saraf et al. (SARAF et al. 2018) and D.
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persicum Kabirnataj et al. (KABIRNATAJ et al. 2020), and
the absence of akinetes in D. aggregatum Pecundo et
al. (PEcunDpoO et al. 2021) and D. caucasicum Maltseva,
Kulikovskiy et Maltsev (MALTSEVA et al. 2022), have been
presumed to be important morphological traits of mem-
bers of the genus (HrRouZEK et al. 2013). Furthermore,
it is ecologically diverse, with reports from freshwater
(SINGH et al. 2016; SARAF et al. 2018; Nowruzi et al.
2023), saline waters (ALVARENGA et al. 2018), terrestrial
environments (HROUZEK et al. 2013; MISCOE et al. 2016;
CaI et al. 2018; KABIRNATAJ et al. 2020; MALTSEVA et
al. 2022) and as plant symbionts (PECUNDO et al. 2021,
2023). Species have been recorded from Europe and
North and South America (ALMEIDA et al. 2023), as well
as in Asia including India (SINGH et al. 2016; SARAF et
al. 2018), Iran (KABIRNATAJ et al. 2020; NowRuUZI et al.
2023), and China (Car1 et al. 2018; PEcunpoO et al. 2021,
2023). Subaerophytic representatives include D. muscorum
(Bornet et Flahault) Hrouzek et Ventura (HROUZEK et al.
2013), D. geniculatum Miscoe, Pietrasiak et Johansen
(Miscok et al. 2016), D. danxiaense F. Cai et R. Li (Ca1
et al. 2018), D. persicum (KABIRNATAJ et al. 2020), and
D. caucasicum (MALTSEVA et al. 2022).

Cyanobacteria are known to produce various
bioactive products (e.g., fatty acids, carbohydrates,
amino acids, carotenoids and phenolic compounds)
(Nowruzi et al. 2023). Fatty acid composition has been
used to differentiate closely related species and genera of
cyanobacteria when grown under controlled conditions
(GUGGER et al. 2002; L1 & WATANABE 2004; TEMINA et
al. 2007; SHUKLA et al. 2012). In heterocytous cyano-
bacteria, the dominant fatty acids are C16:0 palmitic
acid, C18:0 stearic acid, C16:1 palmitoleic acid and
C22:0 behenic acid (ANAHAS & MURALITHARAN 2018).
Cyanobacteria accumulate saturated fatty acids (SFAs)
(50-85% dwt.), followed by monounsaturated fatty
acids (MUFAS) (6.6-23.5% dwt.) and polyunsaturated
fatty acids (PUFAs) (1.77-16.4% dwt.) (ANAHAS &
MURALITHARAN 2018). However, inclusion of analysis
of the composition of fatty acids in polyphasic studies is
still lacking, particularly in strains of Nostoc sensu lato
(ALVARENGA et al. 2018; MALTSEVA et al. 2022).

Subaerial cyanobacteria are found on air—ex-
posed surfaces of substrata such as soil, rocks, tree bark,
leaves and animals (NEUSTUPA & SKaLOUD 2010). In
Peninsular Malaysia, there has been one study focusing
on the diversity of the group (MERICAN et al. 2021). This
preliminary assessment of their occurrence in the tropi-
cal rainforest of The Habitat Penang Hill recovered six
morphospecies of epiphytic cyanobacteria, but genetic
approaches were not applied to species identification.
An improved knowledge of cyanobacterial diversity at
The Habitat Penang Hill would provide support for the
importance of the site’s status as a UNESCO Biosphere
Reserve and promote its conservation. Here, we describe
anew Desmonostoc species isolated from there using a
polyphasic approach that incorporates morphology, 16S
rRNA gene phylogeny, putative secondary structures of
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16S-23S rRNA internal transcribed spacer (ITS) region
and fatty acid profiling.

MATERIALS AND METHODS

Sample collection, strain cultivation and examination. Four
heterocytous cyanobacterial isolates PHNL1, PHNL2, PHNL3
and PHNL4 were isolated from samples collected from the
surfaces of boulders along trails in The Habitat Penang Hill
(latitude 05°25'32.715"N; longitude 100°16'7.34"E) during a
floristic survey conducted in April 2020 (MERICAN et al. 2021).
One litre of full-strength BG—-11, medium without sodium
nitrate was supplemented with 1 % agar and 100 pg.ml™’
cycloheximide (CHX). This was made by mixing 500 ml of
double—strength stock solution with 250 ml of 4 % agar in
sterile distilled water (Rippka et al. 1979) which was then
added to 250 ml of filter—sterilised cycloheximide solution
(400 pg.ml™ in sterile distilled water). Also, a 1 1 full strength
BG-11, liquid medium was prepared as above but omitting the
agar from the mixture. Nine hundred millilitres of autoclaved
stock solution were supplemented with 100 ml syringe—filtered
CHX to suppress growth of undesired eukaryotic organisms
(BOLCH & BLACKBURN 1996).

Clonal cultures of each of the four isolates were obtained
by removing single colonies from the original enrichment
culture and transferring them onto new culture media in Petri
dishes. The isolates were also grown in 100 ml BG—11, liquid
medium contained in 250 ml Erlenmeyer flasks. The flasks were
agitated three times a day by hand. All cultures were incubated
at 25 °C under a 12:12 h light:dark cycle with illumination
from a white fluorescent lamp (+27.03 mmol.m2.s™"). Visible
colonies developed after 2 to 3 weeks of incubation.

For light microscopy, the isolates were mounted in
water on slides for microscopic observation using an Olympus
BX-53F (Olympus America Inc., Center Valley, PA, USA) bright
field microscope at 100—2000% magnification. Morphological
characteristics were recorded, including trichome width, co-
lour and shape, vegetative cell length and width, shape and
dimensions of heterocytes and akinetes, apical cell shape and
presence or absence of a sheath. Morphometric parameters
based on 30 randomly chosen replicates were measured using
ToupView v4.11 software. Illustrations were made with the
aid of a camera lucida, and photomicrographs were taken to
aid identification. Species descriptions of KOMAREK (2013)
were followed. Repeat observations were carried out for a
period of 6 months to document morphological changes and
life—cycle features.

For transmission electron microscopy, colonies of all
four isolates taken from liquid cultures at 3 weeks were har-
vested into 1.5 ml microcentrifuge tubes, centrifuged at 10,000
rpm for 2 min, and fixed for 24 h in 1.5 ml McDowell-Trump
fixative solution prepared with 0.1 M phosphate buffer at pH
7.2 (McDoweLL & TrRuMP 1976) and then post—fixed with
1% osmium tetroxide. Following fixation, specimens were
dehydrated in a graded ethanol in water series (50%, 75%, 95%
and 100%) and infiltrated in Spurr’s low viscosity epoxy resin
with acetone in a 1:1 mixture and left in a rotator overnight
(SPURR 1969). Sections of 0.07-0.09 um thickness were made
using an ultramicrotome (PowerTome XL, USA) with a glass
knife. Staining used 4% uranyl acetate followed by lead citrate
to improve contrast (REYNoLDs 1963). Copper grids were used
to mount sections for observation using transmission electron
microscopy (Zeiss EFTEM Libra 20, Germany).
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DNA extraction, PCR and sequencing. DNA was extracted
from cultures using the G—spin™ Genomic DNA extraction
kit for bacteria (iNtRON Biotechnology Inc., Seongnam,
Korea) following the manufacturer’s protocols. The quality of
extracted DNA was determined using a Thermo Scientific™
NanoDrop™ Quawell UV Spectrophotometer Q3000 for 1.5
pg.ml ' between 12 and 24 h. To obtain an approximately
1000 bp fragment size of the 16S rRNA gene, the sequences
were amplified using the polymerase chain reaction (PCR)
and primer pairs 2 (5’ — GGG GGA TTT TCC GCA ATG
GG-3")and 3 (5~ CGC TCTACCAACTGAGCTA-3")
(Boyer et al. 2001). Primers ITSCYA236F (5’ — CTG GTT
CRA GTC CAG GAT —3”) and ITSCYA225R (5"~ TGC AGT
TKT CAA GGT TCT-3’) were used to amplify the ITS region
(VALERIO et al. 2009). The PCR reactions were carried out in a
25 pl final volume consisting of 12.5 pl of MyTaq™ Red Mix
(Meridian Bioscience, Cincinnati, OH, USA), 1 pl, each, of
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forward and reverse primers, 2 pL of DNA template, and 8.5
ul of milli-Q. A negative control was prepared using a reac-
tion tube consisting of all the reaction ingredients excluding
the DNA template. PCR reactions were performed in 200 pl
reaction tubes using the BioRad T100 thermal cycler or the
Major Science Major Cycler thermal cycler. The following
thermal cycling parameters were used: 95 °C for 3 min; 94
°C for 1 min, 58 °C for 1 min (30 s at 55 °C for ITS), 72 °C
for 2 min (30 s for ITS), repeated for 30 cycles; a final exten-
sion of 72 °C for 7 min and a storage step at 4 °C. Once the
reaction was complete, the integrity of the PCR product was
verified using 2% agarose gel. PCR products were sequenced
at NHK Bioscience Solutions Sdn. Bhd. (Korea) using the
Sanger sequencing method and the same primer pair used for
PCR reactions.

The extracted DNA was also screened by PCR for the
presence of genes coding for microcystin (MCY), nodularin

Fig. 1. Colony morphology of Desmonostoc cockrellii sp. nov. after 1-4 weeks incubation on nitrogen—free agarized medium, with visible gas
bubble formations (arrowheads): (a) isolate PHNL1; (b) isolate PHNL?2; (c) isolate PHNL3; (d) isolate PHNL4. Scale bars 1 cm.
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(NOD), cylindrospermopsin (CYN), anatoxin (ATX), and
saxitoxin (STX) production. Amplification of toxin genes was
as follows: mcyE gene (MCY producers) using the primer set
mcyE—F2 and mcyE—R4 (RANTALA et al. 2006); ndaF gene
(NOD producers) using the primers HEPF/HEPR (JUNGBLUT
& NEILAN 2006); the polyketide synthase (PKS) gene and
sulfotransferase gene cyr] (CYN producers) using the prim-
ers M4/M5 (ScHEMBRI et al. 2001) and cynsulfF/cylnamR
(MiHALI et al. 2008), respectively; the anaF and anaC genes
(ATX producers) using the primers atxoaf/atxar (BALLOT et al.
2010) and anxgen—F/anxgen—R (RANTALA-YLINEN et al. 2011),
respectively; and the sxt gene (STX producers) using the primer
pair sxtaf and sxtar (AL-TEBRINEH et al. 2010). DNA templates
from strains which were previously confirmed to be microcystin
(Microcystis aeruginosa FSS—164), nodularin (/ningainema
pulvinus ES0614), cylindrospermopsin (Raphidiopsis racibor-
ski FSS—127), anatoxin (Anabaena UHC0054) or saxitoxin
(Dolichospermum circinale FSS—124) producers were used
as positive controls.

Phylogenetic analysis. The chromatograms were examined,
edited, and manually trimmed using the Geneious 11.0 software
package (http://www.geneious.com, (KEARSE et al. 2012).
Sequence alignments were made using the MUSCLE algorithm
in the Geneious 11.0 software using sequences of our isolates,
along with published sequences of Nostoc sensu stricto and
closely related Nostoc—like genera retrieved from GenBank.
The dataset for phylogenetic analyses consisted of 130 op-
erational taxonomic units (OTUs) and included one outgroup
taxon, Chroococcidiopsis thermalis PCC7203 (AB039005).
Phylogenetic trees were constructed using Maximum Likelihood
(ML) and Bayesian Inference (BI) methods. The best-fit
model of DNA substitution was determined using the program
Kakusan 4 prior to analysis (TANABE 2007). ML analysis was
performed using W-IQ-TREE (http://iqtree.cibiv.univie.ac.at)
(TriFmnoPoULOS et al. 2016). The analysis used the general
time—reversible invariant—sites (GTRI) nucleotide substitution
model with the default parameters. Bootstrap proportions were
calculated (1000 replicates) to assess the robustness of each
node. BI analyses were performed with the program MrBayes
v3.2.6 (RoNQuIST & HUELSENBECK 2003) using the GTR + 1+
G model. Two independent analyses, each consisting of four
Markov chains, were run simultaneously for 1,500,000 genera-
tions, sampling every 200 generations. A burn in of 25% of
saved trees was removed, and the remaining trees were used
to calculate the Bayesian posterior probability values. ML
and BI trees were edited using the program FigTree v1.4.4
(RamBAUT 2018).

The uncorrected p—distance based on 16S rRNA gene
and ITS sequences was assessed using MEGA version 11
(TamuRa et al. 2021). Percentage similarity for the 16S rRNA
gene was calculated using the formula: % = 100 x (1-p). In
addition, the secondary structures of Box—B and V2 helices
found in the 16S-23S rRNA ITS region were predicted us-
ing RNAstructure version 6.0 (REUTER & MATHEWS 2010).
Alignment of the ITS region was conducted using Geneious
Prime software with operons containing tRNA genes.

Fatty acid composition analysis. Dried biomass collected
during the stationary phase after 21 days in liquid medium
was used for lipid extraction (modified from BLIGH & DYER
1959). A mixture of 1:2 (v/v) chloroform and methanol was
added to the dry biomass and sonicated for 20 min. This was
left in a fume hood to sediment overnight. Then, a mixture of
1:1 (v/v) distilled water and chloroform was added to give a
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final methanol: chloroform: water ratio of 1:1:0.5 (v/v) before
sonicating for another 10 min. This was centrifuged (1200 xg)
for 2 min to generate a separate lipid phase. Samples of lipids
were sent to MYCO2 Sdn Bhd, Penang, Malaysia, for lipid
analysis following the method described by the American Oil
Chemists Society AOAC 996.06 (HORWITZ & LATIMER 2005).
Fatty acid composition was expressed as relative percent weight
(% dwt.) of total FAMEs.

RESULTS

Morphological characteristics

The four isolates obtained from The Habitat Penang Hill
shared similar growth morphologies. On agar plates, gas
bubbles were frequently formed within colonies. Minute
colonies grew scattered around larger colonies. These
later developed into larger, initially hemispherical, then
amorphous colonies, with smooth, lobate, or undulate
margins, and convex, umbonate, or pulvinate eleva-
tions (Fig. 1). In fresh, nitrogen—free liquid medium,
the cultures began as loose agglomerations, eventually
forming several spherical masses up to 3 mm in diameter,
occasionally accompanied by thin curled—up sheets.
Patchy, irregular films were observed adhering to the
bottom of the flasks.

Other common features among the isolates were
flexuous or entangled filaments, olive—green to blue—green
vegetative and specialized cells (akinetes and heterocytes)
and the development of akinetes in long chains between
heterocytes. Overall, the cell shapes were quite consistent
among isolates, but variations in cell dimensions were
evident (Table S1). The vegetative cells were wider in
isolate PHNL2 and longer in PHNL1 and PHNL2 (but
shorter than PHNL1). Intercalary heterocytes of PHNL1
were longer than those of other isolates and PHNL2 had
larger terminal heterocytes (longer and wider). PHNL3
and PHNL4 shared almost identical vegetative cell
dimensions. PHNL4 also had shorter but slightly wider
akinetes than the other isolates.

Desmonostoc cockrellii B.C.G. Lim, Y.L. Choi et F.
Merican sp. nov. (Figs. 1-3)

Description: Thallus macroscopic, olive—green or
blue—green to yellowish—green. Gas—filled bubbles
(3.4-10.0 mm in diameter) frequent within colonies of
1-to 4—week—old cultures (Fig. 1). Filaments 4.6-7.5 pm
wide. Sheaths individual or communal, colourless, thin,
firm or diffluent. Trichome olive—green to blue—green,
uniseriate, isopolar, always constricted at cross—walls,
flexuous, kinked, sometimes entangled or coiled, densely
or loosely aggregated into macrocolonies, up to 300—
celled, aggregated in communal sheath (Fig. 2a), later
with sheath compartmentalization (Fig. 2b). Vegetative
cells barrel-shaped, = isodiametric, longer or shorter
than wide, 3—7 pm x 3.5-6.6 um. Apical cells blunt
and round. Intercalary heterocytes spherical, ellipsoidal,
4.2-9.6 (10.3) um x 4-7.1 pum, up to three in series.
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Fig. 2. Morphology of Desmonostoc cockrellii sp. nov.: (a) spherical microcolony of densely entangled filaments; (b) a large colony with com-
partmentalised sheath; (c—e) akinete germination (arrow) and its subsequent divisions (arrowheads and double arrowhead pointing to terminal
and intercalary heterocyte, respectively); (f) the release of a trichome from its colony (arrowhead pointing to terminal heterocyte); (g) kinked
trichome with diffluent sheath (arrow); (h) apoheterocytic akinete development with acute bending of trichome by akinete pairs as indicated by
arrows (double arrowheads pointing to intercalary heterocytes); (i) distinct, large akinetes in one year—old cultures; (j) akinetes with central or
peripheral granule; (k) motile hormogonia. Scale bars 20 pm.
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Terminal heterocyte spherical, oval, cap—shaped in small
colonies, 3.7-7.6 (8.1) um x 3.3—7.1 pm. Germination
of akinete into two vegetative cells (Fig. 2c), growing
into cylindrical, elongated grape—like clusters (Fig. 2d),
subsequently forming rounded ensheathed colonies with
densely packed trichomes (Fig. 2¢), each developing a
larger colony with a densely entangled trichome (Fig.
2f1), later untangling into kinked trichome within difflu-
ent sheath (Fig. 2g). Akinetes arise apoheterocytically
in series of 10 to 40 cells, often with one to two pairs
of akinetes causing conspicuous or subtle acute bend-
ing of the trichome (Fig. 2h), eventually cells in the
entire trichome successively differentiate into akinetes.
In cultures of less than 3 months, akinetes olive—green
to blue—green, ellipsoidal, rarely spherical, sometimes
elongated, heavily granulated, smooth, wall colourless,
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slightly or distinctively larger than vegetative cells, (3)
5-9 (10) pm x 4.5—7.7 um; akinetes large, spherical, or
irregular—shaped in 3— to 6-month—old cultures (Fig.
2i), 7-23 pm x 6.5-19 pm when in chains, 6-12 um
in diameter when solitary, sometimes with a small- to
medium-sized granule located peripherally or centrally
(Fig. 2j). Reproduction by akinetes as described above,
or by fragmentation of trichomes at necridic cells to
form hormogonia. Hormogonia short, of 2—10 cells
(Fig. 2k), usually with creeping motion, tapering of the
apex rarely observed. Thylakoids with formations of
hemispherical and spherical loops resembling fascicles,
in an undulating arrangement (Fig. 3a, b), or irregularly
distributed (Fig. 3c, d).

Holotype: PHNLI (dried cultured material, preserved

Fig. 3. Ultrastructure of Desmonostoc cockrellii sp. nov.: (a, b) undulating, coiling, wavy fascicles of thylakoid membranes in vegetative cells;
(c, d) akinetes with thylakoid membranes irregularly distributed throughout the cell volume. Scale bars 1 pm.
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in a metabolically inactive state), collected on 20 April
2020 by F. Merican, is deposited in the herbarium of the
School of Biological Sciences, Universiti Sains Malaysia,
Penang, Malaysia. Herbarium number: USMP 12364.
Type locality: 05°25'32.715"N, 100°16'7.34"E. Isolated
from algal assemblages collected from boulders along the
trails in The Habitat Penang Hill, UNESCO Biosphere
Reserve, Penang, Malaysia.

Habitat: Subaerophytic and terrestrial.

Etymology: The species is named after Reza Cockrell,
co—founder and Director of The Habitat Foundation.
Reference strain: PHNLI1 culture maintained in Universiti
Sains Malaysia, Penang, Malaysia.

Materials analyzed: isolates PHNL1, PHNL2, PHNL3
and PHNLA4.

GenBank accession numbers: PQ466560-PQ466563
(16S rRNA) and PQ466568-PQ466571 (ITS).

Diagnosis: This species is morphologically distinguish-
able from other Desmonostoc species due to its formation
of gas bubbles within colonies, larger size of akinetes
and the acute bending of its trichome caused by akinete
pairs during apoheterocytic development. Phylogenetic
analysis using the 16S rRNA gene revealed that this spe-
cies formed a distinct cluster in the clade of Desmonostoc
sensu stricto, distant from other Desmonostoc taxa. The
significant differences in length and structure of the
secondary structures of the ITS region also supported
the establishment of this new species.

Phylogenetic relationships with other strains

The phylogenetic trees inferred from partial 16S rRNA
gene sequences using ML and BI approaches yielded
similar topologies, and only the ML tree is presented
(Fig. 4). Isolates PHNL1, PHNL2, PHNL3 and PHNL4
were placed within the Desmonostoc sensu stricto clade
(Fig. 4). They were genetically identical and formed an
independent lineage within the clade, with 100% boot-
strap support and posterior probability of 1.00 (Fig. 4).
The percentage similarity among the 16S rRNA gene
sequences was also analysed (Table S2). The p—distance
based on 16S rRNA gene sequences showed that the
four isolates shared 100% similarity with each other and
96.7-98.6% similarity with other Desmonostoc species
(excluding D. vinosum) in the phylogenetic tree.

The domains Box—B and V2 were identified
from the 16S—23S rRNA ITS region and their second-
ary structures were also predicted. The alignment of the
ITS sequences showed that the lengths of Box—B and
V2 helices were conserved among the four isolates but
varied considerably from those of other Desmonostoc
species. Overall, the Box—B helices varied considerably in
length, ranging from 28 to 54 nt (Table S3). The Box-B
helix of our isolates (30 nt long) presented a basal clamp
consisting of a 5-bp helix (5’ -CAGCA-UGCUG-3’),
followed by a 3:3 base basal bilateral bulge, a 5—bp stem
(5 -UGACA-UGUCA- 3’) and, finally, a terminal
loop containing four bases (GUGG) (Fig. 5). Although
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similar to that of D. caucasicum MZ—-C154, close inspec-
tion revealed that the Box—B helix of D. caucasicum
MZ-C154 was 28 nt long, in addition to having a 4—bp
stem following the basal bilateral bulge, and a terminal
loop with slightly different base sequence (GAGA). The
V2 helices of the Desmonostoc species included in this
analysis showed dissimilarities in terms of both second-
ary structure (Fig. 6) and length, ranging from 23 to 81
nt (Table S3). The V2 helix of our isolates comprised a
10-bp helix basal clamp, followed by a 2:2 base basal
bilateral bulge and then by a 2:3 base bilateral bulge,
the latter connected by a 11-bp stem with a side loop
with a single adenine base on the 5’ side, followed by
a 3:3 base subterminal bilateral bulge and a terminal
loop containing four bases (AUAA). The data from this
polyphasic analysis also support the erection of a new
Desmonostoc species.

Molecular screening of toxin—encoding genes
Genes encoding nodularin, microcystin, saxitoxin, ana-
toxin or cylindrospermopsin were not detected.

Fatty acid profiling

D. cockrellii sp. nov. produced 14 different fatty acids,
ranging in length from 4 to 22 carbon atoms. However,
there were differences amongst the four isolates based
on their presence, absence and percentage composition
(Table S4). SFAs (53.7-77.5% dwt.) predominated over
MUFAS (8.6-22% dwt.) and PUFAs (13.9-24.3% dwt.)
in all four isolates. The most abundant fatty acids were
4:0 butyric acid (6.7-22.2% dwt.), 16:0 palmitic acid
(11.3-32.1% dwt.), 18:1n9c¢ oleic acid (8.6-22.0% dwt.),
18:3n6 y—linolenic acid (2.3-18.5% dwt.) and 22:6n3
cis—4,7,10,13,16,19—docosahexanoic acid (4.5-13.1%
dwt.). The saturated fatty acids 8:0 caprylic acid, 11:0
undecanoic acid, 14:0 myristic acid, 18:0 stearic acid,
20:0 arachidic acid, 22:0 behenic acid, 23:0 tricosa-
noic acid, and 24:0 lignoceric acid, together with the
monounsaturated fatty acids 14:1 myristoleic acid, 15:1
cis—10—pentadecanoic acid, 16:1 palmitoleic acid, and
24:1 nervonic acid were not detected in any of the isolates.

DiSCUSSION

The 16S rRNA gene phylogenetic tree placed the iso-
lates within the Desmonostoc sensu stricto clade as
a distinct and strongly supported cluster (Fig. 4). As
recommended by MisHRA et al. (2021), we integrated
representative sequences of true Nostoc members and
all closely related Nostoc—like genera currently known
in order to avoid premature conclusions of classification.
Desmonostoc cockrellii sp. nov. is clearly distinct from
members of the genus Nosfoc and is phylogenetically
distant from all other Nostoc—like genera. It also showed
16S rRNA gene sequence similarity (96.7-98.6%) with
other Desmonostoc species below the accepted threshold
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Chroococcidiopsis thermalis (AB039005)

Fig. 4. Maximum likelihood phylogenetic tree based on partial 16S rRNA gene sequences (1536 base pairs). Maximum likelihood bootstrap
support values (>90%) (left) and Bayesian inference posterior probabilities (>0.90) (right) are shown on the branches. Asterisks indicate 100%
bootstrap support and/or 1.00 posterior probabilities.
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Desmonostoc cockrellii PHNLI, 2, 3, 4

D. meilinense CSM 017-N, 018-N1

D. debaoense CSM 005-N1

D. caucasicum MZ-C154

D. lechangense CF01
D. alborizicum 1387

99

D. xianhuense CSM 008-B, 009-B, 010-B
D. geniculatum HA4340-LM1 clone 37D

D. danxiaense CHAB5868, CHAB5869

Fig. 5. Secondary structures of Box—B helices of different Desmonostoc species.

value of 98.7-99.0% used for discriminating between
species of cyanobacteria (STACKEBRANDT & JONAS 2006;
YARrZA et al. 2014). Our phylogenetic analyses, therefore,
support the erection of a new species of Desmonostoc.
The 16S-23S rRNA ITS secondary structure is an effec-
tive and reliable genetic marker used in cyanobacterial
taxonomy to differentiate species within a genus (ITEMAN
et al. 2000; BOYER et al. 2001; MALTSEVA et al. 2022).
The erection of D. cockrellii sp. nov. is further supported
by the percent dissimilarity values of the ITS sequence

alignment (Table S5) and distinct folding patterns of the
Box—B and V2 helices. Generally, strains with <4% dis-
similarity (p—distance <0.04) are considered to represent
the same species, while dissimilarity of >7% (p—distance
>(0.07) supports separation of cryptic species within a
genus (BoHUNICKA et al. 2015; PEcUuNDO et al. 2021).
Strikingly, the isolates studied here presented a range
of 12.6-41.8% dissimilarity from those Desmonostoc
species with ITS sequences available from GenBank
(Table S5).
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Morphologically, the four isolates had typical Desmonostoc
characteristics of agglomeration of filaments forming
macrocolonies, diffluent mucilage enveloping long chains
of akinetes and long filaments with barrel-shaped and
mostly isodiametric vegetative cells. The production
of akinetes up to three times larger than those of other
Desmonostoc species was a distinctive feature of D.
cockrellii sp. nov. (Table S6). The acute bending of its
trichome (Fig. 2h) also resembled the morphology of that
among the hormogonia of Mojavia pulchra Rehakova et
J.R. Johansen (REHAKOVA et al. 2007). The distinction
between these two species was that this feature was
brought about by pairs of akinetes during the apohet-
erocytic development of D. cockrellii sp. nov., whereas
widening of intercalary cells caused the acute bending of
the hormogonia of the M. pulchra. A prominent feature
of D. cockrellii sp. nov. was the formation of gas bubbles
within colonies on agarized medium, a trait shared by
Nostoc indistinguendum CM1-VF10 Rehakova et J.R.
Johansen (REHAKOVA et al. 2007). Bubbles formed
within a week in D. cockrellii sp. nov. whilst those in N.
indistinguendum took three months. Although both are
subaerophytic, D. cockrellii sp. nov. differs ecologically
from N. indistinguendum as the latter was described from
the sandy soil of Mojave desert (REHAKOVA et al. 2007).
Colony morphology of D. cockrellii sp. nov. is unknown
in the field as they were not directly observed during
sample collection. While morphological comparisons
of natural populations and laboratory—grown cultures
should ideally form part of the species identification
process (HENTSCHKE & SANT’ANNA 2015; SINGH et al.
2016), rare representatives of an algal consortia are often
masked by other dominant groups.

The fatty acid profiles varied across the four
isolates of D. cockrellii sp. nov., while clearly differing
from those of other heterocytous cyanobacteria (SHUKLA
et al. 2012; ANAHAS & MURALITHARAN 2015, 2018;
ALVARENGA et al. 2018; MALTSEVA et al. 2022). They ex-
hibited high levels of SFAs (53.7-77.5%) and low levels
of PUFAs (13.9-24.3%), similar to those of D. muscorum
MBDU105 (Table S4). The presence of 16:0 palmitic acid
in the new species is consistent with heterocytous strains
isolated from saline water (ALVARENGA et al. 2018), soil
(MALTSEWA et al. 2022), freshwater habitats and plant hosts
(SHUKLA et al. 2012; ANAHAS & MURALITHARAN 2015,
2018). Although the palmitic acid content varied between
isolates (11.3—24.8% dwt.), it was still within the range
of that in most of the reported strains (13.0-38.5% dwt.)
(ANAHAS & MURALITHARAN 2015, 2018; ALVARENGA et
al. 2018; MALTSEvA et al. 2022), with the exception of
those reported by SHUKLA et al. (2012), i.e. Anabaena
spp., Nostoc spp. (<9% dwt.). This may indicate the
influence of cultivation conditions and nutrient avail-
ability, as previously reported for fatty acid composition
in cyanobacteria (YADAv et al. 2021). The greater 4:0
butyric acid content in isolates PHNL3 (20.7% dwt.)
and PHNL4 (22.2% dwt.) was considerably higher than
that of D. muscorum MBDU105 (0.75% dwt.) and other
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closely related heterocytous cyanobacteria (<6.75% dwt.)
(ANAHAS & MURALITHARAN 2015, 2018). The enrichment
of 13:0 tridecanoic acid in isolate PHNLI1 (28.2% dwt.)
was notable compared to that of our other isolates (0-7.7%
dwt.) and those of D. muscorum MBDU105 (0.57%
dwt.) (ANAHAS & MURALITHARAN 2018) and Anabaena
variabilis (4.08-5.64% dwt.) (EL SHAFAY et al. 2021). The
quantitative differences of fatty acid content in different
strains within the same species has been addressed in
earlier reports (MUHLING et al. 2005; STAMENKOVIC et al.
2020; MALTSEV & MALTSEVA 2021) and posited to derive
from genetic drift and mutations (MUHLING et al. 2005).
Furthermore, the biochemical profile of microalgae can
be influenced by the environmental conditions of their
natural habitats, as demonstrated by the build—up of
photoprotective compounds such as hexadecatrienoic
acid and o—linolenic acid in desmid strains inhabiting
shallow freshwater (STAMENKOVIC et al. 2020). Thus,
the genetic foundation of the fatty acid composition may
potentially be impacted by the varying degrees of shading
and exposure to different light intensities along the trails
from which the new species was sampled (MUHLING et
al. 2005; STAMENKOVIC et al. 2020).

The presence or absence of specific fatty acids
have been demonstrated to provide useful chemotaxo-
nomic markers for classifying cyanobacterial strains at
the genus or species level (GUGGER et al. 2002; MUHLING
et al. 2005; SHUKLA et al. 2012). GUGGER et al. (2002)
demonstrated that several fatty acids played a significant
role in generic differentiation, such as the presence of
large amounts of 16:0 palmitic acid in Calothrix marchica
PCC7714 and the presence of 18:0 iso—stearic acid and
18:3w6,9,12¢ linolenic acid in Microcystis strains. The
presence of 16:1w5c¢ and 16:1w7c¢ palmitoleic acids,
and the absence of 16:1w9¢ palmitoleic acid and 16:0
anteisohexadecanoic acid, in Nostoc sp. 152 allowed the
discrimination of this strain from other Nostocales strains
belonging to the genera Aphanizomenon, Anabaena,
Cylindrospermum and Calothrix (GUGGER et al. 2002).
The presence of 14:0 myristic acid in hepatotoxic strains
of Anabaena and Nostoc was also considered as a taxo-
nomic biomarker, separating them from non—toxic strains
without that particular fatty acid (GUGGER et al. 2002). In
addition, the lack of y—linolenic acid in Spirulina strains
allowed MUHLING et al. (2005) to distinguish them from
Arthrospira strains containing y—linolenic acid. Some
fatty acids like 14:0 myristic acid, 18:0 stearic acid and
16:1 palmitoleic acid were not found in D. cockrellii
sp. nov. despite being commonly reported for D. mus-
corum MBDU105 (ANAHAS & MURALITHARAN 2018)
and strains of Calothrix (ANAHAS & MURALITHARAN
2015), Nostoc and Anabaena (GUGGER et al. 2002;
SHUKLA et al. 2012; ANAHAS & MURALITHARAN 2015,
2018). Other fatty acids, namely 12:0 lauric acid, 15:0
pentadecanoic acid, 17:1 cis—10-heptadecanoic acid
and 18:2n6c¢ linoleic acid, were detected only in small
amounts in some isolates, as also noted in D. muscorum
MBDU105 and other heterocytous cyanobacterial strains
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(Anabaena spp., Nostoc spp., Dolichospermum spiroi-
des MBDU 607 and Tolypothrix tenuis MBDU 609)
(ANAHAS & MURALITHARAN 2018). The content of 20:3n6
cis—8,11,14—eicosatrienoic acid in isolate PHNL2 was
11% dwt., in contrast to other heterocytous strains which
contained negligible quantities (<2.41% dwt.) (ANAHAS
& MURALITHARAN 2018). From the data obtained in the
current study, we suggest that 14:0 myristic acid, 18:0
stearic acid, 16:1 palmitoleic acid, 18:2n6c¢ linoleic acid
and 20:3n6 cis—8,11,14—eicosatrienoic acid could offer
potential as chemotaxonomic markers, but it would be
helpful to explore this potential further using a broader
diversity of isolates in future polyphasic taxonomic
studies, because only a limited number of Desmonostoc
and other Nostoc—like specimens has been subjected to
fatty acid analyses (ALVARENGA et al. 2018; ANAHAS &
MURALITHARAN 2018; MALTSEVA et al. 2022).

Limited information is available on the diversity
of nostocacean cyanobacteria in Malaysia’s subaerophytic
environments. The discovery of Desmonostoc cockrellii
sp. nov. represents the first novel Desmonostoc species
described from The Habitat Penang Hill, and expands
knowledge of the tropical biogeography of this genus.
We suggest that future targeted studies and the applica-
tion of polyphasic taxonomy will increase knowledge

of the diversity of this group.
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