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a  b  s  t  r  a  c  t

Nostocacean  cyanobacteria  are  one  of  the  important  components  of  paddy  fields  due  to their  ability  to
fix atmospheric  nitrogen  and  supply  phytohormones  for crop  growth.  In this  study,  13  Nostoc  strains  iso-
lated from  paddy  soils  in  Vietnam  were  classified  using  a polyphasic  approach.  The  results  showed  a high
diversity of  the  isolated  strains  that  represented  seven  morphotypes  corresponding  to  five genotypes,
eywords:
yanobacteria
olyphasic approach
hylogeny
ostocaceae
ioactivity

with  16S  rRNA  gene  sequence  similarity  values  ranging  between  94.97–99.78%  compared  to  the  available
sequences  from  GenBank.  Bioassay  assessment  revealed  that  11  out of  13  strains  possessed  antibacterial
activities,  three  of  which  exhibited  cytotoxic  activities  on  MCF7  and  HCT116  cells with  an  IC50 rang-
ing  from  47.8  �g mL−1 to 232.0  �g  mL−1.  Interestingly,  strains  with  identical  16S rRNA  gene  sequences
displayed  different  antibacterial  and cytotoxic  activity  profiles.

©  2017  Elsevier  GmbH.  All  rights  reserved.
ntroduction

Cyanobacteria are a special photoautotrophic group of organ-
sms that possess both atmospheric CO2 and N2 fixation capacity.
ndependently of organic carbon and nitrogen sources, they can
ccur in all types of habitats, even in extreme environments such
s hot springs, deserts, and in the Antarctic. The incredible variety
f niches inhabited by cyanobacteria are attributed to their diver-
ity and ability to produce a large number of defensive metabolites
41,42]. To date, a huge number of bioactive compounds, includ-
ng phenolics, alkaloids, terpenoids, steroids, polyketides, peptides,
hytohormones and halogenated compounds, have been discov-
red from cyanobacteria [32,44]. Thus, cyanobacteria have been
Please cite this article in press as: H.T.L. Pham, et al., Diversity and bio
in Vietnam, Syst. Appl. Microbiol. (2017), https://doi.org/10.1016/j.sya

onsidered as a potential source for drug development [8,12]. So
ar, most of the isolated compounds were derived from cyanobac-
erial strains in Europe and America, as opposed to those from Asia,

� Partial 16S RNA gene sequences are available in GenBank under accession num-
ers  KY818310–KY818314.
∗ Corresponding author at: VNU University of Science, 334 Nguyen Trai, Thanh
uan, Hanoi, Vietnam.

E-mail addresses: luonghang@hus.edu.vn, pham.hang@uni-greifswald.de
H.T.L. Pham).

ttps://doi.org/10.1016/j.syapm.2017.08.001
723-2020/© 2017 Elsevier GmbH. All rights reserved.
have been suggested as promising sources for finding new entities
[49].

In Vietnam, cyanobacteria are frequently found in lakes, ponds
and, especially, rice fields. They have mainly been utilized as
biofertilizers for rice and crops due to their nitrogen fixing abil-
ity rather than as producers of bioactive compounds. However,
recently, some novel compounds, such as carbamidocyclophanes
A–E [6] and nhatrangins A–B [9], have been discovered from
Vietnamese cyanobacteria. In another study, following investi-
gation of 14 cyanobacterial strains from Vietnam, it was found
that Nostoc sp. CAVN2 could produce over 60 cyclophane-like
compounds. Among these, five compounds were new carbamido-
cyclophanes that exhibited potent antimicrobial activity against
methicillin-resistant Staphylococcus aureus [36]. These studies have
demonstrated that cyanobacteria from Vietnam could represent a
potential source of novel bioactive compounds with pharmaceuti-
cal importance.

The Nostocaceae represent a large family consisting of
unbranched filamentous cyanobacteria (isopolar or heteropolar)
with special prominent cells (heterocytes, akinetes). This family is
activities of nostocacean cyanobacteria isolated from paddy soil
pm.2017.08.001

a challenging group for classifying into monophyletic genera, and
thus many genera have been arguably designated as polyphyletic
[27,41]. In the past, taxonomic classification of cyanobacteria
was based solely on morphological characteristics, which has

https://doi.org/10.1016/j.syapm.2017.08.001
https://doi.org/10.1016/j.syapm.2017.08.001
http://www.sciencedirect.com/science/journal/07232020
http://www.elsevier.de/syapm
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mailto:pham.hang@uni-greifswald.de
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een considered inefficient for modern taxonomy because many
orphology characters could be altered under different growth

onditions [28]. Moreover, a number of taxa have been delimited
ased on slight morphological differences (e.g. sheath characteris-
ics, a slight derivation in cell dimensions or filaments) that did not
lways coincide with the variability of 16S rRNA gene sequences
24,41]. To address these limitations, Hoffmann et al. [18] proposed
he polyphasic approach in which genetic characterization would
ecome a primary criterion in combination with morphological and
cological analyses. Based on this approach, evolutionary related-
ess has led to the successful classification of many nostocacean
trains from diverse habitats, such as freshwater bodies in Belgium
nd Luxembourg [54], thermal springs in Greece [5] and mangroves
n Brazil [43]. This approach has also been used to redefine the tradi-
ional genus Nostoc into the core Nostoc clade (Nostoc sensu stricto)
nd to introduce new genera to accommodate phylogenetically
oherent lineages [16,20,27].

To date, the polyphasic approach has been considered to
e a unique and fully acceptable methodological procedure for
btaining a correct taxonomic classification of cyanobacteria [25].
espite the numerous studies on either the molecular phylogeny

7,14,22,24,31,34,37] or bioactivities [13,19,21] of nostocacean
yanobacteria, the relationship between phylogenetic relatedness
nd the ability to produce bioactive compounds among the strains
as not been sufficiently addressed. Therefore, in this study, the
iversity of cyanobacteria isolated from paddy fields in Vietnam
as studied using 16S rRNA gene sequences, and their ability to

roduce bioactive compounds was investigated and compared.

aterials and methods

ampling sites

Paddy soil samples were collected from the Phu An, Phu Duong,
hu Ho, and Phu My  communes in Phu Vang district, Thua Thien
ue province, Vietnam (between 16◦37′–16◦55′N latitude and
07◦56′–107◦72′E longitude) from February 2012 to November
013. Soil samples were taken from three different positions at each
tudy site.

yanobacteria isolation

In the laboratory, each soil sample was suspended in liquid BG11
edium [39], and 5 mL  of the suspension was subsequently applied

o a sterilized filter paper placed in a Petri dish. All Petri dishes were
ncubated under white fluorescent irradiation (10 �mol  m−2 s−1)
or 2 weeks in order to obtain growth of cyanobacteria. Single
olonies of cyanobacterial strains were isolated using an agar plate
preading technique [2]. Axenic strains were obtained by treatment
f the culture with 10 �g mL−1 augmentin (four parts amoxicillin
rihydrate: one part potassium clavulanate; Sigma–Aldrich, USA).
fter antibiotic treatment, either cyanobacterial cells or culture
edia were spread onto Luria–Bertani agar medium (Sigma-

ldrich, USA) to confirm the absence of heterotrophic bacteria. All
xenic strains were deposited in the cyanobacteria culture collec-
ions of the Faculty of Biology, VNU University of Science, Hanoi
nd the Institute of Biotechnology, Hue University, Vietnam.

orphological characterization

Morphological examination was carried out using Olympus
K40 and Nikon Eclipse 551 microscopes equipped with digital
Please cite this article in press as: H.T.L. Pham, et al., Diversity and bio
in Vietnam, Syst. Appl. Microbiol. (2017), https://doi.org/10.1016/j.sya

ameras. Photographs were taken from cultures in the exponential
hase of cyanobacterial growth.

The cell dimensions (length and width of vegetative cells,
eterocytes and akinetes) of different filaments of each axenic
 PRESS
d Microbiology xxx (2017) xxx–xxx

strain were measured from both live and preserved materials,
and, where relevant, at least thirty morphometric measurements
were made per structure (cell and filament) and the averages were
calculated. Species identification was  carried out following the
classification system of Komárek et al. [27]. Taxonomic identifi-
cation was  based on characteristic morphological keys from the
traditional cyanobacterial taxonomy literature, such as Geitler [15],
Desikachary [11], Komaı́rek and Anagnostidis [26].

DNA extraction

Cyanobacterial cultures were grown in BG11 medium for one
week. Biomass was harvested and DNA was extracted using the
PrepMan

®
Ultra Sample Preparation Reagent (Applied Biosystems,

USA). Approximately 50 mg  of fresh biomass were added to a 1.5 mL
micro-centrifuge tube, to which 100 �L of PrepMan reagent were
added. The tube was  incubated for 5 min  at 96 ◦C. The biomass was
homogenized inside the tube using a micro-pestle. The tube was
incubated for another 5 min  at 96 ◦C, and thereafter centrifuged at
12,000 × g for 10 min. The supernatant was transferred to a new
tube diluted five times with 10 mM tris–HCl pH 8.0. This crude-
extract DNA solution was kept at -20 ◦C and was used directly as
template in PCR reactions.

PCR amplification and sequencing of 16S ribosomal RNA

Part of the 16S rRNA gene region was  amplified using primer 1
(5′-CTC TGT GTG CCT AGG TAT CC-3′) and primer 2 (5′-GGG GGA  TTT
TCC GCA ATG GG-3′) [3] that can also amplify the entire ITS region,
although the ITS sequences were not considered in this study. The
PCR reaction mixture consisted of 2.5 �L 10× PCR reaction buffer,
2.5 mM MgCl2, 200 mM of each dNTP, 0.2 mM of each forward and
reverse primers, 1 U FastStart Taq DNA Polymerase (Roche Applied
Science, Germany), 2 �L extracted DNA solution, and PCR grade
water to a final volume of 25 �L. The PCR thermal cycle consisted of
an initial denaturation step at 96 ◦C for 5 min, followed by 35 cycles
of 95 ◦C for 30 s, 55 ◦C for 20 s, 72 ◦C for 1 min, and a final extension
at 72 ◦C for 10 min. After PCR amplification, one unit of exonucle-
ase and one unit of thermosensitive alkaline phosphatase (Thermo
Fisher Scientific, USA) were added to each of the PCR products, and
the tube was then heated at 37 ◦C for 15 min  followed by 80 ◦C for
15 min. The enzyme-treated PCR products were sequenced with
primer 1 [3] and primer 6 (5′-GAC GGG CCG GTG TGT ACA-3′) [4],
which only targeted the 16S region, rather than the ITS region, of
the PCR amplicons obtained. The sequencing reactions were carried
out using the BigDyeTM Terminator 3.1 cycle sequencing premix kit
(Applied Biosystems, USA) following the manufacturer’s protocols.

Phylogenetic analyses

Consensus sequences were assembled from forward and reverse
sequencing reads using the CLC Genomics Workbench v8.0.1
(CLCBio, Denmark). BLAST searches were conducted with all
sequences obtained from this study against the GenBank nucleotide
database, from which most closely related sequences were down-
loaded and included in the subsequent phylogenetic analyses.
Additional sequences representing genera closely related to Nos-
toc, namely Desmonostoc, Halotia,  Mojavia and other related taxa,
were also downloaded and included in the analyses. A prelimi-
nary analysis was  conducted and the result was used to refine the
dataset further. Only the sequences most related to those obtained
from this study and sequences representing relevant lineages were
activities of nostocacean cyanobacteria isolated from paddy soil
pm.2017.08.001

included in the final analysis. The dataset was aligned using MAFFT
v7.221 [23], trimmed at both ends, and thereafter subjected to
maximum likelihood (ML) and Bayesian inference (BI) analyses.
jModelTest v2.1 [35] was used to determine the best fit substitu-

https://doi.org/10.1016/j.syapm.2017.08.001
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ion model. ML  analysis was performed with RaxML v8.2.9 [46], and
en runs with a GTR + G + I model and 1000 bootstrap replications
ere conducted. BI analysis was performed with MrBayes v3.2.5

40], and ten MCMC  runs were conducted using a GTR + G + I sub-
titution model. Trees were sampled every 100th generation and
uns were set to stop when the average standard deviation of split
requencies reached 0.01 or lower, and burn-in was  set to a 0.25
raction of the trees sampled.

atch cultivation and harvesting

Each axenic strain was cultivated in 500-mL Erlenmeyer flasks
ontaining 300 mL  sterile BG11 medium inoculated with 5 mL  of a
hree-week-old stock culture of the strain. All strains were grown at
4 ◦C under a 12:12 light/dark cycle with white fluorescent irradia-
ion (30 �mol  m−2 s−1). The cyanobacterial biomass was  harvested
fter 7–8 weeks by centrifugation at 6000 × g for 10 min  at 20 ◦C,
ollowed by lyophilization, and storage at −20 ◦C. For comparison of
ioactivities, all 13 strains were cultivated under identical nutrient,
emperature, and light/dark cycle conditions.

reparation of extracts

For bioactivity screening, freeze-dried cyanobacterial cells were
uccessively extracted with two organic solvents following the pro-
edure described in a previous study with minor modifications
36]. Firstly, 2 g dried biomass from each strain was homogenized
n 100 mL  ethyl acetate using a mortar and pestle, followed by
onication for 5 min  and stirring for 60 min  at room tempera-
ure. The homogenized solution was centrifuged at 5000 × g for
0 min  at 20 ◦C and the supernatant was collected by filtration. The
esidue was extracted once again with 100 mL  ethyl acetate and
ll supernatants were combined to obtain an ethyl acetate extract.
ried residue was then successively extracted twice with 100 mL
ethanol, according to the same procedure, in order to obtain the
ethanol extract. The organic solvents were removed by vacuum

otary evaporation. The dried extracts were weighed and stored at
20 ◦C until use.

ytotoxicity assays

The Sulforhodamine B (Sigma–Aldrich, USA) kit was used for
valuation of cytotoxic activity of cyanobacterial extracts. Three
ancer cell lines were used for this test, including breast adeno-
arcinoma cells (MCF7 ATCC HTB-22), colon carcinoma cells (HCT
16 ATCC CCL-247), and hepatocellular carcinoma cells (HepG2
TCC HB-8065). Cells were seeded in a 96-well microplate, with
000 cells/well in 180 �L culture medium (DMEM/RPMI 1640;
igma–Aldrich, USA) and cultivated at 37 ◦C in 5% CO2/95% air for
4 h. After the incubation period, each well was supplemented
ith 20 �L cyanobacterial extracts at a final concentration of 400,

00, 100, 50, or 25 �g mL−1. Each concentration was tested in four
arallel replicates and the experiment was repeated three times.
aclitaxel (Sigma–Aldrich, USA) was used as a positive control at
oncentrations ranging from 0.003 �g mL−1 to 30 �g mL−1. After
8 h, cells were dyed with sulforhodamine B and the optical den-
ity of the cells was measured using a Microplate Reader Model 680
Bio-Rad, USA) at a wavelength of 540 nm [52]. The IC50 values (the
oncentration of extract at which 50% of cell growth was inhibited)
ere calculated by Excel and GraphPad Prism 6.1 software.

gar diffusion assay
Please cite this article in press as: H.T.L. Pham, et al., Diversity and bio
in Vietnam, Syst. Appl. Microbiol. (2017), https://doi.org/10.1016/j.sya

Four bacterial strains, including both Gram-positive bacteria
Staphylococcus aureus ATCC 25923 and Bacillus subtilis ATCC 6633)
nd Gram-negative bacteria (Salmonella typhi ATCC 14028 and
 PRESS
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Shigella flexneri ATCC 12022), were used as test organisms. All crude
extracts were prepared at a concentration of 40 mg  mL−1 methanol
and an aliquot of 50 �L was loaded onto paper discs (Whatman
Ø6 mm).  Methanol (50 �L/paper disc) was  used as a negative con-
trol. After evaporation of methanol, the paper discs were applied to
an agar plate containing test bacteria and kept at 4 ◦C for 3 h. The
agar plate was then incubated at 37 ◦C for 24 h. The diameters of
the inhibition zones were measured over the whole zone including
the paper disc [6].

Results

Morphological characterization

The 13 isolated strains were divided into seven morphotypes
based on their shape, as well as the dimensions of the fila-
ments, vegetative cells, heterocytes and akinetes. Of the 13 strains,
seven strains, including APA4, APA5, APA9, NPA1, NPA6, APD3 and
APD4 (Figs. 1–3), were grouped into a single morphotypic group
(indicated as morphotype I) and their morphological characters
resembled the description of Nostoc calcicola Breı́bisson ex Bor-
net & Flahault [11,26]. Their trichomes were straight or slightly
curved, densely aggregated in a gelatinous layer, and the terminal
cells were usually cylindrical or rounded conical. The heterocytes
were located terminally or intercalary, and the akinetes frequently
occurred in series. However, the parameters of vegetative cells,
heterocytes, and akinetes were slightly variable (Table 1). Strains
formed dark-blue filaments, except those of APA4 and APD3 that
were light blue–green and a dull olive color, respectively.

The six remaining cyanobacterial strains were different from
each other by one or more characteristics corresponding to six
single morphotypes. The morphological characteristics of strain
APH5 were similar to those of morphotype I, despite the fact that
its trichomes were arranged in parallel as a blue mucous cluster
(Fig. 4, 36–38) [11]. Strain NPA12 formed tetraspores during sporu-
lation, similar to APA5, but the size of the vegetative cells was
1.5–2.0 times larger (Fig. 5, 47–52). Strain APH4 had a more or less
smaller trichome diameter (2–2.5 �m)  with an olive color (Fig. 5,
57–59). While APM3 had straight trichomes arranged in parallel,
its colonies were flag-shaped, 3–4 mm thick, and embedded in yel-
lowish green to yellowish brown colored mucilage (Fig. 5, 53–56).
Strain PA2 possessed a distinct sheath layer and large akinetes in
series of 5–10 (Fig. 4, 42–46). Strain NMA2 showed a clearly distinct
morphology, since it was a light blue–green color with square, short
vegetative cells, oblong heterocytes, and conical- or arrow-shaped
terminal cells. Its vegetative cells, heterocytes, and akinetes were
the smallest in comparison to all the other strains (Fig. 4, 39–41).
However, the observed morphology and morphometry of all six
morphotypes did not provide strong enough support to classify
them into any of the designated morphospecies.

Molecular phylogeny and sequence comparison

The compiled dataset of 16S rRNA gene regions included 76 taxa.
This dataset consisted of 919 characters including alignment gaps,
of which 298 were variable and 196 were informative characters.
MrBayes runs reached desired coverage after 1,580,000 genera-
tions where the average standard deviation of split frequencies was
0.009954. Phylogenetic trees obtained from ML  and BI analyses had
similar topologies. However, the Bayesian tree analysis had much
better support for many of the nodes not supported by ML  analysis.
activities of nostocacean cyanobacteria isolated from paddy soil
pm.2017.08.001

All 13 strains identified in this study corresponded to five geno-
types, and these, together with other reference Nostoc spp. from
the GenBank database, were divided into two major phylogenetic
clades (clade A and clade B) (Fig. 6). The phylogram obtained from

https://doi.org/10.1016/j.syapm.2017.08.001
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Fig. 1. 1–5. Strain APA4. 1 — Trichome with heterocyte (H) next to akinete (A). 2 — Trichome with cylindrical heterocyte. 3 — Cylindrical vegetative cells in straight trichomes.
4  — Akinetes in series in old culture. 5 — Trichomes in a mass. 6–10. Strain APA5. 6, 8 — Trichomes with akinetes. 7 — Vegetative filaments. 9 — Trichomes in a mass. 10 —
Trichomes with heterocytes. 11–14. Strain APA9. 11 — Trichomes in culture. 12 — Straight trichomes. 13 — Oval akinete. 14 — Heterocyte.
Scale bars = 10 �m.  A: Akinete; H: Heterocyte.

Fig. 2. 15–21. Strain NPA6. 15 — Trichome with heterocyte (H). 16 — Trichomes in a mass. 17– Straight trichomes. 18–21 Trichomes with heterocytes (H) and akinetes (A).
22–23.  Strain NPA1. 22 — Vegetative trichomes. 23 — Akinetes in series.
Scale bars = 10 �m.

https://doi.org/10.1016/j.syapm.2017.08.001
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Table 1
Morphological characters and geographical origin of 13 cyanobacterial strains used in this study.

Strains Thallus color Trichome features Vegetative cell (�m) Heterocyte (�m) Akinete (�m) Terminal cell (�m) Geographical origin

Width Length Width Length Width Length

APA4 Light blue–green Straight or slightly curved, densely
aggregated in gelatinous layer

2.5–5.0 3.0–8.0 6.0–7.0 8.0–9.0 8.0–10.0 9.0–12.0 Cylindrical or rounded
conical

Phu An

APA5  Dark blue–green Straight or slightly curved, densely
aggregated in gelatinous layer

2.5–3.0 3.5–4.5 6.0–7.0 7.0–8.0 5.6–6.0 6.0–9.0 Cylindrical or rounded
conical

Phu An

APA9  Dark blue–green Straight or slightly curved, densely
aggregated in gelatinous layer

2.5–3.3 2.5–5.0 3.0–6.0 3.0–6.0 6.0–6.5 6.5–7.0 Cylindrical or rounded
conical

Phu An

NPA1  Dark blue–green Straight or slightly curved, densely
aggregated in gelatinous layer

5.0–6.0 5.0–10.0 4.0–6.0 6.0–8.0 7.0–10.0 8.0–14.0 Rounded or rounded
conical

Phu An

NPA6  Dark blue–green Straight or slightly curved, densely
aggregated in gelatinous layer

2.5–3.0 5.0–7.0 4.0–7.0 4.0–7.0 5.0–7.0 7.0–10.0 Cylindrical or rounded
conical

Phu An

APD3  Olive-green Straight or slightly curved, densely
aggregated in gelatinous layer

3.0–3.5 5.0–6.0 4.0–5.0 5.0–6.0 5.0–10.0 7.0–12.0 Rounded conical Phu Duong

APD4  Dark blue–green Straight or slightly curved, densely
aggregated in gelatinous layer

2.5–3.0 3.0–4.0 3.5–4.0 4.0–5.0 5.0–8.0 5.0–9.0 Cylindrical or rounded
conical

Phu Duong

APH5  Pale blue Arranged parallel in a blue mucous
cluster

3.5–4.0 4.0–5.0 6.0–7.0 6.0–7.0 9.0–10.0 12.0–14.0 Rounded conical Phu Ho

NMA2  Light blue–green Straight or slightly curved in mucus 2.5–3.0 2.5–3.0 3.0–4.0 4.0–7.0 5.0–6.0 6.0–7.0 Conical or arrow Phu Duong
APH4  Olive color Straight or slightly curved, in mucus 2.0–2.5 4.0–5.5 4.0–5.0 4.0–5.0 6.0–8.0 6.0–8.5 Rounded, conical or

arrow
Phu Ho

NPA12  Dark blue–green Straight, in mucus 3.0–5.5 5.0–6.0–10.0 4.0–6.0 5.0–8.0 7.0–10.0 8.0–14.0 Rounded conical or
sometimes pointed
conical

Phu An

APM3  Yellowish green Straight and arranged in parallel 3.5–4.0 5.0–6.0 5.0–6.0 5.0–7.0 5.0–9.0 7.0–8.0 Rounded Phu My
PA2  Blue–green Straight 3.0–5.0 3–7–9 4.0–6.0 7.0–8.0 7.5–9.0 9.0–10 Rounded, conical or

arrow
Phu An

Note: Samples were collected from the paddy soils of four communes, including Phu An, Phu Duong, Phu Ho, and Phu My  in Phu Vang district, Thua Thien Hue province, Vietnam.

https://doi.org/10.1016/j.syapm.2017.08.001
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ig. 3. 24–29. Strain APD3. 24 — Trichomes in a mass. 25, 26. Trichomes with akine
PD4.  35 — Trichomes in a mass. 34 — Straight trichomes. 30, 32 — Trichomes with
cale bars = 10 �m.

rBayes with phylogenetic support from both ML  and BI analyses
s shown in Fig. 6.

Sequence analysis revealed that eight strains (APA4, APA5,
PA9, NPA1, NPA6, APD3, APD4, and APH5) shared 100% sequence
imilarity. Similarly, strains APH4 and NPA12 also had identical
Please cite this article in press as: H.T.L. Pham, et al., Diversity and bio
in Vietnam, Syst. Appl. Microbiol. (2017), https://doi.org/10.1016/j.sya

equences. Three additional genotype groups were identified, each
orresponding to single strain APM3, NMA2, or PA2 (Fig. 6). In total,
3 strains were divided into five genotypic groups based on 16S
RNA gene sequences with sequence similarities between these
). 27 — Straight trichomes. 28, 29 — Trichomes with heterocytes (H). 30–35. Strain
ocytes. 31, 33 — Trichomes with akinetes.

groups ranging from 93.22% to 98.58%, and sequence similarities
to the most closely related taxa in the public databases ranging
from 98.14% to 99.78% (Fig. 7).

Bioactivities
activities of nostocacean cyanobacteria isolated from paddy soil
pm.2017.08.001

Cytotoxic activity
All 26 crude extracts from 13 cyanobacterial strains were

assessed for cytotoxicity against three human cancer cell lines

https://doi.org/10.1016/j.syapm.2017.08.001
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Fig. 4. 36–38. Strain APH5. 36 — Heterocyte. 37 — Akinetes. 38 — Straight trichomes. 39–41. Strain NMA2. 39 — Straight trichomes in a mass. 40 — Trichomes with akinetes
( . Strain
a
S

M
t
A
r
e
u
4
h
w
s
c
(
A
1
o
c
a

A

a
1

A)  and heterocytes (H). 41 — Trichomes attenuated at the end or round end. 42–46
kinetes and heterocytes.
cale bars = 10 �m.

CF7, HCT116 and HepG2 at five concentrations ranging from 25
o 400 �g mL−1. The results indicated that three strains (APA4,
PA5 and APD4) exhibited cytotoxic activities with IC50 values
anging from 47.8 �g mL−1 to 232.0 �g mL−1 (Fig. 8). The high-
st inhibitory activity against MCF7 and HCT116 cells was  found
sing APD4-EtAc extract with IC50 values of 54.5 �g mL−1 and
7.8 �g mL−1, respectively. The methanol extract of the APD4 strain
ad lower cytotoxicity to MCF7 cancer cells, as well as HCT116,
ith IC50 values from 131.8 �g mL−1 to 232.2 �g mL−1. Similar to

train APA4, the ethyl acetate extract inhibited growth of HCT116
ells more strongly (IC50 109.2 �g mL−1) than the methanol extract
IC50 168.9 �g mL−1). However, only the methanol extract of strain
PA5 revealed cytotoxic activity to MCF7 cells with an IC50 value of
12.1 �g mL−1, since the ethyl acetate extract was  not active. None
f the 26 extracts prevented proliferation of HepG2 liver cancer
ells, since treated cells grew well and showed normal shape even
t the highest concentration of 400 �g mL−1.
Please cite this article in press as: H.T.L. Pham, et al., Diversity and bio
in Vietnam, Syst. Appl. Microbiol. (2017), https://doi.org/10.1016/j.sya

ntibacterial activity
Four bacteria species were used as targets for screening the

ntibacterial activities of 26 extracts prepared from the biomass of
3 cyanobacterial strains. The results showed that 14 extracts from
 PA2. 42 — Trichomes in a mass. 43 — Straight trichomes. 44 — 46. Trichomes with

11 strains inhibited growth of the bacteria tested. Among these,
two methanol extracts from strains APA5 and APD4 showed strong
activity against both Gram-negative bacteria (S. flexneri and S. typhi)
and Gram-positive bacteria (S. aureus and B. subtilis), with inhi-
bition zones ranging from 12.8 to 23.3 mm in diameter (Table 2).
Twelve methanol and ethyl acetate extracts derived from seven
strains (APA4, APA9, APD3, AHP5, NPA1, NPA6 and NMA2) had weak
to moderate activity to the tested bacteria with inhibition zones
ranging from 9.7 to 12.7 mm.  Overall, the activities were more
potent towards Gram-positive than Gram-negative bacteria, and
the methanol extracts displayed stronger activities than the ethyl
acetate extracts. In addition, the methanol extracts from APH4 and
NPA12 showed weak activity only to Gram-positive bacteria with
inhibition zones below 8.3 mm.  Neither methanol nor ethyl acetate
extracts from the APM3 and PA2 strains exhibited any inhibitory
activity towards the tested bacteria.

Discussion
activities of nostocacean cyanobacteria isolated from paddy soil
pm.2017.08.001

The combination of morphological and molecular characteri-
zation confirmed the taxonomic placement of 13 cyanobacterial
strains in the genus Nostoc sensu lato. These strains displayed a

https://doi.org/10.1016/j.syapm.2017.08.001
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Fig. 5. 47–52. Strain NPA12. 47. Trichomes in a mass. 48–52 — Trichomes with akinetes (A) and heterocytes (H). 53–56. Strain APM3. 54 — Trichomes in mucus. 53, 56 —
Straight trichomes. 55 — Trichome and akinete. 57–59. Strain APH4. 57 — Trichome with heterocytes. 58 — Trichomes with akinetes. 59 — Straight trichomes.
Scale  bars = 10 �m.

Table 2
Inhibition zones of 26 cyanobacterial extracts against Gram-positive and Gram-negative bacteria.

Group Strains Extracts Inhibition zone (mm)a

S. aureus B. subtilis S. flexneri S. typhi

Clade A APA4 APA4-EtAc 0.0 0.0 0.0 0.0
APA4-Met 12.7 ± 1.2 14 ± 1.0 11.3 ± 0.6 10 ± 1.0

APA5 APA5-EtAc 9.5 ± 1.8 9.7 ± 0.6 9.5 ± 0.5 10.3 ± 0.8
APA5-Met 16.3 ± 1.2 16.8 ± 0.8 13.5 ± 0.5 14 ± 1.0

APA9 APA9- EtAc 6.5 ± 0.5 6.8 ± 0.8 9.7 ± 0.6 0.0
APA9- Met 12.2 ± 0.3 12.7 ± 0.6 10.8 ± 0.3 9.7 ± 0.6

APD3 APD3- EtAc 0.0 0.0 0.0 0.0
APD3- Met  11.7 ± 0.6 11.0 ± 0.0 9.3 ± 0.6 10.0 ± 0.0

APD4 APD4-EtAc 0.0 0.0 0.0 0.0
APD4- Met  21.3 ± 1.5 23.3 ± 0.6 18.2 ± 0.8 12.8 ± 0.8

APH5 APH5-EtAc 0.0 0.0 0.0 0.0
APH5-Met 10.8 ± 0.3 11.7 ± 0.6 10.3 ± 0.6 11.8 ± 0.8

NPA1 NPA1-EtAc 0.0 0.0 0.0 0.0
NPA1-Met 9.7 ± 0.3 10.2 ± 0.6 9.8 ± 0.8 10.2 ± 1.3

NPA6 NPA6-EtAc 0.0 0.0 0.0 0.0
NPN6-Met 10.0 ± 1.0 11.7 ± 1.5 9.0 ± 1.0 9.3 ± 0.6

APH4 APH4-EtAc 0.0 0.0 0.0 0.0
APH4-Met 7.0 ± 0.5 7.2 ± 0.8 0.0 0.0

NPA12 NPA12-EtAc 0.0 0.0 0.0 0.0
NPA12-Met 8.3 ± 0.6 8.2 ± 1.0 0.0 0.0

APM3 APM3-EtAc 0.0 0.0 0.0 0.0
APM3-Met 0.0 0.0 0.0 0.0

PA2 PA2-EtAc 0.0 0.0 0.0 0.0
PA2-Met 0.0 0.0 0.0 0.0

Clade  B NMA2 NMA2-EtAc 9.9 ± 0.5 9.7 ± 0.8 0.0 0.0
NMA2-Met 11.0 ± 0.5 11.3 ± 0.6 0.0 0.0

N.B. Strong activities: 15 mm ≤ inhibition zones < 25 mm;  moderate activities: 10 mm ≤ inhibition zones < 15 mm;  weak activities: 6 mm ≤ inhibition zones < 10 mm;  no
activity: <6 mm;  n = 3 with two replicates; 2 mg  extract/6 mm  paper disc.

a Inhibition zone including diameter of paper disc.

https://doi.org/10.1016/j.syapm.2017.08.001
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ig. 6. Phylogram derived from Bayesian analyses of 16S rDNA sequence dataset.
as  carried out for 5 million generations, applying the GRT + G + I substitution mode

alues  greater than 70 are indicated at the nodes as BPP or BPP/ML. Scale bar indica
Please cite this article in press as: H.T.L. Pham, et al., Diversity and bio
in Vietnam, Syst. Appl. Microbiol. (2017), https://doi.org/10.1016/j.sya

igher level of phenotypic diversity than genotypic diversity (based
n 16S rRNA profiling), in which seven morphotypes were grouped

nto five genotypes. Given the limited sampling schemes used in the
tudy, this suggests a high level of diversity for Nostoc species from
nalyses were conducted for 10 independent runs using MrBayes v3.2.5, each run
esian posterior probabilities (BPP) greater than 95% and maximum likelihood (ML)
timated substitutions per site.
activities of nostocacean cyanobacteria isolated from paddy soil
pm.2017.08.001

this geographic region. Five genotypes formed two  distinct clades,
which were well supported by phylogenetic analysis of 16S rRNA
sequences. Four of the five identified genotypes were included in
clade A and one genotype belonged to clade B (Fig. 6).

https://doi.org/10.1016/j.syapm.2017.08.001
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Fig. 7. Pair-wise comparisons of number of nucleotide differences (upper diagonal) and percentage identities (lower diagonal) of the 16S gene region between isolated
strains described in this study and other related nostocacean isolates. The total alignment length was 915 bp including gap positions. For two groups of strains with identical
sequences (NPA12 = APH4, and APA4 = APA5 = APA9 = APD3 = APD4 = APH5 = NPA1 = NPA6) only one representative strain per group was included.
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ig. 8. IC50 value of several positive extracts tested for inhibition of cancer cell line
f  extract was incubated with cells for 48 h using four replicates and n = 3; mean ± S

Genotype I (similarity to other genotypes in clade A of 98.36%
 genotype II, 98.58% — genotype III, and 97.26% — genotype IV):

train APH5 and seven strains with variations in the morphologi-
al features of morphotype I were included. These strains shared
8.50% sequence similarity to Nostoc sp. PCC 9426, which was also

solated from paddy soil in Egypt [34].
Genotype II (similarity to other genotypes in clade A of 98.36% —

enotype I, 97.37% — genotype III, and 96.5% — genotype IV): despite
elonging to two different morphotypes, strains APH4 and NPA12
evealed identical 16S rRNA gene sequences, similar to the results
ound for the two morphospecies Nostoc commune VB516200 and
ostoc punctiforme VB51286, although they were classified into the

ame clades based on 16S rRNA gene sequences [24].
Genotype III (similarity to other genotypes in clade A of 98.58%

 genotype I, 97.37% − genotype II, 97.92% − genotype IV): includ-
ng strain APM3, which was grouped with strain Nostoc piscinale
ENA21 isolated from sediment in the Brazilian Amazon floodplain
14].

Genotype IV (similarity to other genotypes in clade A of 97.26%
 genotype I, 96.50% — genotype II, and 97.92% — genotype III):

ontained strain PA2, which was closely related to Nostoc sp. SAG
306, isolated from a clay soil sample in Egypt [1].

Genotype V (clade B, similarity to other genotypes in clade A of
Please cite this article in press as: H.T.L. Pham, et al., Diversity and bio
in Vietnam, Syst. Appl. Microbiol. (2017), https://doi.org/10.1016/j.sya

3.22% — 93.76%): consisted of only single strain NMA2. This strain
as classified into a different clade that also included two strains,
ostoc sp. CAVN 10 and Nostoc sp. CAVN 2, isolated from Vietnam

6,36]. These strains were also isolated from soil samples in North-
-7 = human breast adenocarcinoma and HCT116 = colon carcinoma cells. Each type

ern Vietnam, which suggests their similar ecology. However, the
16S rRNA sequence similarity between these strains was  97.48%.

Although the morphological, molecular, and habitat data of the
13 strains used in this study supported the close relationship to
Nostoc reference strains from previous studies, based on molecular
phylogeny, not all strains belonged to Nostoc sensu stricto or any
of the recently described new genera (Desmonostoc, Mojavia, and
Halotia) [16,20,38] (Fig. 6). Instead, together with other available
sequences, they formed two distinct lineages (clade A and clade B),
which might represent separate genera. However, further clarifica-
tion will need in-depth classification and consideration following
the recommendation by Hrouzek et al. [20] before any conclusion
concerning their generic identity is possible.

Together with molecular and morphological characterization,
the biological activities of intracellular extracts from 13 strains
were screened to determine any possible correlation between
the taxonomic classification and biological activity, and to eval-
uate their pharmaceutical potential. The antibacterial activities
were mostly found in extracts from strains belonging to geno-
types I and V (represented by strains NPA1 and NMA2). Extracts
from strains APM3 and PA2 did not show any inhibition activ-
ity towards test bacteria. Despite having identical 16S rRNA gene
sequences, extracts of eight strains from genotype I displayed dif-
activities of nostocacean cyanobacteria isolated from paddy soil
pm.2017.08.001

ferent antibacterial activities, and only three of them inhibited the
growth of cancer cells. These differences in biological activities
seemed to be caused by differences in the array of natural com-
pounds produced by the strains, as described previously for Nostoc

https://doi.org/10.1016/j.syapm.2017.08.001
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pp. CAVN2 and CAVN10 [36]. Although strain NMA2 resided in
he same clades with other cyclophane-producing cyanobacterial
trains, such as Nostoc spp. CAVN2, CAVN10 and UIC10022A [10],
he bioactivity of its biomass extract was noticeably weaker in com-
arison with the other strains. Primary analysis (unpublished data)
ad indicated that NMA2 did not produce any cyclophane-related
ompounds.

The genotype–chemotype relationship in cyanobacteria has
een investigated in several studies [50,55], however, only low
orrelation has been found between 16S rRNA gene sequences
nd the chemical profile in several genera, such as Lyngbya, Sym-
loca, Dolichospermum and Sphaerospermopsis.  For the first time,
he present study showed variable bioactivity of Nostoc species
trains even though they had similar 16S rRNA gene sequences.
ost probably, the gene and/or pathways responsible for producing

hese metabolites are highly variable within certain species/clades,
eading to the observed variability of the metabolic profiles [30].
hus, the bioactivity of one strain cannot be assumed based on its
6S rRNA gene sequence or its relationship to other strains in a
hylogenetic tree.

The pharmaceutical potential of cyanobacteria belonging to
he Nostoc genus has been well documented. Although the natu-
al compounds isolated from Nostoc strains have shown enzyme
nhibitor activities or antiviral activities, they have mostly exhib-
ted antibacterial and cytotoxic activities [8,12,45,48]. By testing
ractions of crude extracts prepared from cyanobacterial biomass,
rouzek et al. [19] concluded that the specific secondary metabo-

ites appearing in the extract, rather than the primary metabolites
r the whole extract itself, were responsible for cytotoxicity. To
ate, a series of strong antibacterial and cytotoxic substances,
uch as nostocyclyne A, insulapeptolide A, noscomin, borophycin,
anyaside B, nostocarboline, merocyclophane C–D, etc., have been
iscovered from the genus Nostoc [29,33]. Cryptophycins isolated

rom Nostoc sp. ATCC 53789 and subsequently from Nostoc sp. GSV
24 [17,47] have especially shown high cytotoxicity against multi-
rug resistant cancer cells and were considered as potent payloads

or antibody drug conjugates in cancer treatment [51,53]. From this
urrent study, it is worth mentioning that extracts from strains
PA4, APA5 and APD4 not only had cytotoxic activities but also
xhibited stronger antibacterial activities than those from all the
emaining strains. This result indicated that these strains could be
otential sources for isolation of substances with pharmaceutical
otential.

In conclusion, 13 cyanobacterial strains from soil samples were
ssigned to five genotypic groups representing seven morphotypic
roups. There were good agreements between 16S rRNA gene char-
cterization and morphological features. Strains with identical 16S
RNA gene sequences displayed different antibacterial as well as
ytotoxic activities. Methanol extracts from strains APA4, APA5
nd APD4 showed the most potent antibacterial activities. These
ere also the only strains that exhibited cytotoxic activities against

reast adenocarcinoma cells and colon carcinoma cells.
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20] Hrouzek, P., Lukešová, A., Mareš, J., Ventura, S. (2013) Description of the
cyanobacterial genus Desmonostoc gen. nov. including D. muscorum comb. nov.
as a distinct, phylogenetically coherent taxon related to the genus Nostoc.  Fottea
13,  201–213.
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