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Abstract

Background: The high salt concentration is themajor factor limitingmicrobial growth at salterns, alongwith solar radiation, temperature,
and pH. These environmental factors play key roles in the acquisition of unique genetic adaptations for the survival of microorganisms
in salterns, which can result in the production of interesting secondary metabolites. The main goal of the present work was to isolate
and compare the culturable microbiota from two geographically distant salterns in Portugal and access their biotechnological potential.
Methods: Culturomics approaches using different culture media were applied for microbial isolation. All isolates were identified either
by 16S rRNA or ITS genes sequencing, and their biotechonological potential was assessed by PCR. Results: Overall, 154 microbial
isolates were recovered that were phylogenetically assigned to 45 taxa from 9 different phyla. From these, 26 isolates may represent
putative new taxa. The predominant genera obtained were Penicillium (41 isolates, 26.6%), Streptomyces (13 isolates, 8.4%) and Sinomi-
crobium (11 isolates, 7.1%). Moreover, the polyketide synthase I gene was present in 64 isolates, the nonribosomal peptide synthethase
gene in 16 isolates, and both genes in 23 isolates. Conclusions: This study adds up valuable knowledge on the culturable microbiota of
Portuguese salterns and on its potential for production of secondary metabolites. In the long run, this study provides a widely diverse
microbial collection for future works. Data public repository: All DNA sequences were deposited in the GenBank database at National
Centre for Biotechnology Information (NCBI) web platform under accession numbers OK169439-OK169485, OK216020-OK216124,
OK287059 and OK326927.

Keywords: salterns; microbial isolation; microbial diversity; culturomics; bioactive potential; molecular screening; polyketide synthase
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1. Introduction
Portugal has an extensive coastline harbouring a wide

range of different environments, including solar salterns.
In Portugal, the production of salt in traditional salterns,
especially in the North, takes place in the summer sea-
son. During salt production, saltern waters are hyper-
saline environments characterized by high concentrations
of NaCl, UV radiation, temperature and pH. These factors
are determinant in biodiversity modulation [1], narrowing
the microbial community to well adapted halophilic (ex-
tremophiles) or halotolerant microorganisms. The micro-
bial diversity of hypersaline environments has been tar-
geted by the scientific community along the last decade
[1–7]. The abundance of microorganisms from different
phyla was acknowledged on this type of extreme envi-
ronment, comprising members of Euryarchaeota, Planc-
tomycetota, Bacteroidota, Rhodothermota (previously in-
cluded in Bacteroidota [8]), Pseudomonadota, Actinomyce-
tota and Cyanobacteria [2,3], Bacillota [7,9], Gemmati-
monadota [6] and Eukaryota as microalgae [10] and As-

comycota [11,12].
The ability of microorganisms to produce natural

products (NPs) with relevant biotechnological value is well
recognised [13] and NPs obtained from extremophiles have
proved their biotechnological value in a wide range of
fields [14]. As extremophiles are often exposed to sud-
den and repeated fluctuations derived from global changes,
such as temperature and water availability, they require a
great physiological adaptability at different cellular levels,
namely in their biological membranes, proteins and extra-
cellular metabolites [14]. Due to these metabolic adapta-
tions, the unexploited microbiota of salterns presents a high
potential for novel NP discoverywith applications in impor-
tant biotechnological fields, such as medicine, pharmaceu-
tics, cosmetics, agriculture, and the food industry [15–18].

One of the currently applied molecular methodolo-
gies to assess the potential of microorganisms to produce
bioactive molecules consists in Polymerase Chain Reac-
tion (PCR) protocols. Genes of nonribosomal peptide
synthetases (NRPSs) and polyketide synthases (PKSs) are
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commonly targeted as a preliminary screen of bioactive
properties, since they are well known to be responsible for
the production of enzymatic complexes that are involved in
the synthesis of NPs. Specifically, NRPSs are extensively
associated with the production of structurally diverse pep-
tides presenting a wide range of activities, like antibacterial,
antitumour, cytostatic or immunosuppressive [19], while
PKSs are engaged in the assembly of distinct NPs – the
polyketides. This class of NPs includes many biotechno-
logically important compounds such as antibiotics, antipar-
asitics, anticancer, immunomodulators, antifungals and an-
ticholesteremics [20]. In fact, the annual sales of medicines
derived from polyketides had already reached 20 billion US
dollars [21].

The microbial diversity of Portuguese salterns has
been poorly studied. Few studies were obtained by culture
independent approaches [22,23], and a few more through
culture dependent methods [24–26]. The present study
targeted the culturable microbial diversity, in late sum-
mer of 2018, of two Portuguese salterns, Aveiro and Ol-
hão salterns. These have different geographical locations:
Aveiro is situated in the North, being influenced by the At-
lantic Ocean, while the Olhão saltern is in the South, and is
exposed to the influence of not only the Atlantic Ocean but
also the Mediterranean Sea. Average temperature and plu-
viosity levels per year are also different at both locations:
15.6 ◦C and 1064 mm in Aveiro and 18.2 ◦C and 482 mm
in Olhão [27]. The main goal of the present study was to
assess the microbial diversity of both salterns, during salt
production season, through a broad range of microbial iso-
lation and subsequent phylogenetic analysis. The present
study also aimed at isolates biotechnological prospection
by molecular screening for NRPS and PKS-I genes. This
work provides additional insights about the microbiota of
Portuguese salterns and about its potential for NPs produc-
tion. Moreover, this study contributes with a wide and di-
verse microbial collection for further prospections.

2. Material and methods
2.1 Sampling and microbial isolation

Fresh and wet salt, sediment from under the salt and
water, all sampled directly from salt production ponds, were
collected from Aveiro saltern (40º38’50” N, 8º39’46” W)
in September 2018 and from Olhão (37◦1’35” N, 7◦51’59”
W) in August 2018, during salt production season. All sam-
ples were used for microbial isolation, aiming at obtaining
members from different phyla, applying, therefore, differ-
ent methodologies represented in Fig. 1 and specified be-
low.

2.1.1 Planctomycetota
Media M600, M607 [28] and M607SW (this study)

(Supplementary Table 1), supplemented with 200 µg/mL
ampicillin (Batch: 1R001084; AppliChem, Darmstadt,
Germany), 1 mg/mL streptomycin (Batch: 6H015348; Ap-

pliChem) and 50 µg/mL cycloheximide (Batch: 4C016643;
AppliChem/ Panreac, Darmstadt, Germany), were used to
target the isolation of Planctomycetota phylum members.
The antibiotic supplementation was used because Plancto-
mycetota known members present resistance to these drugs
[28], and cycloheximide presents antifungal activity.

Salt samples were dissolved in autoclave-sterilized
seawater (SW) until saturation and serially diluted until
10−3 in sterile SW. All SW used in this study was col-
lected from Estação de Zoologia Marítima “Dr. Augusto
Nobre” at Molhe beach, Porto, Portugal (N: 41◦9’49.981”;
W: 8◦41’11.820”). Both, initial suspension and dilutions,
were individually used as inoculum in the different isola-
tion media. The wet salt samples, at the bottom, accumu-
lated a brown residual liquid, which was directly plated in
the isolation media and serially diluted in sterile SW until
10−3, which were also individually plated in the isolation
media.

Concerning sediment samples, 1 g of each saltern sed-
iment was individually suspended in 1 mL of sterile SW by
vigorously vortexing. From this suspension, serial dilutions
until 10−3 were made. Both, initial suspension and dilu-
tions, were individually used as inoculum in the different
isolation media. The saltern water samples were directly
plated in the isolation media and serially diluted in sterile
SW until 10−3, which were also plated in the isolation me-
dia.

Agar media were used for direct isolation, while broth
versions of the media were used for enrichments. Specifi-
cally, enrichments were carried out in 24-well plates con-
taining 900 µL of broth isolation media per well. Enrich-
ments were carried out by using not only the raw samples,
as in the case of the water and the brown residual liquid, but
also the initial suspensions of salt and sediment. In all cases,
100 µL of each sample were individually used as initial in-
oculum and then serially diluted in the corresponding broth
medium until 10−3. All broth conditions for each sample
concentration were carried out in triplicate. The inoculated
24-well plates were incubated at room temperature (RT) at
120 rpm, while inoculated agar media plates were incubated
at 26 ◦C. When visible growth was observed in the wells,
100 µL of each culture suspension were transferred to the
corresponding agar medium and incubated at 26 ◦C until
axenic cultures were achieved.

2.1.2 Actinomycetota

Agar media regularly used for Actinomycetota isola-
tion were selected, namely R2A-Agar (BD Difco™, Mary-
land, USA), Starch-Casein-Nitrate agar (SCN; adapted
from Küster and Williams [29]), M3 [30] and a modi-
fied Nutrient-Poor Sediment extract agar (NPS; adapted
from Jensen et al. [31]) (Supplementary Table 1). All
agar media were supplemented with 50 mg/L cyclohex-
imide (Batch: 9I011709; Sigma-Aldrich, Missouri, United
States), 50 mg/L nalidixic acid (Batch: 8D012744; Ap-
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Fig. 1. Representation of the sampling locations along with the overall culturomics methodologies applied.

pliChem) and 50 mg/L nystatin (Batch: 9J012880; Sigma-
Aldrich).

Salt samples were dissolved in 5 mL of sterile SW un-
til saturation, while 1 g of each sediment sample was sus-
pended in 2 mL of sterile SW by shaking at 200 rpm for 30
min and by vortexing at maximum speed for 5 min. Two
mL of the salt brown residual liquid and of the water sam-
ples were directly used as inoculum. All these samples were
exposed to a heat pre-treatment at 60 ◦C for 30 min to se-
lect for Actinomycetota [32–34]. Pre-heated samples were
serially diluted until 10−4 in sterile SW, and all samples,
either diluted or not, were individually plated on the above-
mentioned isolation agar media (Supplementary Table 1).

Incubation of samples with calcium carbonate
(CaCO3) was previously reported as a strategy that pro-
motes the selection of Actinomycetota in isolation events
[35]. So, this strategy was applied in all saltern samples.
Specifically, (i) 1 g of sterile CaCO3 was macerated with 2
g of each salt sample and 6 mL of sterile SW were added
to help on the maceration process; (ii) 1 g of sterile CaCO3

was added to 6 mL of each salt brown residual liquid
sample; (iii) 1 g of sterile CaCO3 was macerated with 2
g of each sediment sample and 6 mL of sterile SW were
added to help on the maceration procedure; and (iv) 1 g
of sterile CaCO3 was added to 6 mL of each saltern water
sample. All these suspensions with CaCO3 were incubated
at 28 ◦C for 5 weeks and then were serially diluted until
10−4 in sterile SW. All the pre-treated samples, either
diluted or not, were individually plated in the isolation agar
media (Supplementary Table 1) and incubated at 28 ◦C.

2.1.3 Fungi

Potato Dextrose Agar (PDA; BD Difco™) is widely
used for Fungi cultivation and was the medium selected for
the present study, which was prepared with SW. All sam-
ples, namely salt, salt brown residual liquid, sediment and
water, as well as the serial dilutions of these samples were
prepared as described above for isolation of Planctomyce-
tota. All these suspensions, either diluted or not, were indi-
vidually plated in PDA.

In all methodologies previously described, bacterial
colonies with different morphologies were restreaked until
the achievement of axenic cultures. All pure isolates were
cryopreserved in 24% glycerol at –80 ◦C.

2.2 Microbial DNA extration

Each axenic isolate was cultivated in the correspond-
ing broth medium of isolation and these cultures were used
for DNA extraction. For isolates obtained in PDAmedium,
NZY Plant/Fungi gDNA Isolation kit (NZYTech, Lisbon,
Portugal) was used, according to the manufacturer’s in-
structions. In the case of the isolates obtained in the remain-
ingmedia, DNAwas extracted using the E.Z.N.A. Bacterial
DNA kit (Omega Bio-Tek, Norcross, Georgia, USA), ac-
cording to the manufacturer’s instructions. DNA quantifi-
cation was done by using the µDropTM platform (Thermo
Fisher Scientific, Massachusetts, USA) and DNA quality
was checked through a 30 min electrophoresis at 100 V
in a 0.8% agarose gel with 1X Tris-acetate-EDTA (TAE)
buffer (Bio-Rad, Hercules, California, USA) and stained
with GreenSafe Premium (NZYTech).
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2.3 Microbial identification
Bacterial DNA was PCR-amplified with the universal

primers 27F and 1492R [36], while Fungi DNA was PCR-
amplified by using ITS1 and ITS4 primers [37].

For the isolates which strain designation starts with
“C.”, the 16S rRNA gene primers, 27F and 1492R, were
used and the PCR mixture consisted of 1 × Qiagen Multi-
plex PCR Master Mix (Qiagen, California, USA), 0.1 µM
each primer and 25 ng of DNA template, in a final volume
of 10 µL. The PCR reaction was carried out on the Ver-
iti® Thermal Cycler (Applied Biosystems, Massachusetts,
USA) using the following PCR program: initial denatura-
tion for 5 min at 95 ◦C, followed by 30 cycles of denatura-
tion at 95 ◦C for 45 s, annealing at 56 ◦C for 45 s, and ex-
tension at 72 ◦C for 1 min, and a final extension of 10min at
72 ◦C. PCR products were visualized through electrophore-
sis in a 0.8% agarose gel with 1 × TAE buffer, which was
stained with SYBR Safe (Thermo Fisher Scientific). Purifi-
cation and sequencing of these amplicons was carried at i3S
(Porto, Portugal).

For the remaining isolates, including Fungi, the PCR
mixture (25 µL) consisted of 1×NZYTaq 2× Green Mas-
ter Mix (NZYTech), 0.1 µMeach primer and 25 ng of DNA
template. PCR program was carried out in a MyCycler™
Thermo Cycler (Bio-Rad) and, for 16S rRNA gene ampli-
fication, consisted in an initial denaturation step of 5 min
at 95 ◦C, followed by 30 cycles of 1 min at 95 ◦C, 1 min
at 56 ◦C (annealing temperature) and 1.5 min at 72 ◦C, and
a final extension of 10 min at 72 ◦C. For amplification of
the ITS region, the PCR program was the same as previ-
ously described, with exception that an annealing tempera-
ture of 55 ◦C was applied. PCR products were visualized
through electrophoresis in a 0.8% agarose gel with 1× TAE
buffer, which was stained with GreenSafe Premium. These
amplicons were purified using GFX™ PCR DNA and Gel
Band Purification Kit (GE Healthcare, Buckinghamshire,
United Kingdom) and sequenced at GATC Biotech (Con-
stance, Germany).

Sequence analyses were carried out using Geneious
Prime (Biomatters Ltd, Auckland, New Zealand). Curated
sequences were matched in the EzBioCloud [38] database
to determine their closest relatives. Phylogenetic trees were
built using MEGA 7 (Pennsylvania State University, Penn-
sylvania, USA) software [39]. Briefly, all sequences, ei-
ther from the isolates in this study and from the closest re-
lated strains determined on EzBioCloud, were grouped by
phyla. Separately, phyla-grouped sequences were aligned
using the ClustalW algorithm with a Gap Open Penality of
15.00 and a Gap Extension Penalty of 6.66. The resulting
multiple alignments for each phylumwere used to construct
phylogenetic trees, by applying the Maximum Likelihood
statistical method, the phylogeny test based on the Boot-
strap method considering 1000 replicates, and the Tamura-
Nei substitution model. Different strains were used as out-
group depending on the phyla.

All sequences obtained on this study were submit-
ted to the GenBank database [40] at National Centre for
Biotechnology Information (NCBI) web platform under
the following accession numbers: OK169439-OK169485,
OK216020-OK216124, OK287059 and OK326927.

2.4 Diversity, richness, dominance and distribution of
salterns microbial communities

PAST 3.22 (University of Oslo, Oslo, Norway) [41]
software was used to calculate the Fisher’s α, Margalef’s
and Simpson’s indexes, which allow the characterization of
themicrobial community in terms of diversity, richness, and
evenness, respectively.

A sample rarefaction curve was estimated in PAST
3.22 by using the Mao’s Tau index [42]. Similarities
among samples were calculated on PAST 3.22 by using
the Sørensen coefficient and Bray-Curtis index. All results
were computed taking into account a 95% confidence and
1000 iterations as bootstrap value.

2.5 PCR screening of the bioactive potential of saltern
isolates

The putative potential of all isolates obtained in this
study to produce NPs was assessed through PCR. Briefly,
isolates DNA was screened for the presence of NRPS and
PKS-I genes. NRPS genes were amplified using primers
MTF2 [5′- GCNGG(C/T)GG(C/T)GCNTA(C/T)GTNCC-
3′ (AGGAYVP, core motif I)] and MTR [5′-
CCNCG(AGT)AT(TC)TTNAC(T/C)TG-3′ (QVKIRG,
core motif V)] [43], while β-ketosynthase (KS) do-
main fragments within the Type I polyketide synthase
genes (PKS-I) was amplified using primers MDPQQRf
(5′-RTRGAYCCNCAGCAICG-3′) and HGTGTr (5′-
VGTNCCNGTGCCRTG-3′) [44]. PCR reactions of 25 µL
containing 1× NZYTaq 2× Green Master Mix, 0.8 µM of
each primer and 25 ng DNA template were prepared. The
PCR protocol was carried out in a MyCycler™ Thermo
Cycler and consisted of an initial denaturation at 95 ◦C
for 5 min, 11 cycles of denaturation at 95 ◦C for 1 min,
annealing at 60 ◦C for 30 s and extension at 72 ◦C for 1
min, with the annealing temperature being reduced 2 ◦C
every cycle; followed by 30 cycles of denaturation at 95
◦C for 1 min, annealing at 40 ◦C for 30 s and extension
at 72 ◦C for 1 min, and a final extension of 10 min at 72
◦C [45]. Amplicons were visualized in a 1.2% agarose gel
prepared with 1 × TAE buffer and stained with GreenSafe
Premium. NRPS and PKS amplicons have an expected
size of approximately 1000 bp [43] and 700 bp [44],
respectively. The Planctomycete UC49.1 was used as
positive control for amplification of both genes.

3. Results and discussion
3.1 Microbial isolation and identification

Aiming at a broader range of microbial isolation, 6
media with different nutritional compositions along with 2
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pre-formulated media (Supplementary Table 1) were as-
sayed. A medium selective for fungi, PDA, allowed the
isolation of 45 fungal strains. The most effective media
for bacteria were M600 (32 strains), R2A (32 strains) and
M607 (31 strains). The remaining media used were less
rich in nutrients and apparently less successful (14 strains
altogether in 4 different media). Ultimately, the media used
proved to be effective in the isolation of a highly heteroge-
nous microbiota from salterns.

The microbial isolation screening carried out for sam-
ples from Aveiro and Olhão salterns allowed the isolation
of 154 strains, of which 47 were affiliated with Fungi and
107 with Bacteria. Particularly, 26 fungal and 75 bacte-
rial isolates were obtained from Aveiro, and 21 fungal and
32 bacterial isolates from Olhão. All these isolates have
been putatively identified based on the ITS and 16S rRNA
genes for Fungi and Bacteria, respectively. The isolates
relatedness was examined by building phylogenetic trees
(Supplementary Fig. 1).

Despite the high abundance of salterns in Portugal,
their microbiota has been poorly explored. The existent re-
search reports comprises (i) the description of new strains
detected bymetagenomics approaches of Tavira saltern (Al-
garve salt flats) microbiota [46], (ii) metagenomics stud-
ies of Algarve salt flats [22,23,47], (iii) characterization of
novel isolated species from Tavira saltern [26] and from
Tejo salt flats [48], (iv) an archaeal isolate genome an-
nouncement from Figueira da Foz salt flats [49] and (v)
extensive isolation approaches targeting Aveiro saltern and
a saltern from Olhão (Algarve salt flats) focusing on the
overall bacterial microbiota [24]. In this last study, the di-
rect comparison between the microbiota of both salterns
was not possible since the nature of samples, the method-
ology applied and the time of sampling were different be-
tween both salterns. None of these studies have targeted
the fungal community, most likely because the prevalence
of fungi in marine and aquatic environments, including hy-
persaline ones, was overlooked for many years [50–52]. In
the last decades, Fungi members have been reported in ev-
ery aquatic environment explored, includingmarine and hy-
persaline ones [50–52]. The first description of fungi in
salterns was reported by Gunde-Cimerman and collabora-
tors [53], which aroused a fascinating interest in the scien-
tific community [12,54,55]. Since this, saltern fungi have
been studied worldwide, however the Portuguese salterns
mycobiota remains unknown. In this study, the micro-
bial diversity was assessed at genera (Fig. 2) and phyla
(Fig. 3) levels. The fungal isolates obtained were phylo-
genetically related with the phylum Ascomycota (Fig. 3),
with the exception of isolate AW17 that was affiliated to the
genus Sporobolomyces (Fig. 2), specifically to the species
Sporobolomyces ruberrimus, a yeast within the phylum Ba-
sidiomycota (Fig. 3).

Colour scheme representation by phylum: grey for
Ascomycota, black for Basidiomycota, blue for Pseu-

domonadota, orange for Actinomycetota, purple for Bacil-
lota, brown for Bacteroidota, green for Planctomycetota,
yellow for Rhodothermota and red for Gemmatimonadota.
Full filled with colour represent isolates common to both
salterns and filled with pattern represents exclusivity to a
specific saltern. (*) represents isolates identified only to
the family level.

Overall information of the environmental prevalence
of strains phylogenetically closely related with the isolates
obtained with the present study is compiled in Table 1 (Ref.
[1,5,9,11,24,26,53,54,56–107]), where presence or absence
in salterns environments was highlighted.

Within Fungi, members of genus Penicilliumwere the
only ones detected in both salterns and the most abundant
ones (Figs. 2 and 3; Supplementary Table 2).

The Pseudomonadota genera Rhodovibrio and Mi-
crobulbifer were the only ones common to both saltern
(Fig. 2). The similarity score of all 4 Microbulbifer iso-
lates withM. halophilus (<98.50% in the 16S rRNA gene)
revealed a distant relatedness, suggesting that these iso-
lates can be members of a novel taxon (Fig. 4, Ref. [39]).
Two other species of Pseudomonadota were detected as
singletons in Olhão saltern, which were closely affiliated
with Salinicola zeshunii and Aureimonas glaciistagni. Nei-
ther of these two species have been associated specifically
with microbiota of salterns (Table 1). Furthermore, one
Pseudomonadota isolate was affiliated with strains of Bre-
vundimonas not yet related with halophilic environments
(Table 1), but instead associated with humanized habi-
tats, namely washing machines [108] and space laboratory
[109]. Additionally, the Roseibacterium isolate AW9 ob-
tained on this study showed a low similarity (97.53% in the
16S rRNA gene) with the closest related species, R. elonga-
tum, which might be indicative of a novel species (Fig. 4).
Also from Aveiro saltern, 4 strains of phylum Pseudomon-
adota phylogenetically related to uncultured members of
Aquichromatiaceae were isolated, but showing low levels
of similarity (98.08 up to 98.30% in the 16S rRNA gene),
so highlighting the novelty of these strains (Fig. 4).

Within the phylum Bacillota, Mesobacillus and
Rossellomoreawere the only two Bacillota genera that were
detect at both Aveiro and Olhão salterns. Despite the geo-
graphical distance, the 2 strains (AW18 and OW14) closely
affiliated with the novel established genus Rossellomorea
[110] showed a perfect similarity between their 16S rRNA
gene sequences and a close phylogenetic relationship with
the isolate Rossellomorea sp. es.034 (PDIY01000001).
Therefore, these strains are strong candidates for the de-
scription of a novel species (Fig. 4). Moreover, 2 isolates
(AW3 and AW5) showed a similarity of up to 98.66% in the
16S rRNA gene with Bacillus sinesaloumensis, and other
2 isolates (OSBR114 and OW16) showed similarity scores
of up to 98.4% in the 16S rRNA gene with Metabacillus
litoralis. All of them may be representatives of novel taxa
(Fig. 4).
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Table 1. Environmental occurrence of the species isolated in this study from the two Portuguese salterns, Aveiro and Olhão, taking into consideration their phylogenetic rank.

Kingdom Phylum Class Order Family
Closest related
microorganism

Isolates from this study Environments reported

Fungi
Ascomycota

(Supplementary Fig. 1a)

Dothideomycetes

Pleosporales Pleosporaceae Alternaria alternata ASBR4 Salterns [56]
Dothideales Dothioraceae Aureobasidium pullulans ASED7 Salterns [53,57,58]

Capnodiales Davidiellaceae
Cladosporium herbarum AW2 Salterns [54,59]

Cladosporium
perangustum

AS110 Marine [60]

Cladosporium
phaenocomae

AS102 Plants [61], deteriorated
wood [62]

Eurotiomycetes Eurotiales Trichocomaceae

Penicillium
brevicompactum

ASED17, ASED27, ASED28, ASBR9,
AS103, AS104, AS108, AS111,

OSBR109, OS1, OS3, OS4, OS6, OS7,
OS8, OW12

Salterns [54]

Penicillium brocae ASED21, ASED25, ASED29, OSBR107,
OSBR117, OS2, OS5, OS10, OW1,

OW2, OW3, OW8, OW17

Marine [63]

Penicillium
chrysogenum

ASED16, ASED18, ASED19, ASBR1,
ASBR2, ASBR5, AW1, AW11,

OSBR108, OW5

Salterns [11,54,64]

Penicillium dierckxii ASED8 Hypersaline [65]
Penicillium sp. OSBR118 Plants (NCBI: EF694632)

Basidiomycota
(Supplementary Fig. 1b)

Microbotryomycetes Sporidiobolales Incertae sedis Sporobolomyces
ruberrimus

AW17 Psychrophilic [66–68]

Bacteria

Actinomycetota
(Supplementary Fig. 1c)

Actinobacteria

Micrococcales Dermabacteraceae Brachybacterium
paraconglomeratum

C.OS8 Hypersaline [69,70]

Brevibacteriaceae Brevibacterium
sediminis

C.AS1, C.AS9 Salterns [24]

Microbacteriaceae
Microbacterium

aerolatum
C.ASBR1, C.OS5 Air [71]

Microbacterium
amylolyticum

C.AS10, C.AW5 Salterns [24]

Microbacterium
ginsengiterrae

C.AW1 Soil [72]

6

https://www.imrpress.com


Table 1. Continued.

Kingdom Phylum Class Order Family
Closest related
microorganism

Isolates from this study Environments reported

Micrococcaceae
Micrococcus luteus C.OS4 Salterns [73]
Rothia kristinae OSBR105, OSBR106 Human commensal and

opportunistic pathogen [74]

Mycobacteriales
Gordoniaceae Gordonia oryzae AW6 Plants [75]

Tsukamurellaceae Tsukamurella
tyrosinosolvens

OW4 Human commensal and
opportunistic pathogen [76]

Propionibacteriales Nocardioidaceae Nocardioides salarius OSBR100 Marine [77]

Streptomycetales Streptomycetaceae

Streptomyces intermedius
C.AS7, C.ASBR4, Members of this genus have

been associated with Salterns
[9,78–80]

C.AW3

Streptomyces
rubrogriseus

C.AS5, C.ASBR6, C.ASBR8, C.ASBR9,
C.ASBR10, C.ASBR11,

Members of this genus have
been associated with Salterns

[9,78–80]C.ASED8, C.OS6,
C.OS7, C.OSBR1

Streptosporangiales Nocardiopsaceae
Nocardiopsis lucentensis

C.ASBR7, C.ASED1,
Salterns [79,81]

C.ASED2, C.ASED3
Nocardiopsis prasina C.ASED4, C.AW6 Members of this genus have

been associated with Salterns
[9,78–80]

Acidimicrobiia Acidimicrobiales Iamiaceae Uncultured bacterium OSBR104 Air [82]

Bacteroidota
(Supplementary Fig. 1d)

Flavobacteriia Flavobacteriales Flavobacteriaceae
Psychroflexus tropicus AW7 Hypersaline [83]

Sinomicrobium oceani
C.AS2, C.AS3, C.AS4, Members of this genus have

been associated with Salterns
[1]

C.AS6, C.AS8, C.ASED5, C.ASED7,
C.ASED9, C.OS3, C.OS9

Kingdom Phylum Class Order Family Closest related
microorganism

Isolates from this study Environments reported

Bacteria
Bacillota

(Supplementary Fig. 1e)
Bacilli Bacillales Bacillaceae Alkalihalobacillus

hwajinpoensis
ASED10, ASED13 Salterns [24,73,84]

Bacillus safensis AW4 Salterns [85]
Bacillus sinesaloumensis AW3, AW5 Human commensal [86]
Cytobacillus luteolus OSBR113 Salterns [24,84]
Mesobacillus sp. AW16, OSBR115 Salterns [24]

Metabacillus litoralis OSBR101, OSBR112, OSBR114,
OSBR116, OW6

Salterns [84]
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Table 1. Continued.

Kingdom Phylum Class Order Family
Closest related
microorganism

Isolates from this study Environments reported

Rossellomorea sp. AW18, OW14 Salterns [24]
Thalassobacillus cyri OSBR110, OSBR111 Hypersaline [87]; Members

of this genus have been
associated with Salterns [73]

Paenibacillaceae Paenibacillus pabuli ASED15, ASED30 Members of this genus have
been associated with Salterns

[84]
Planococcaceae Paenisporosarcina

quisquiliarum
OS9 Soil [88]; Members of this

genus have been associated
with Salterns [84]

Gemmatimonadota
(Supplementary Fig. 1f)

Longimicrobia Uncultured Uncultured Uncultured bacterium AW12 Members of this phylum
have been associated with

Salterns [73,89]

Planctomycetota
(Supplementary Fig. 1g)

Planctomycetia Planctomycetales Planctomycetaceae Alienimonas
californiensis

ASED1 Algae [90]

Maioricimonas rarisocia ASED14 Marine [91]
Pirellulales Pirellulaceae Rhodopirellula pilleata ASED26 Marine [92]

Rhodopirellula rubra ASBR8 Algae [93]

Phycisphaerae Phycisphaerales Phycisphaeraceae Uncultured bacterium ASED31 Members of this class have
been associated with Salterns

[26]

Pseudomonadota
(Supplementary Fig. 1h)

Alphaproteobacteria Hyphomicrobiales Aurantimonadaceae Aureimonas glaciistagni OW13 Members of this genus have
been associated with Salterns

[84]
Caulobacterales Caulobacteraceae Brevundimonas sp. ASED5 Members of this genus have

been associated with Salterns
[94]

Rhodospirillales Rhodovibrionaceae Rhodovibrio sodomensis OW16, OW18, ASBR14, ASBR15,
ASBR16, AS100, AS106, AS114, AW21,

AW23, OW9

Salterns [95]

Rhodobacterales Rhodobacteraceae Roseibacterium
elongatum

AW9 Hypersaline [5]

Hyphomicrobiales Stappiaceae Stappia stellulata ASED24 Marine [96,97]
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Table 1. Continued.

Kingdom Phylum Class Order Family
Closest related
microorganism

Isolates from this study Environments reported

Gammaproteobacteria Oceanospirillales Alcanivoracaceae Alcanivorax dieselolei C.AW4 Members of this genus have
been associated with Salterns

[24]
Alcanivorax sp. C.ASED6 Members of this genus have

been associated with Salterns
[24]

Alteromonadales Alteromonadaceae Marinobacter
confluentis

AW10 Marine [98]

Marinobacter sp. ASED12 Marine [99]
Oceanospirillales Halomonadaceae Halomonas fontilapidosi AW8, AW13 Salterns [24,100,101]

Halomonas ventosae ASED11 Salterns [100,101]
Salinicola zeshunii OW15 Members of this genus have

been associated with Salterns
[102–104]

Lysobacterales Lysobacteraceae Luteimonas padinae ASBR3, ASBR7, ASBR10 Salterns [105]

Cellvibrionales Microbulbiferaceae
Microbulbifer halophilus

C.ASBR5, C.OW1, C.OW2
Members of this genus have
been associated with Salterns

[106]Chromatiales Aquichromatiaceae Uncultured bacterium ASBR12, AW14, AW19, AW20 Members of this genus have
been associated with marine

habitat [107]

Rhodothermota
(Supplementary Fig. 1i)

Balneolia Balneolales Balneolaceae Uncultured bacterium ASBR13, AS101, OSBR103 Members of this family have
been associated with Salterns

[1,24]
Those associated with saltern environment are highlighted in bold.
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Fig. 2. Microbial diversity of the isolates obtained from Aveiro and Olhão salterns represented by genera.

Within Actinomycetota, 3 isolates were phylogenet-
ically closely related with known opportunistic human
pathogens (Rothia and Tsukamurella), that were obtained
from Olhão saltern [74]. The presence of these species in
Olhão saltern microbiota may be related with human ac-
tivity, not only through salt exploitation but also through
touristic related activities happening in Olhão salterns, like
saltern baths (Table 1). Additionally, one isolate affil-
iated with Gordonia oryzae was obtained. This specie
was recently described [75] and was not associated with
extreme environments until this study. Furthermore, the
Olhão saltern isolate OSBR104 was affiliated with the
Actinomycetota family Iamiaceae, but the closest related
strain described was Aquihabitans daechungensis [111]
with 92.37% similarity in the 16S rRNA gene. There-
fore, OSBR104 may represent a novel taxon (Fig. 4).
Additionally, isolates related with Microbacterium amy-
lolyticum (C.AS10 and C.AW5), Microbacteium ginsen-
giterrae (C.AW1),Micrococcus luteus (C.OS4) and Nocar-
dioides salarius (OSBR100) showed low similarities with
the mentioned strains (Supplementary Table 2) and may
represent new taxa (Fig. 4).

Both classes of the phylum Planctomycetota, namely
Planctomycetia and Phycispharae were isolated in this
study. Planctomycetia isolates obtained were affiliated
with genera Alienomonas (1 isolate), Rhodopirellula (2
isolates) and Maioricimonas (1 isolate) (Fig. 2). Four
out of the 5 Planctomycetia isolates showed only up to
97.95% similarity in the 16S rRNA gene with the closest
related described species (Fig. 4; Supplementary Table
2). These data are indicative of novel Planctomycetia taxa
(Fig. 4). Within the less known Planctomycetota class Phy-
cispharae, only one isolate (ASED31) was obtained, for
which the species Algisphaera agarilytica was the most re-
lated one but in a far distant level (88.8% similarity in the
16S rRNA gene), being putatively indicative of a new fam-

ily within Phycispharae (Fig. 4). Curiously, all plancto-
mycetal isolates obtained in the present study were obtained
from Aveiro saltern.

Within Rhodothermota, the family Balneolaceae was
the only one recovered with 3 isolates (ASBR13, AS101
and OSBR103), that due to the phylogenetic distance,
could not be related with any known Rhodothermota genus
(Fig. 4).

Inside the phylum Gemmatimonadota, only one iso-
late (AW12) phylogenetically placed within the family
Longimicrobiaceae was retrieved (Fig. 3). However, the
16S rRNA gene distant relatedness with the closest de-
scribed species, represented by 85.82% similarity with
Longimicrobium terrae, may be indicative of a novel family
(Fig. 4).

3.2 Diversity, richness, dominance and distribution of the
obtained isolates

Themost frequent fungal genuswasPenicillium, since
26.6% of the overall microbial isolates were classified
within this genus (Supplementary Table 2). The most
common bacterial genera retrieved from both salterns were
the Actinomycetotal Streptomyces (8.4%) and the Pseu-
domonadota Rhodovibrio (7.1%), followed by the genus
Sinomicrobium (6.5%) that is a member of phylum Bac-
teroidota (Supplementary Table 2).

Regarding overall phyla and genera, the isolated mi-
croorganisms associated with Aveiro saltern showed a
higher diversity (Fisher’sα index) and richness (Margalef’s
index), as well as a lower dominance (Simpson’s index)
(Table 2). By running separated analyses of the genera di-
versity within the fungal kingdom and the genera diversity
within the bacterial domain, one difference about these in-
dexes was observed when compared to the overall analysis.
Particularly, the diversity of bacterial genera was higher in
Olhão saltern population (Table 2).

10

https://www.imrpress.com


Fig. 3. Overall microbial biodiversity, phyla-ranked, of the isolates obtained from Aveiro and Olhão salterns, belonging to two
microbial kingdoms.

Table 2. Diversity, richness and dominance indexes of microbial communities isolated from Aveiro and Olhão salterns.
Fisher’s α Margalef’s Simpson’s

Aveiro Olhão Aveiro Olhão Aveiro Olhão

General by phylum
2.389 1.74 1.733 1.259 0.1983 0.2624

(2.04–2.389) (1.74–1.74) (1.517–1.733) (1.259–1.259) (0.1756–0.2365) (0.2218–0.3471)

General by genus
17.06 12.85 6.934 5.037 0.07597 0.1826

(12.82–17.06) (6.969–12.85) (5.85–6.934) (3.526–5.037) (0.05715–0.1071) (0.1136–0.3001)

Fungi
1.841 0.2185 1.228 0 0.6095 1

(0.8763–1.841) (0.2185–0.2185) (0.6139–1.228) (0.4172–0.855)

Ascomycota
1.344 0.2185 0.932 0 0.6576 1

(0.5116–1.344) (0.3107–0.932) (0.4752–0.8528)
Basidiomycota 0 – 0 – 1 –

Bacteria
16.21 22.82 6.254 5.482 0.06453 0.07031

(11.32–16.21) (9.49–22.82) (5.096–6.254) (3.751–5.482) (0.05209–0.08656) (0.06641–0.1309)

Bacillota
4.632 5.403 1.82 2.085 0.2346 0.2727

(1.576–4.632) (1.359–5.403) (0.9102–1.82) (0.8341–2.085) (0.2099–0.5062) (0.1901–0.5702)

Pseudomonadota
5.949 3.878 2.762 1.542 0.1627 0.3061

(3.143–5.949) (0.9354–3.878) (1.842–2.762) (0.5139–1.542) (0.1302–0.2899) (0.2653–0.7551)

Bacteroidota 0.7972 0.7959 0.4551 0
0.8025 1

(0.5556–0.8025)

Actinomycetota
1.968 13.19 1.276 2.919 0.2968 0.157

(1.399–1.986) (2.261–13.19) (0.9568–1.276) (1.251–2.919) (0.2401–0.4669) (0.1405–0.3554)

Planctomycetota
9.284 – 1.864 – 0.28 –

(1.235–9.284) (0.6213–1.864) (0.28–0.52)
Rhodothermota 0.7959 0 0 0 1 1
Gemmatimonadota 0 – 0 – 1 –
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Fig. 4. Phylogenetic framing of the putative novel taxa isolated from the two Portuguese Salterns. Maximum-Likelihood (ML)
phylogenetic trees constructed with MEGA 7 software [39], using 16S rRNA gene sequences of the saltern isolates and of the phylo-
genetically closest sequences obtained in the EzBioCloud webserver. Bootstrap values were calculated based on 1000 replications and
the numbers at each branch represent the bootstrap support in percentage for each cluster. The tree was constructed using representative
members of each class within the phyla detected; Bacteroides fragilis (AB050106) was used as outgroup; Bar, 0.050 substitutions per
nucleotide position.
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In Aveiro, the highest diversity and richness were reg-
isteredwithin Planctomycetota and Pseudomonadota, while
the lowest value of dominancewas observed in Pseudomon-
adota, highlighting the heterogeneity of the Pseudomon-
adota isolates community (Table 2). At Olhão saltern, Acti-
nomycetota and Pseudomonadota showed the highest di-
versity, while the lowest diversity was observed within As-
comycota and Rhodothermota (Table 2). Additionally, in
Olhão, the highest values of diversity and richness along
with the lowest value of dominance were observed within
Actinomycetota (Table 2), demonstrating the high hetero-
geneity of Actinomycetotal isolates obtained.

Despite the high isolated diversity, the Mao’s Tau rar-
efaction curve presented a continuous rise without achiev-
ing an asymptote, confirming that not all microbial diversity
was recovered (Fig. 5).

Fig. 5. Mao’s Tau rarefaction curve (red) obtained on the gen-
era diversity analysis of microbial isolated communities from
Aveiro and Olhão salterns and representing the species accu-
mulation with 95% confidence intervals (in blue).

Concerning the fungal biodiversity, 3 singletons were
observed in Aveiro, while none was detected in Olhão.
These singletons represent 6.4% of the whole fungal diver-
sity (Supplementary Material). The overall bacterial diver-
sity was comprised by 40 different genera, with 25 single-
tons, that represent 23.4% of the overall bacterial diversity
(Supplementary Table 2). These may be rare members of
the isolated bacterial communities of salterns. Addition-
ally, from the 28 bacterial genera recovered from Aveiro
saltern, 12 occurred as singletons, representing 16.0% of
the overall diversity of isolates, while Olhão taxa biodi-
versity consisted in 20 different bacterial genera, where
13 occurred as singletons, representing 37.1% of the over-
all diversity of isolates (Supplementary Table 2). From
all these singletons, only 2 were common to both salterns,
namely, the Bacillota genera, Mesobacillus and Rossel-
lomorea (Supplementary Table 2).

The Sørensen and Bray-Curtis indexes were deter-
mined between themicrobial populations of both salterns as
0.33 and 0.43, respectively. These parameters are measures
of the similarity between both microbial populations, there-
fore highlighting the dissimilarities between them. Taking
into account that sampling dates were close and that all the
procedures undertaken were the same for all samples, these
differences between the two microbial populations studied
may be a result of the different geographical locations of
the two salterns (Aveiro at the North of Portugal vs. Olhão
at the South of Portugal).

3.3 Molecular assessment of NRPS and PKS-I genes

The biotechnological potential of all isolates obtained
in this study was screened by the PCR analysis of PKS-I
and NRPS genes (Table 3; Supplementary Table 2). From
the 154 microorganisms isolated in this study, 51 (33.1%)
did not present any PKS or NRPS genes and 80 (52%) pre-
sented one (64–41.6% PKS positive and 16–10.4% NRPS
positive) or both genes (23 bacteria, 14.9%) (Table 3; Sup-
plementary Table 2). Overall, this screening revealed that
66.9% of the isolates may present at least one of the genes,
revealing their putative biotechnological potential (Table 3;
Supplementary Table 2). Although microbial ability to
produce bioactive metabolites is not strictly linked to PKS
and NRPS genes, because many other genes have been as-
sociated with bioactive NPs production [112], the genomic
presence of these genes already proved to be a good indi-
cator of the production of antimicrobial compounds [113].
Furthermore, NPs derived from these genes, as polyketides
(PK), nonribosomal peptides (NRP) or even PK/NRP hy-
brids, have demonstrated their high economical and phar-
macological value [20,114]. These gene clusters were pre-
viously detected in ascomycetes and in a high number,
which may be associated with the production of several dif-
ferent NRPS- and PKS-derived NPs [115].

The high percentages and widespread distribution of
NRPS and PKS genes observed in the phyla Pseudomon-
adota, Actinomycetota, and Bacillota was already reported
by Wang et al. [115]. In contrast, both Bacteroidota and
Planctomycetota are less explored phyla in what concerns
their potential for the production of bioactivemolecules, be-
ing research fields that are being launchedwith encouraging
results obtained from a preliminary screening of NRPS and
PKS genes [116–118]. Concerning Rhodothermota, since
this phylum was recently branched out from Bacteroidota
[8], no studies targeting their overall genomic potential for
production of bioactive NPs are yet published. Regard-
less of the only 3 representatives obtained, since, up to the
present moment, the phylum Rhodothermota has only 13
described species from 4 different families of only 1 class,
the presence of at least one of these genes in all isolated
members of this phylum pave the way for future deeper
studies on this poorly known phylum. As detected in the
present work, NRPS and PKS-I gene clusters were previ-
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Table 3. Number of isolates, grouped by genera within each phylum that potentially amplified positively the bioactivity-related
genes, NRPS e PKS-I, through PCR screening.

Phylum Genus Number of Isolates Only NRPS Only PKS Both

Actinomycetota

Streptomyces 13 0 9 1
Nocardiopsis 6 0 6 0
Micrococcus 1 0 0 1

Microbacterium 5 1 0 2
Brevibacterium 2 0 1 0

Rothia 2 0 1 0
Gordonia 1 0 1 0

Brachybacterium 1 0 0 0
Nocardioides 1 0 0 0
Tsukamurella 1 0 0 1
Iamiaceae* 1 0 0 0

Pseudomonadota

Rhodovibrio 11 1 3 1
Wenzhouxiangella 4 1 2 1
Microbulbifer 4 0 1 3
Luteimonas 3 1 0 1
Halomonas 3 0 3 0
Marinobacter 2 1 0 0
Alcanivorax 2 0 0 0

Brevundimonas 1 1 0 0
Stappia 1 0 0 1

Roseibacterium 1 0 0 0
Aureimonas 1 0 1 0
Salinicola 1 0 1 0

Bacillota

Bacillus 3 3 0 0
Metabacillus 5 0 0 0

Alkalihalobacillus 2 0 2 0
Paenibacillus 2 0 0 2

Thalassobacillus 2 0 0 1
Paenisporosarcina 1 1 0 0

Mesobacillus 2 1 0 0
Cytobacillus 1 0 0 0
Rossellomorea 2 2 0 0

Bacteroidota
Sinomicrobium 10 0 8 0
Psychroflexus 1 0 0 1

Planctomycetota

Alienimonas 1 0 0 0
Maiorcimonas 1 1 0 0
Rhodopirellula 2 0 1 1
Algisphaera 1 0 1 0

Rhodothermota Balneolaceae* 3 0 1 2
Gemmatimonadota Longimicrobiaceae* 1 0 0 0

Ascomycota

Penicillium 41 1 21 4
Cladosporium 3 0 1 0
Aureobasidium 1 1 0 0
Alternaria 1 0 0 1

Basidiomycota Sporobolomyces 1 0 0 0

ously detected in ascomycetes and in a high number, which
may be associated with the production of several different
NRPS- and PKS-derived NPs [115]. No NRPS or PKS-
I amplicons were detected either in Gemmatimonadota or
Basidiomycota (Table 3; Supplementary Table 2). In fact,
Gressler et al. [119] reported that PKSs and NRPSs are not

the main contributors for basidiomycetes diversity of NPs.
On the other hand, the poorly known phylumGemmatimon-
adota was firstly described less than two decades ago and
presently only has 6 described species. This scarce num-
ber of described species is due to the difficulties in success-
fully isolating Gemmatimonadota members in laboratory,
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despite being widely distributed in the environment [120].
Therefore, most of the researchmade on its bioactive poten-
tial relies on metagenomes, which demonstrated the pres-
ence of not only NRPS, PKS and hybrid PKS/NRPS gene
clusters [121], but also a widespread and high prevalence
of bacteriocin-related biosynthetic gene clusters [122].

Overall, the microbiota isolated from both salterns
showed a great biotechnological potential. Curiously, al-
thoughwith lower number of isolates, the phyla that showed
higher bioactive potential were the Rhodothermota, Bac-
teroidota and Planctomycetota, and not the well-known
bioactive top producers, Actinomycetota [123].

4. Conclusions
This work provides evidence that salterns remain

an understudied extreme environment and that culturomic
methods are still an important approach for the study of mi-
crobial diversity, since a high number of novel taxa from
different phyla was obtained. In fact, although metage-
nomics is a fundamental approach for novel microbial di-
versity detection, pure cultures are needed to enable the
biological characterization of many species yet unknown.
Furthermore, the isolated microbiota from salterns showed
a substantial underexplored bioactive potential providing
data and biological material that encourages further re-
search works as bioactivity screenings.

In general, the overall microbial diversity obtained has
been previously associated with salterns or with other hy-
persaline environments, however our results also pointed
out genera not yet linked to these environments.

Abbreviations
NP, natural product; PKS-I, polyketide synthase I;

NRPS, nonribosomal peptide synthethase; SW, seawater;
PCR, polymerase chain reaction; NCBI, National Cen-
tre for Biotechnology Information; RT, room temperature;
SCN, starch-casein-nitrate agar; NPS, nutrient-poor sedi-
ment extract agar.

Author contributions
EA, MFC and OML designed the research study. EA

performed the research. EA, MFC and OML analyzed the
data. EA,MFC andOMLwrote themanuscript. All authors
contributed to editorial changes in the manuscript. All au-
thors read and approved the final manuscript.

Ethics approval and consent to participate
Not applicable.

Acknowledgment
Not applicable.

Funding
The authors EA, MFC and OML thank to national

funds provided by the Fundação para a Ciência e Tecnologia
(FCT; Foundation for Science and Technology) at Portugal,
and European Regional Development Fund (ERDF) and
COMPETE under the project INNOVMAR—Innovation
and Sustainability in the Management and Exploitation
of Marine Resources, reference NORTE-01-0145-FEDER-
000035, Research Line NOVELMAR. EA was supported
by FCT for the Ph.D. Grant SFRH/BD/125527/2016. MFC
wishes to acknowledge CEEC program supported by FCT
(CEECIND/02968/2017), Fundo Social Europeu and Pro-
grama Operacional Potencial Humano. This work was
supported by the Strategic Funding UIDB/04423/2020
and UIDP/04423/2020 through national funds provided
by FCT and ERDF. This research was partially sup-
ported by the Strategic Funding UID/Multi/04423/2019
through national funds provided by FCT and ERDF, in
the framework of the program PT2020, and by the Project
Funding NORTE-01-0145-FEDER-000035, designed AT-
LANTIDA – Plataforma para a Monitorização do Oceano
Atlântico Norte e Ferramentas para a Exploração Susten-
tável dos Recursos Marinhos, provided by FCT and ERDF.

Conflict of interest
The authors declare no conflict of interest.

Supplementary material
Supplementary material associated with this article

can be found, in the online version, at https://doi.org/10.
31083/j.fbe1402011.

References
[1] Zhang J, Ma G, Deng Y, Dong J, Van Stappen G, Sui L. Bacterial

diversity in Bohai Bay solar saltworks, China. Current Microbi-
ology. 2016; 72: 55–63.

[2] Çınar S, Mutlu MB. Comparative analysis of prokaryotic di-
versity in solar salterns in eastern Anatolia (Turkey). Ex-
tremophiles. 2016; 20: 589–601.

[3] Ghai R, Pašić L, Fernández AB, Martin-Cuadrado A-B, Mizuno
CM, McMahon KD, et al. New abundant microbial groups in
aquatic hypersaline environments. Scientific Reports. 2011; 1:
135.

[4] Naghoni A, Emtiazi G, Amoozegar MA, Cretoiu MS, Stal LJ,
Etemadifar Z, et al. Microbial diversity in the hypersaline Lake
Meyghan, Iran. Scientific Reports. 2017; 7: 1–13.

[5] Shurigin V, Hakobyan A, Panosyan H, Egamberdieva D, Davra-
nov K, Birkeland NK. A glimpse of the prokaryotic diversity of
the Large Aral Sea reveals novel extremophilic bacterial and ar-
chaeal groups. MicrobiologyOpen. 2019; 8: e00850.

[6] Sirisena KA, Ramirez S, Steele A, Glamoclija M. Microbial di-
versity of hypersaline sediments from lake Lucero playa in white
sands national monument, New Mexico, USA. Microbial Ecol-
ogy. 2018; 76: 404–418.

[7] Ventosa A, Fernández AB, León MJ, Sánchez-Porro C,
Rodriguez-Valera F. The Santa Pola saltern as a model for study-
ing the microbiota of hypersaline environments. Extremophiles.
2014; 18: 811–824.

15

https://doi.org/10.31083/j.fbe1402011
https://doi.org/10.31083/j.fbe1402011
https://www.imrpress.com


[8] Munoz R, Rosselló-Móra R, Amann R. Revised phylogeny of
Bacteroidetes and proposal of sixteen new taxa and two new
combinations including Rhodothermaeota phyl. nov. Systematic
and Applied Microbiology. 2016; 39: 281–296.

[9] Wang CY, Ng CC, Chen TW, Wu SJ, Shyu YT. Microbial di-
versity analysis of former salterns in southern Taiwan by 16S
rRNA‐based methods. Journal of Basic Microbiology. 2007; 47:
525–533.

[10] VillanovaV, Galasso C, Fiorini F, Lima S, BrönstrupM, Sansone
C, et al. Biological and chemical characterization of new isolated
halophilic microorganisms from saltern ponds of Trapani, Sicily.
Algal Research. 2021; 54: 102192.

[11] Cantrell SA, Casillas-Martinez L, Molina M. Characterization
of fungi from hypersaline environments of solar salterns us-
ing morphological and molecular techniques. Mycological Re-
search. 2006; 110: 962–970.

[12] Chung D, Kim H, Choi HS. Fungi in salterns. Journal of Micro-
biology. 2019; 57: 717–724.

[13] Challinor VL, Bode HB. Bioactive natural products from novel
microbial sources. Annals of the New York Academy of Sci-
ences. 2015; 1354: 82–97.

[14] Charlesworth J, Burns B. Extremophilic adaptations and
biotechnological applications in diverse environments. AIMS
Microbiology. 2016; 2: 251–261.

[15] Abdel-Razek AS, El-Naggar ME, Allam A, Morsy OM, Oth-
man SI. Microbial natural products in drug discovery. Processes.
2020; 8: 470.

[16] Atanasov AG, Zotchev SB, Dirsch VM, Supuran CT. Natural
products in drug discovery: Advances and opportunities. Nature
Reviews Drug Discovery. 2021; 20: 200–216.

[17] Demain AL. Importance of microbial natural products and the
need to revitalize their discovery. Journal of Industrial Microbi-
ology and Biotechnology. 2014; 41: 185–201.

[18] Pham JV, Yilma MA, Feliz A, Majid MT, Maffetone N, Walker
JR, et al. A review of the microbial production of bioactive natu-
ral products and biologics. Frontiers in Microbiology. 2019; 10:
1404.

[19] Schoenafinger G,MarahielMA. Nonribosomal peptides. In Civ-
jan N. Natural Products in Chemical Biology (pp. 111–125).
John Wiley & Sons Inc.: Hoboken, New Jersey. 2012.

[20] Cane DE, Walsh CT. The parallel and convergent universes
of polyketide synthases and nonribosomal peptide synthetases.
Chemistry Biology. 1999; 6: R319–R325.

[21] Weissman KJ. Introduction to polyketide biosynthesis. Methods
in Enzymology. 2009; 459: 3–16.

[22] Filker S, Gimmler A, Dunthorn M, Mahé F, Stoeck T. Deep se-
quencing uncovers protistan plankton diversity in the Portuguese
Ria Formosa solar saltern ponds. Extremophiles. 2015; 19: 283–
295.

[23] Nespoli CR. Characterization of extreme halophilic prokaryotic
consortia of a traditional solar saltern in Olhão, Algarve (Portu-
gal). Universidade do Algarve. 2009.

[24] Almeida E, Dias TV, Ferraz G, Carvalho MF, Lage OM. Cultur-
able bacteria from two Portuguese salterns: diversity and bioac-
tive potential. Antonie van Leeuwenhoek. 2020; 113: 459–475.

[25] Barbosa RG, van Veelen HPJ, Pinheiro V, Sleutels T, Verstraete
W, Boon N. Enrichment of hydrogen-oxidizing bacteria from
high-temperature and high-salinity environments. Applied and
Environmental Microbiology. 2021; 87: e02439–02420.

[26] Pradel N, Fardeau M-L, Tindall BJ, Spring S. Anaero-
halosphaera lusitana gen. nov., sp. nov., and Limihaloglobus
sulfuriphilus gen. nov., sp. nov., isolated from solar saltern sedi-
ments, and proposal ofAnaerohalosphaeraceae fam. nov. within
the order Sedimentisphaerales. International Journal of System-
atic and Evolutionary Microbiology. 2020; 70: 1321–1330.

[27] Merkel A. CLIMATE-DATA.ORG. 2021. Available at: https:

//en.climate-data.org/ (Accessed: 28 June 2021).
[28] Lage OM, Bondoso J. Planctomycetes diversity associated with

macroalgae. FEMS Microbiology Ecology. 2011; 78: 366–375.
[29] Küster E, Williams ST. Selection of media for isolation of Strep-

tomycetes. Nature. 1964; 202: 928–929.
[30] Mincer TJ, Jensen PR, Kauffman CA, Fenical W. Widespread

and persistent populations of a major new marine actinomycete
taxon in ocean sediments. Applied and Environmental Microbi-
ology. 2002; 68: 5005–5011.

[31] Jensen PR, Gontang E, Mafnas C, Mincer TJ, Fenical W. Cultur-
able marine actinomycete diversity from tropical Pacific Ocean
sediments. Environmental Microbiology. 2005; 7: 1039–1048.

[32] Goodfellow M. Selective isolation of Actinobacteria. In: Bull
AT, Junker B, Katz L, et al. Manual of Industrial Microbiology
and Biotechnology (pp. 13–27). 3rd edn. ASM Press: Washing-
ton DC, USA. 2010.

[33] Hazarika SN, Thakur D. Actinobacteria. In Amaresan N, Kumar
MS, Annapurna K, et al. Beneficial Microbes in Agro–Ecology
(pp. 443–476). Elsevier: London, UK. 2020.

[34] JiangY, Li Q, ChenX, JiangC. Isolation and cultivationmethods
of Actinobacteria. In Dhanasekaram D, Jiang Y. Actinobacteria
- Basics and Biotechnological Applications (pp. 39–57). InTech
Publisher: Rijeka, Croatia. 2016.

[35] Qin S, Li J, Chen H-H, Zhao G-Z, Zhu W-Y, Jiang C-L, et al.
Isolation, diversity, and antimicrobial activity of rare actinobac-
teria from medicinal plants of tropical rain forests in Xishuang-
banna, China. Applied and Environmental Microbiology. 2009;
75: 6176–6186.

[36] Lane D. 16S/23S rRNA sequencing. In Stackebrandt E, Good-
fellow M. Nucleic Acid Sequencing Techniques in Bacterial
Systematics (pp. 115–175). JohnWiley & Sons Ltd.: New York,
USA. 1991.

[37] White TJ, Bruns T, Lee S, Taylor JJPpagtm, applications. Am-
plification and direct sequencing of fungal ribosomal RNA
genes for phylogenetics. In Innis MA, Gelfand DH, Sminsky JJ,
et al. PCR Protocols: A Guide to Methods and Applications (pp.
315–322). Academic Press: London. 1990.

[38] Yoon S-H, Ha S-M, Kwon S, Lim J, Kim Y, Seo H, et al. In-
troducing EzBioCloud: a taxonomically united database of 16S
rRNA gene sequences and whole-genome assemblies. Interna-
tional Journal of Systematic and Evolutionary Microbiology.
2017; 67: 1613.

[39] Kumar S, Stecher G, Tamura K. MEGA7: molecular evolution-
ary genetics analysis version 7.0 for bigger datasets. Molecular
Biology Evolution. 2016; 33: 1870–1874.

[40] Benson DA, Karsch-Mizrachi I, Lipman DJ, Ostell J, Wheeler
DL. GenBank. Nucleic Acids Research. 2005; 33: D34–D38.

[41] Hammer Ø, Harper DA, Ryan PD. PAST: Paleontological statis-
tics software package for education and data analysis. Palaeon-
tologia Electronica. 2001; 4: 1–9.

[42] Colwell RK,Mao CX, Chang J. Interpolating, extrapolating, and
comparing incidence‐based species accumulation curves. Ecol-
ogy. 2004; 85: 2717–2727.

[43] Neilan BA, Dittmann E, Rouhiainen L, Bass RA, Schaub V,
Sivonen K, et al. Nonribosomal peptide synthesis and toxigenic-
ity of cyanobacteria. Journal of Bacteriology. 1999; 181: 4089–
4097.

[44] Kim TK, Garson MJ, Fuerst JA. Marine actinomycetes related
to the ‘Salinospora’ group from the Great Barrier Reef sponge
Pseudoceratina clavata. Environmental Microbiology. 2005; 7:
509–518.

[45] Graça AP, Viana F, Bondoso J, Correia MI, Gomes L, Humanes
M, et al. The antimicrobial activity of heterotrophic bacteria iso-
lated from the marine sponge Erylus deficiens (Astrophorida,
Geodiidae). Frontiers in Microbiology. 2015; 6: 389.

[46] Spring S, Bunk B, Spröer C, Rohde M, Klenk HP. Genome biol-

16

https://en.climate-data.org/
https://en.climate-data.org/
https://www.imrpress.com


ogy of a novel lineage of planctomycetes widespread in anoxic
aquatic environments. Environmental Microbiology. 2018; 20:
2438–2455.

[47] Filker S, Forster D, Weinisch L, Mora‐Ruiz M, González B,
Farías ME, et al. Transition boundaries for protistan species
turnover in hypersaline waters of different biogeographic re-
gions. Environmental Microbiology. 2017; 19: 3186–3200.

[48] Nissen H, Dundas ID. Rhodospirillum salinarum sp. nov., a
halophilic photosynthetic bacterium isolated from a Portuguese
saltern. Archives of Microbiology. 1984; 138: 251–256.

[49] L’Haridon S, Corre E, Guan Y, Vinu M, La Cono V, Yakimov
M, et al. Complete genome sequence of the halophilic methy-
lotrophic methanogen archaeonMethanohalophilus portucalen-
sis strain FDF-1T. Genome Announcements. 2018; 6: e01482–
01417.

[50] Amend A, Burgaud G, Cunliffe M, Edgcomb VP, Ettinger CL,
Gutiérrez MH, et al. Fungi in the marine environment: Open
questions and unsolved problems. MBio. 2019; 10: e01189–
01118.

[51] Grossart H-P, Van den Wyngaert S, Kagami M, Wurzbacher C,
Cunliffe M, Rojas-Jimenez K. Fungi in aquatic ecosystems. Na-
ture Reviews Microbiology. 2019; 17: 339–354.

[52] Vashishtha A, Meghwanshi GK. Fungi inhabiting in hypersaline
conditions: an insight. In Gehlot P, Singh J. Fungi and their role
in sustainable development: current perspectives (pp. 449–465).
Springer: Singapore. 2018.

[53] Gunde-Cimerman N, Zalar P, de Hoog S, Plemenitaš A. Hyper-
saline waters in salterns–natural ecological niches for halophilic
black yeasts. FEMSMicrobiology Ecology. 2000; 32: 235–240.

[54] Gunde-Cimerman N, Zalar P, Petrovič U, Turk M, Kogej T, de
Hoog GS, et al. Fungi in salterns. In Ventosa A. Halophilic mi-
croorganisms (pp. 103–113). Springer: Berlin. 2004.

[55] Zajc J, Zalar P, Plemenitaš A, Gunde-Cimerman N. The myco-
biota of the salterns. In Raghukumar C. Biology ofMarine Fungi
(pp. 133–158). Springer. 2012.

[56] Méjanelle L, Lòpez JF, Gunde-Cimerman N, Grimalt JO. Sterols
of melanized fungi from hypersaline environments. Organic
Geochemistry. 2000; 31: 1031–1040.

[57] Cantrell SA, Tkavc R, Gunde-Cimerman N, Zalar P, Acevedo
M, Baez-Felix C. Fungal communities of young and mature hy-
persaline microbial mats. Mycologia. 2013; 105: 827–836.

[58] Chi Z, Ma C, Wang P, Li HF. Optimization of medium and culti-
vation conditions for alkaline protease production by the marine
yeast Aureobasidium pullulans. Bioresource Technology. 2007;
98: 534–538.

[59] Özgök Ö, İlhan S. Diversity and distribution of Dematiaceous
fungi in Çamaltı saltern in İzmir Province, Turkey. The Journal
of Fungus. 2019; 11: 29–39.

[60] Bensch K, Groenewald JZ, Starink-Willemse M, Andersen B,
Sumerell BA, Shin H-D, et al. Species and ecological diversity
within the Cladosporium cladosporioides complex (Davidiel-
laceae, Capnodiales). Studies in Mycology. 2010; 67: 1–94.

[61] Crous PW, Groenewald JZ. Why everlastings don’t last. Persoo-
nia: Molecular Phylogeny and Evolution of Fungi. 2011; 26: 70.

[62] Ortiz R, Navarrete H, Navarrete J, Párraga M, Carrasco I, de la
Vega E, et al. Deterioration, decay and identification of fungi
isolated from wooden structures at the Humberstone and Santa
Laura Saltpeter Works: A World Heritage Site in Chile. Interna-
tional Biodeterioration and Biodegradation. 2014; 86: 309–316.

[63] Bugni TS, Bernan VS, Greenstein M, Janso JE, Maiese WM,
Mayne CL, et al. Brocaenols A− C: Novel polyketides from
a marine-derived Penicillium brocae. The Journal of Organic
Chemistry. 2003; 68: 2014–2017.

[64] Nayak SS, Gonsalves V, Nazareth SW. Isolation and salt toler-
ance of halophilic fungi from mangroves and solar salterns in
Goa-India. Indian Journal of Geo-Marine Sciences. 2012; 41:

164–172.
[65] Smolyanyuk EV, Bilanenko EN. Communities of halotolerant

micromycetes from the areas of natural salinity. Microbiology.
2011; 80: 877–883.

[66] Buzzini P, Branda E, Goretti M, Turchetti B. Psychrophilic
yeasts from worldwide glacial habitats: diversity, adaptation
strategies and biotechnological potential. FEMS Microbiology
Ecology. 2012; 82: 217–241.

[67] de García V, Brizzio S, Libkind D, Buzzini P, Van Broock
M. Biodiversity of cold-adapted yeasts from glacial meltwater
rivers in Patagonia, Argentina. FEMS Microbiology Ecology.
2007; 59: 331–341.

[68] Libkind D, Brizzio S, Ruffini A, Gadanho M, van Broock M,
Sampaio JP. Molecular characterization of carotenogenic yeasts
from aquatic environments in Patagonia, Argentina. Antonie van
Leeuwenhoek. 2003; 84: 313–322.

[69] Gibtan A, Park K, Woo M, Shin J-K, Lee D-W, Sohn JH, et al.
Diversity of extremely halophilic archaeal and bacterial commu-
nities from commercial salts. Frontiers in Microbiology. 2017;
8: 799.

[70] Guan T-W, Lin Y-J, Ou M-Y, Chen K-B. Isolation and diversity
of sediment bacteria in the hypersaline aiding lake, China. PLoS
ONE. 2020; 15: e0236006.

[71] Zlamala C, Schumann P, Kämpfer P, Valens M, Rosselló-Mora
R, Lubitz W, et al. Microbacterium aerolatum sp. nov., isolated
from the air in the ‘Virgilkapelle’ in Vienna. International Jour-
nal of Systematic and Evolutionary Microbiology. 2002; 52:
1229–1234.

[72] Kim Y-J, Kim MK, Bui TPN, Kim H-B, Srinivasan S, Yang
D-C. Microbacterium ginsengiterrae sp. nov., a β-glucosidase-
producing bacterium isolated from soil of a ginseng field. Inter-
national Journal of Systematic and Evolutionary Microbiology.
2010; 60: 2808–2812.

[73] Tsiamis G, Katsaveli K, Ntougias S, Kyrpides N, Andersen G,
Piceno Y, et al. Prokaryotic community profiles at different op-
erational stages of a Greek solar saltern. Research in Microbiol-
ogy. 2008; 159: 609–627.

[74] Chen H-M, Chi H, Chiu N-C, Huang F-Y. Kocuria kristinae: a
true pathogen in pediatric patients. Journal of Microbiology, Im-
munology and Infection. 2015; 48: 80–84.

[75] Muangham S, Lipun K, Thamchaipenet A, Matsumoto A,
Duangmal K. Gordonia oryzae sp. nov., isolated from rice
plant stems (Oryza sativa L.). International Biodeterioration and
Biodegradation. 2019; 69: 1621–1627.

[76] Ménard A, Degrange S, Peuchant O, Nguyen TDT, Dromer C,
Maugein J. Tsukamurella tyrosinosolvens-An unusual case re-
port of bacteremic pneumonia after lung transplantation. Annals
of Clinical Microbiology and Antimicrobials. 2009; 8: 30.

[77] Kim HM, Choi DH, Hwang CY, Cho BCJIjos. Nocardioides
salarius sp. nov., isolated from seawater enriched with zoo-
plankton. International Journal of Systematic and Evolutionary
Microbiology. 2008; 58: 2056–2064.

[78] Ballav S, Kerkar S, Thomas S, Augustine N. Halophilic and
halotolerant actinomycetes from a marine saltern of Goa, India
producing anti–bacterial metabolites. Journal of Bioscience and
Bioengineering. 2015; 119: 323–330.

[79] Jose PA, Jebakumar SRD. Phylogenetic diversity of actino-
mycetes cultured from coastal multipond solar saltern in Tuti-
corin, India. Aquatic Biosystems. 2012; 8: 23.

[80] Tatar D. Isolation, phylogenetic analysis and antimicrobial ac-
tivity of halophilic actinomycetes from different saline environ-
ments located near Çorum province. Biologia. 2021; 76: 773–
780.

[81] Yassin A, Galinski E, Wohlfarth A, Jahnke K-D, Schaal K,
Trüper H. A new actinomycete species, Nocardiopsis lucenten-
sis sp. nov. International Journal of Systematic and Evolutionary

17

https://www.imrpress.com


Microbiology. 1993; 43: 266–271.
[82] Brodie EL, DeSantis TZ, Parker JPM, Zubietta IX, Piceno YM,

Andersen GL. Urban aerosols harbor diverse and dynamic bac-
terial populations. Proceedings of the National Academy of Sci-
ences. 2007; 104: 299–304.

[83] Vavourakis CD, Ghai R, Rodriguez-Valera F, Sorokin DY,
Tringe SG, Hugenholtz P, et al. Metagenomic insights into the
uncultured diversity and physiology of microbes in four hyper-
saline soda lake brines. Frontiers in Microbiology. 2016; 7: 211.

[84] Font-Verdera F, Liébana R, Aldeguer-Riquelme B, Gangloff V,
Santos F, Viver T, et al. Inverted microbial community strati-
fication and spatial–temporal stability in hypersaline anaerobic
sediments from the S’Avall solar salterns. Systematic and Ap-
plied Microbiology. 2021; 44: 126231.

[85] Mhamdi S, Bkhairia I, Nasri R, Mechichi T, Nasri M, Kamoun
AS. Evaluation of the biotechnological potential of a novel puri-
fied protease BS1 from Bacillus safensis S406 on the chitin ex-
traction and detergent formulation. International Journal of Bio-
logical Macromolecules. 2017; 104: 739–747.

[86] Senghor B, Seck E, Khelaifia S, Bassène H, Sokhna C, Fournier
P, et al. Description of Bacillus dakarensis sp. nov., Bacillus
sinesaloumensis sp. nov., Gracilibacillus timonensis sp. nov.,
Halobacillus massiliensis sp. nov., Lentibacillus massiliensis sp.
nov., Oceanobacillus senegalensis sp. nov., Oceanobacillus ti-
monensis sp. nov., Virgibacillus dakarensis sp. nov. and Vir-
gibacillus marseillensis sp. nov., nine halophilic new species
isolated from human stool. New Microbes and New Infections.
2017; 17: 45–51.

[87] Sánchez-Porro C, Amoozegar MA, Rohban R, Hajighasemi
M, Ventosa A. Thalassobacillus cyri sp. nov., a moderately
halophilic Gram-positive bacterium from a hypersaline lake. In-
ternational Journal of Systematic and Evolutionary Microbiol-
ogy. 2009; 59: 2565–2570.

[88] Krishnamurthi S, Bhattacharya A, Mayilraj S, Saha P, Schu-
mann P, Chakrabarti T. Description of Paenisporosarcina
quisquiliarum gen. nov., sp. nov., and reclassification of
Sporosarcina macmurdoensis Reddy et al. 2003 as Paenis-
porosarcina macmurdoensis comb. nov. International Journal of
Systematic and Evolutionary Microbiology. 2009; 59: 1364–
1370.

[89] Tkavc R, Gostinčar C, Turk M, Visscher PT, Oren A, Gunde-
Cimerman N. Bacterial communities in the ‘petola’microbial
mat from the Sečovlje salterns (Slovenia). FEMS Microbiology
Ecology. 2011; 75: 48–62.

[90] Boersma AS, Kallscheuer N, Wiegand S, Rast P, Peeters SH,
Mesman RJ, et al. Alienimonas californiensis gen. nov. sp. nov.,
a novel Planctomycete isolated from the kelp forest in Monterey
Bay. Antonie van Leeuwenhoek. 2020; 1751–1766.

[91] Rivas-Marin E, Wiegand S, Kallscheuer N, Jogler M, Peeters
SH, Heuer A, et al.Maioricimonas rarisocia gen. nov., sp. nov.,
a novel planctomycete isolated from marine sediments close to
Mallorca Island. Antonie Van Leeuwenhoek. 2020; 113: 1901–
1913.

[92] Kallscheuer N, Wiegand S, Jogler M, Boedeker C, Peeters
SH, Rast P, et al. Rhodopirellula heiligendammensis sp. nov.,
Rhodopirellula pilleata sp. nov., andRhodopirellula solitaria sp.
nov. isolated from natural or artificial marine surfaces in North-
ern Germany and California, USA, and emended description
of the genus Rhodopirellula. Antonie van Leeuwenhoek. 2020;
113: 1737–1750.

[93] Bondoso J, Albuquerque L, Lobo-da-Cunha A, Da Costa MS,
Harder J, Lage OM. Rhodopirellula lusitana sp. nov. and
Rhodopirellula rubra sp. nov., isolated from the surface of
macroalgae. Systematic and Applied Microbiology. 2014; 37:
157–164.

[94] Zhu D, Han R, Long Q, Gao X, Xing J, Shen G, et al. An eval-

uation of the core bacterial communities associated with hyper-
saline environments in the Qaidam Basin, China. Archives of
Microbiology. 2020; 202: 2093–2103.

[95] Mouné S, Caumette P, Matheron R, Willison JC. Molecular
sequence analysis of prokaryotic diversity in the anoxic sedi-
ments underlying cyanobacterial mats of two hypersaline ponds
in Mediterranean salterns. FEMS Microbiology Ecology. 2003;
44: 117–130.

[96] Haller CM, Rölleke S, Vybiral D, Witte A, Velimirov B. Inves-
tigation of 0.2 µm filterable bacteria from the Western Mediter-
ranean Sea using a molecular approach: dominance of potential
starvation forms. FEMSMicrobiology Ecology. 2000; 31: 153–
161.

[97] Suzuki T, Mori Y, Nishimura Y. Roseibacterium elongatum gen.
nov., sp. nov., an aerobic, bacteriochlorophyll-containing bac-
terium isolated from the west coast of Australia. International
Journal of Systematic and EvolutionaryMicrobiology. 2006; 56:
417–421.

[98] Park S, Kim S, Kang C-H, Jung Y-T, Yoon J-H. Marinobac-
ter confluentis sp. nov., a lipolytic bacterium isolated from a
junction between the ocean and a freshwater lake. International
Journal of Systematic and EvolutionaryMicrobiology. 2015; 65:
4873–4879.

[99] Williams BT, Cowles K, Martínez AB, Curson AR, Zheng Y,
Liu J, et al. Bacteria are important dimethylsulfoniopropionate
producers in coastal sediments. Nature Microbiology. 2019; 4:
1815–1825.

[100] Díaz-Cárdenas C, Cantillo A, Rojas LY, Sandoval T, Fiorentino
S, Robles J, et al. Microbial diversity of saline environments:
searching for cytotoxic activities. AMB Express. 2017; 7: 223.

[101] Oueriaghli N, González-Domenech CM, Martínez-Checa F,
Muyzer G, Ventosa A, Quesada E, et al. Diversity and distribu-
tion ofHalomonas in Rambla Salada, a hypersaline environment
in the southeast of Spain. FEMS Microbiology Ecology. 2014;
87: 460–474.

[102] Aguilera M, Cabrera A, Incerti C, Fuentes S, Russell NJ,
Ramos-Cormenzana A, et al. Chromohalobacter salarius sp.
nov., a moderately halophilic bacterium isolated from a solar
saltern in Cabo de Gata, Almeria, southern Spain. International
Journal of Systematic and EvolutionaryMicrobiology. 2007; 57:
1238–1242.

[103] Borsodi A, Kiss R, Cech G, Vajna B, Tóth E, Marialigeti K. Di-
versity and activity of cultivable aerobic planktonic bacteria of
a saline lake located in Sovata, Romania. Folia Microbiologica.
2010; 55: 461–466.

[104] de la Haba RR, Sanchez-Porro C, Márquez MC, Ventosa A.
Taxonomic study of the genus Salinicola: transfer ofHalomonas
salaria and Chromohalobacter salarius to the genus Salini-
cola as Salinicola salarius comb. nov. and Salinicola halophilus
nom. nov., respectively. International Journal of Systematic and
Evolutionary Microbiology. 2010; 60: 963–971.

[105] Hashemzahi A, Makhkdoumi A, Asoodeh A. Culturable di-
versity and enzyme production survey of halophilic prokaryotes
from a solar saltern on the shore of the Oman Sea. Journal of
Genetic Resources. 2020; 6: 1–11.

[106] Yoon J-H, Jung S-Y, Kang S-J, Oh T-K. Microbulbifer celer
sp. nov., isolated from a marine solar saltern of the Yellow Sea
in Korea. International Journal of Systematic and Evolutionary
Microbiology. 2007; 57: 2365–2369.

[107] Yang L, Tang L, Liu L, Salam N, Li W-J, Zhang Y. Aquichro-
matium aeriopus gen. nov., sp. nov., a non-phototrophic aerobic
chemoheterotrophic bacterium, and proposal of Aquichromati-
aceae fam. nov. in the order Chromatiales. Current Microbiol-
ogy. 2017; 74: 972–978.

[108] Jacksch S, Kaiser D, Weis S, Weide M, Ratering S, Schnell S,
et al. Influence of sampling site and other environmental factors

18

https://www.imrpress.com


on the bacterial community composition of domestic washing
machines. Microorganisms. 2020; 8: 30.

[109] Li Y, Kawamura Y, Fujiwara N, Naka T, Liu H, Huang X, et al.
Sphingomonas yabuuchiae sp. nov. and Brevundimonas nasdae
sp. nov., isolated from the Russian space laboratory Mir. Inter-
national Journal of Systematic and Evolutionary Microbiology.
2004; 54: 819–825.

[110] Gupta RS, Patel S, Saini N, Chen S. Robust demarcation of 17
distinct Bacillus species clades, proposed as novel Bacillaceae
genera, by phylogenomics and comparative genomic analyses:
Description of Robertmurraya kyonggiensis sp. nov. and pro-
posal for an emended genus Bacillus limiting it only to the mem-
bers of the Subtilis and Cereus clades of species. International
Journal of Systematic and EvolutionaryMicrobiology. 2020; 70:
5753–5798.

[111] Jin L, Huy H, Kim KK, Lee H-G, Kim H-S, Ahn C-Y, et al.
Aquihabitans daechungensis gen. nov., sp. nov., an actinobac-
terium isolated from reservoir water. International Journal of
Systematic and Evolutionary Microbiology. 2013; 63: 2970–
2974.

[112] Zhang J, Du L, Liu F, Xu F, Hu B, Venturi V, et al. Involvement
of both PKS and NRPS in antibacterial activity in Lysobacter
enzymogenes OH11. FEMS Microbiology Letters. 2014; 355:
170–176.

[113] Zothanpuia AKP, Gupta VK, Singh BP. Detection of antibiotic-
resistant bacteria endowed with antimicrobial activity from a
freshwater lake and their phylogenetic affiliation. PeerJ. 2016;
4: e2103.

[114] Kennedy J, Baker P, Piper C, Cotter PD,WalshM,Mooij MJ, et
al. Isolation and analysis of bacteria with antimicrobial activities
from the marine spongeHaliclona simulans collected from Irish
waters. Marine Biotechnology. 2009; 11: 384–396.

[115] Wang H, Fewer DP, Holm L, Rouhiainen L, Sivonen K. Atlas

of nonribosomal peptide and polyketide biosynthetic pathways
reveals common occurrence of nonmodular enzymes. Proceed-
ings of the National Academy of Sciences. 2014; 111: 9259–
9264.

[116] Brinkmann S, Kurz M, Patras MA, Hartwig C, Marner M,
Leis B, et al. Genomic and chemical decryption of the Bac-
teroidetes phylum for its potential to biosynthesize natural prod-
ucts. BioRxiv. 2021. (in press)

[117] Graça AP, Calisto R, Lage OM. Planctomycetes as novel
source of bioactive molecules. Frontiers in Microbiology. 2016;
7: 1241.

[118] Kallscheuer N, Jogler C. The bacterial phylum Planctomycetes
as novel source for bioactive small molecules. Biotechnology
Advances. 2021; 53: 107818.

[119] Gressler M, Löhr NA, Schäfer T, Lawrinowitz S, Seibold PS,
Hoffmeister D. Mind the mushroom: Natural product biosyn-
thetic genes and enzymes of Basidiomycota. Natural Product
Reports. 2021; 37: 702–722.

[120] Zeng Y, Baumbach J, Barbosa EGV, Azevedo V, Zhang C,
Koblížek M. Metagenomic evidence for the presence of pho-
totrophic Gemmatimonadetes bacteria in diverse environments.
Environmental Microbiology Reports. 2016; 8: 139–149.

[121] Crits-Christoph A, Diamond S, Butterfield CN, Thomas BC,
Banfield JF. Novel soil bacteria possess diverse genes for sec-
ondary metabolite biosynthesis. Nature. 2018; 558: 440–444.

[122] Chen R, Wong HL, Kindler GS, MacLeod FI, Benaud N, Fer-
rari BC, et al. Discovery of an abundance of biosynthetic gene
clusters in shark bay microbial mats. Frontiers in Microbiology.
2020; 11: 1950.

[123] Jose PA, Maharshi A, Jha B. Actinobacteria in natural products
research: Progress and prospects. Microbiological Research.
2021; 246: 126708.

19

https://www.imrpress.com

	1. Introduction
	2. Material and methods
	2.1 Sampling and microbial isolation
	2.1.1 Planctomycetota
	2.1.2 Actinomycetota
	2.1.3 Fungi

	2.2 Microbial DNA extration
	2.3 Microbial identification
	2.4 Diversity, richness, dominance and distribution of salterns microbial communities
	2.5 PCR screening of the bioactive potential of saltern isolates

	3. Results and discussion
	3.1 Microbial isolation and identification
	3.2 Diversity, richness, dominance and distribution of the obtained isolates
	3.3 Molecular assessment of NRPS and PKS-I genes

	4. Conclusions
	Abbreviations
	Author contributions
	Ethics approval and consent to participate
	Acknowledgment
	Funding
	Conflict of interest
	Supplementary material

