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Abstract: Halophilic and halotolerant microorganisms represent promising sources of salt-tolerant
enzymes that could be used in various biotechnological processes where high salt concentrations
would otherwise inhibit enzymatic transformations. Considering the current need for more efficient
biocatalysts, the present study aimed to explore the microbial diversity of five under- or uninvestigated
salty lakes in Romania for novel sources of hydrolytic enzymes. Bacteria, archaea and fungi were
obtained by culture-based approaches and screened for the production of six hydrolases (protease,
lipase, amylase, cellulase, xylanase and pectinase) using agar plate-based assays. Moreover, the
phylogeny of bacterial and archaeal isolates was studied through molecular methods. From a total of
244 microbial isolates, 182 (74.6%) were represented by bacteria, 22 (9%) by archaea, and 40 (16.4%) by
fungi. While most bacteria synthesized protease and lipase, the most frequent hydrolase produced by
fungi was pectinase. The archaeal isolates had limited hydrolytic activity, being able to produce only
amylase and cellulase. Among the taxonomically identified isolates, the best hydrolytic activities
were observed in halotolerant bacteria belonging to the genus Bacillus and in extremely halophilic
archaea of the genera Haloterrigena and Halostagnicola. Therefore, the present study highlights that the
investigated lakes harbor various promising species of microorganisms able to produce industrially
valuable enzymes.

Keywords: halophiles; halotolerant bacteria; halophilic archaea; hypersaline lakes; extreme
environments; extremozymes; hydrolytic enzymes; extracellular hydrolases; salt-tolerant enzymes

1. Introduction

Halophiles are a heterogeneous group of extremophilic organisms able to survive and even thrive
in highly saline environments, unfavorable for the existence of most life forms known to us [1]. They can
be found in all three domains of life (i.e., Bacteria, Archaea and Eukarya) and are typically categorized
on the basis of their salt requirement and tolerance. The predominant inhabitants of hypersaline niches
are generally represented by extremely and moderately halophilic Archaea and Bacteria. The extreme
halophiles par excellence are the archaeal representatives of the class Halobacteria, most of which show
optimal growth in media containing 2.5 to 5.2 M NaCl, although some extremely halophilic Bacteria
(e.g., genus Salinibacter) have been described as well [2,3]. Moderately halophilic (growing best at
0.5-2.5 M NaCl) and halotolerant bacteria (growing in the absence as well as in the presence of relatively
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high salt concentrations) are spread over a large number of phylogenetic branches, most species being
grouped in the Proteobacteria (Gamma- and Alphaproteobacteria), Firmicutes and Actinobacteria [4].
Within the domain Eukarya, halophily is less widespread, the best salt-adapted eukaryotes being
represented by few species of green algae (e.g., Dunaliella), yeasts (e.g., Hortaea werneckii), filamentous
fungi (e.g., Wallemia ichthyophaga) and protozoa (e.g., Halocafeteria seosinensis) [5].

The great diversity of halophiles is expressed not only at the phylogenetic level but also
at the physiological level; most microbial processes of energy generation that occur at low salt
concentrations having been identified up to considerably high salinities. In this regard, the metabolic
diversity of halophilic microorganisms includes oxygenic and anoxygenic phototrophs, aerobic
chemo-organoheterotrophs and chemolithoautotrophs, fermenters, denitrifiers, sulfate reducers,
methanogens and acetogens [1,2]. Moreover, considerable diversity also exists in the mechanisms
these microorganisms use to cope with the osmotic pressure exerted by the high salt concentration of
the surrounding medium [5].

The heterogeneity within communities of halophilic microorganisms is a reflection of their
ability of adaptation to a wide range of habitats that are characterized by different and often
changing physicochemical conditions (overall salinity and ionic composition, pH, temperature,
oxygen availability, nutrient status, etc.). Many salty environments, including inland lakes, coastal
salterns, soils, marshes, deep hypersaline anoxic basins, salted foods, salt rocks, leaves of some plants
that grow in very salty soils, salt glands and nasal cavities of some animals and even surfaces of
archaeological monuments and wall paintings have been described as being appropriate to sustain
the survival of halophiles [2]. Of these, natural hypersaline lakes of oceanic (thalassohaline) and
non-oceanic (athalassohaline) origin, as well as solar salterns, have been most explored in terms of
their microbiota using both culture-dependent and culture-independent techniques [6,7].

Over recent decades, halophiles have been studied mainly for their possible applications
in biotechnological and environmental processes. The two most successful industrial processes
involving halophilic microorganisms are the production of (3-carotene by the unicellular alga
Dunaliella and the production of ectoine using various species of moderately halophilic bacteria [8,9].
Moreover, many other products synthesized by halophiles (e.g., bacteriorhodopsin, enzymes,
polysaccharides, polyhydroxyalkanoates, biosurfactants, antimicrobials) or processes performed
by them (e.g., degradation of toxic compounds) have found different actual or potential commercial
uses [10-13]. In comparison to mesophilic enzymes, halophilic and halotolerant counterparts
are active over a broad range of salinities and could, therefore, be used in many challenging
industrial processes where high salt concentrations would otherwise inhibit enzymatic transformations.
These salt-adapted enzymes are characterized by an excess of acidic amino acids at the protein surface
and by a general decrease in hydrophobic amino acid frequency [14,15]. Several halophilic enzymes,
including glycosidases, proteases and lipases have been purified and characterized in recent years,
providing promising opportunities particularly for biofuel production [16], food processing [17] and
biodegradation of organic pollutants [18,19].

In Romania, saline environments represented mainly by salt mines and athalassohaline lakes are
widely spread. The latter are highly diverse in terms of ionic composition and overall salinity and
generally harbor large deposits of organic- and mineral-rich sediments, which are of particular utility
in balneotherapy [20]. The southeastern region of the country (Romanian Plain) is characterized by
the presence of five major salty lakes (i.e., Amara, Balta Alba, Caineni Bai, Movila Miresii and Braila
Salt Lake) with salinities ranging from brackish (<36 g-L~!, local seawater) to hypersaline (>50 g-L~!)
depending on rainfall, water evaporation rate and the basin substrate. The degree of mineralization of
Lake Amara has varied over recent years between 6.5 and 31 g-L~!, the dominant ion being sulfate,
followed by chloride, sodium and small amounts of magnesium [21-23]. The salinity of the other
four lakes has also fluctuated between 8.9 and 16 g-L_1 in Lake Balta Alba [21,24], 29 and 45 g-L‘1 in
Lake Caineni Bai [21,25], 57 and 150 g'L_1 in Movila Miresii Salt Lake [26,27] and 111 and 317 g'L_l in
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Braila Salt Lake [22,24], the predominant ions being chloride and sodium, followed by sulfate and
considerably lower quantities of magnesium.

The biota of these ecosystems has been characterized particularly in terms of phyto- and
zooplankton composition [24,28,29], but little or no information about their bacterial, archaeal
and fungal communities is currently available [30-32]. Hence, these environments remain largely
unexplored reservoirs of microorganisms potentially capable of producing novel bioactive compounds
and industrially valuable molecules. In the present study, we aimed to (1) cultivate and isolate aerobic,
chemo-organoheterotrophic, halophilic/halotolerant bacteria, archaea and fungi from five saline lakes
in Romania; (2) determine their salt requirement/tolerance and phylogeny; and (3) assess whether
they produce various extracellular hydrolases whose property of being stable and active at high salt
concentrations may be useful in biotechnology.

2. Materials and Methods

2.1. Sampling and Measurement of Physicochemical Parameters

Water and sediment samples were collected from five salty lakes located in the Romanian Plain:
Lake Amara (AM), Lake Balta Alba (BA), Lake Caineni Bai (CB), Movila Miresii Salt Lake (MM) and
Braila Salt Lake (BSL) (Figure 1), during a two-day field trip in August 2019. At each of the five
locations, three sampling sites positioned at 1-15 m from the shore and at 0.25-0.8 m below the water
surface were randomly selected, totaling three water samples and three sediment samples per lake.
GPS coordinates were recorded from each sampling site (Figure 1). Sterile 250 mL glass bottles and
50 mL plastic tubes were used to collect water and sediments, respectively. Samples were transported
to the laboratory in thermal bags at about 4 °C and processed within 48 h after collection.
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Figure 1. Geographic locations and overview photos of the five studied lakes. Three sites per lake were
sampled: Lake Amara (AM) (44°36'20.9” N, 27°19'39.6” E; 44°36'23.8” N, 27°19’35.9” E; 44°36723.0” N,
27°19'14.9” E), Lake Balta Alba (BA) (45°17’38.1” N, 27°20’54.1” E; 45°17’37.1” N, 27°20’55.6” E;
45°17'40.7” N, 27°20’51.8” E), Lake Caineni Bai (CB) (45°11°00.3” N, 27°20’01.4” E; 45°11°00.7” N,
27°19’59.2" E; 45°10'54.8” N, 27°19’28.2” E), Movila Miresii Salt Lake (MM) (45°13"16.0” N, 27°38'25.8" E;
45°13'15.4” N, 27°38'31.6” E; 45°13’16.0” N, 27°38’20.1” E), Braila Salt Lake (BSL) (45°12’57.6” N,
27°54'38.4" E; 45°12'58.8” N, 27°54'37.7” E; 45°12/58.4” N, 27°54'40.3” E).
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Physicochemical parameters (temperature, pH, dissolved oxygen, oxidation-reduction potential,
salinity, electrical conductivity) were measured in situ with a portable multiparameter instrument for
water analysis (Hanna HI98194). Moreover, considering that chloride was the dominant ion in almost
all the investigated environments (except AM), its concentration was determined in the laboratory by
titration (Mohr’s method) with AgNO5 [33].

2.2. Cultivation and Abundance Estimation of Halophilic and Halotolerant Microorganisms

In order to isolate halophilic and halotolerant microorganisms and estimate their cultivable
fraction, water and sediment samples were serially diluted and plated onto two different growth
media (HM [34] and JCM 168 [35]) with salinities ranging from 5% to about 22% (w/v). To avoid the
stress effect of low salinity conditions on halophilic systems [36], dilutions were made in sterile saline
solutions containing 5%, 10% or 20% (w/v) NaCl. Aliquots (1 mL) of each decimal dilution (1071, 1072
and 1073) were inoculated in triplicate by pour-plating [37]. The plates designated for the growth of
halotolerant and moderately halophilic bacteria and fungi (i.e., HM containing 5% and 10% salts) were
incubated at 30 °C for 10 days (in the case of bacteria) or at 24 °C for 30 days (in the case of fungi).
The plates designated for the growth of extremely halophilic bacteria and archaea (i.e., HM containing
20% salts and JCM 168) were incubated at 37 °C for 40 days in sealed polyethylene bags. Following
incubation, colonies were counted, and results were expressed as colony-forming units (CFU) per 1 mL
of water or 1 g of wet sediment. Moreover, colonies that displayed relatively distinct morphologies
were purified by streak-plating [37] onto the same growth medium used for the initial cultivation.

The compositions of the growth media used in the present study were as follows (in g-L!). HM
growth medium [34]: NaCl (31, 81, or 181), MgCl,-6H,O (7), MgSO,4-7H,0 (9.6), CaCl,-2H,0 (0.36),
KCl (2), NaHCOj3 (0.06), NaBr (0.026), glucose (1), proteose-peptone (5), yeast extract (10) and agar (20).
JCM 168 growth medium [35]: casamino acids (5), yeast extract (5), sodium glutamate (1), trisodium
citrate (3), MgSO,4-7H, 0 (20), KCI (2), NaCl (200), FeCl,-4H,O (0.036), MnCl,-4H,O (traces) and agar
(20). The pH of the culture media was adjusted to 7.2 before autoclaving.

2.3. Halophily and Halotolerance Assessment of the Isolates

In order to evaluate salt requirement and tolerance of the microbial isolates, solid HM and JCM
168 growth media containing different NaCl concentrations (0, 0.5, 1, 2, 3, 3.5, 4 and 4.5 M) were
used. Each isolate was spot-inoculated onto the surface of the appropriate culture media using fresh
solid inoculum. Growth was monitored daily and considered positive when it was visible after
14 days of incubation at 30 °C (for fast-growing bacteria), after 30 days of incubation at 24 °C (in the
case of fungi) or after 40 days of incubation at 37 °C (for slow-growing archaea). Moreover, the salt
concentrations at which growth appeared first were considered optimal. The isolates were categorized
as halotolerant, moderate halophiles or extreme halophiles according to the classification scheme
proposed by Kushner [38].

2.4. Screening for Extracellular Enzyme Activities

The capability of halotolerant and moderately halophilic bacteria and fungi to produce hydrolytic
enzymes (protease, lipase, amylase, cellulase, xylanase and pectinase) was qualitatively assayed on
modified HM media containing 10% (w/v) salts and one of the following substrates of interest (g-L1):
casein (1), Tween-80 (1), starch (1), carboxymethyl cellulose (CMC) (0.5), xylan (1) or pectin (1). Glucose
and proteose-peptone were removed from the composition of these assay media. Each microbial
isolate was spot-inoculated onto the surface of agar plates using fresh solid inoculum and incubated at
30 °C for 14 days. Subsequently, hydrolytic activities against casein, starch, pectin, CMC and xylan
were indicated by a clear zone around the colonies after flooding the plates with 1 N HCI (in the case
of casein), 0.3% I,-0.6% KI solution (in the cases of starch and pectin) or 0.1% Congo red solution
(in the cases of CMC and xylan). Lipolytic activity, on the other hand, was indicated by an opaque halo
around the colonies due to the precipitation of fatty acids resulted from Tween-80 hydrolysis [39,40].
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Extremely halophilic archaea and bacteria were screened for hydrolytic enzyme production
on modified JCM 168 media containing 3 M NaCl and the same substrates mentioned above. It is
important to note that casamino acids were removed from the composition of these assay media and
the amount of yeast extract was reduced to only 1 g-L~! [41]. The inoculation and interpretation of
results were carried out as described above, while incubation was performed at 37 °C for 3045 days.

All the screening experiments were conducted in duplicate, and results were expressed qualitatively
as levels of enzyme activities (LEA) using the formula: LEA = diameter of the hydrolysis zone divided
by the diameter of the microbial colony (in millimeters) [40,42]. Consequently, the microbial isolates
were categorized as having high (LEA > 3), medium (LEA 2-3), low (LEA < 2) or no hydrolytic activities.

2.5. DNA Extraction and PCR Amplification of the 16S rRNA Gene

Bacterial and archaeal isolates with distinct phenotypic characteristics (colony morphology,
salt tolerance/requirement, extracellular hydrolytic enzyme profiles) were selected for molecular
identification by PCR amplification and sequencing of the 16S rRNA gene. To this end, each isolate was
grown in the appropriate liquid medium (HM or JCM 168) under agitation (160 rpm) for 2448 h at
30 °C (for fast-growing bacteria), or for 20-30 days at 37 °C (for slow-growing archaea). Cells contained
in 1 mL of culture were harvested in a microcentrifuge tube by centrifuging for 10 min at 5000x g.
Genomic DNA was extracted using a DNeasy Blood & Tissue Kit (Qiagen, Hilden, Germany) following
the standard protocol for bacteria. In order to ensure efficient isolation of DNA from difficult-to-lyse
Gram-positive bacteria, harvested cells were preincubated (at 37 °C for 2-3 h) with an enzymatic lysis
buffer containing Tris-HCI (20 mM), EDTA (2 mM), Triton X-100 (1.2%, v/v) and lysozyme (20 mg-mL~')
before DNA purification. Concentration and purity of genomic DNA were checked using a BioDrop
DUO UV/VIS spectrophotometer.

PCR amplification of the 16S rRNA gene was carried out in a 50 pL final reaction volume
containing 1x Mango Master Mix (Bioline), 0.2 pM of each primer, 50-250 ng DNA template and water.
Primers 27F (AGAGTTTGATCMTGGCTCAG) and 1492R (ACGGYTACCTTGTTACGACTT) [43]
were used to amplify bacterial DNA, while primers 20F (TCCGGTTGATCCTGCCG) and 1530R
(GGAGGTGATCCAGCCG) [41] were used for the amplification of archaeal DNA. PCR reactions were
performed using a Mastercycler Pro S Thermal Cycler (Eppendorf) under the following conditions:
3 min denaturation at 95 °C, 35 cycles of 1 min denaturation at 95 °C, 1 min annealing at 57 (for
27F/1492R) or 50 °C (for 20F/1530R), 90 s extension at 72 °C and a final extension step of 5 min at 72 °C.
Amplicons were checked on agarose gel (1%, w/v) and then were purified using a QIAquick PCR
Purification Kit (Qiagen).

2.6. Gene Sequencing and Phylogenetic Analysis

Purified amplicons were directly sequenced by a commercial sequencing service provider
(Macrogen Europe B.V.) using the forward primers 27F (for Bacteria) and 20F (for Archaea). The obtained
chromatograms were analyzed using the CodonCode Aligner software (version 9.0.1), and sequencing
inaccuracies were manually edited. The resulting sequences were compared to known sequences
available in the NCBI public database using the BLASTN algorithm [44]. Subsequently, the 165
rRNA gene sequences of related reference strains were downloaded from NCBI and used for multiple
sequence alignments in the MEGA X software (CLUSTALW algorithm). Finally, the phylogenetic trees
were constructed in MEGA X from the resulting alignments, using the Neighbor-joining method and
the Tamura-Nei model [45].

2.7. Nucleotide Sequence Accession Numbers

The partial 165 rRNA gene sequences of the bacterial and archaeal isolates were
deposited in GenBank (NCBI) under the accession numbers MWO036374-MW036445 and
MW052695-MW052707, respectively.
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3. Results

3.1. Sampling Sites Description

The five sampled lakes are highly dynamic ecosystems whose water chemistry and temperature
fluctuate seasonally depending on climate conditions (i.e., rainfall, solar radiation intensity and
water evaporation rate) [21-27]. The physicochemical parameters measured at the time of sampling
(August 2019) are presented in Table 1. Based on water salinity, the investigated environments were
of three types: brackish (AM and BA), saline (CB) and hypersaline (MM and BSL). Their alkaline
pH (8-10) was slightly higher than previously reported [21-27], and the relatively elevated water
temperatures (23-39 °C) were due to the shallow depths of these water bodies during the dry periods.
Dissolved oxygen (DO) concentrations decreased with the increase in salt levels and were generally
low (0.3-4.6 mg-L~1), with the only exception of AM where higher amounts (10-12.8 mg-L™!) were
measured. Hypoxic conditions (DO < 2 mg-L~!) were encountered only in BSL, where the combined
effects of high salinity and elevated temperature resulted in a reduction in oxygen solubility. Moreover,
the low levels of DO, together with the negative values of the oxidation-reduction potential (ORP)
measured in BA, CB, MM and BSL, could have been related to an increased activity of microbial
decomposers in the benthic layer of these shallow lakes [46].

Table 1. Physicochemical properties of the sampled lakes /2.

Lake pH T €0 DO (mgL-)  ORP(mV)  EC(mS-cm-1) S(:i‘l‘ff ?g‘?ﬁfil‘:e
AM 8.81 £ 0.3 25.49 + 0.03 11.54 £ 1.29 12.67 +£2.27 19.05 = 0.25 11.31 £ 0.15 3.54 + 0.07
BA 10.16 = 0.25 244 + 0.0 3.86 +0.19 —-158 +17.9 20.78 + 0.18 12.36 + 0.11 5.52 +0.07
CB 9.03 +0.23 29.96 + 0.88 2.53 +1.81 —220 +58.1 52.8 + 8.98 35.67 + 5.85 17.91 + 0.87
MM 10.15+0.26 22.87 +0.09 212 +£0.51 —94.7 £ 16.7 107.8 £ 0.2 >70 % 38.52 £ 0.54
BSL 8.05 + 0.09 36.67 +2.75 0.71 + 0.57 —339 +439 168.1 +4.9 >70* 150.5 + 5.9

! Data are presented as mean + standard deviation (1 = 3). 2 Abbreviations: T, Temperature; DO, Dissolved Oxygen;
ORP, Oxidation Reduction Potential; EC, Electrical Conductivity. * Values exceeded the detection limit of the
measuring instrument.

In addition to physicochemical differences, the sampled environments showed some color
distinctions that could suggest the dominant components of their biological communities. While AM,
BA and CB sites showed to be turbid and brown, most probably due to high amounts of organic-rich
sediments, MM water was characterized by a green color (Figure 1), which could be explained by
the chlorophyll contained in the abundantly present algae [28]. On the other hand, both the red
water and the reddish salt crust observed in BSL (Figure 1) could have derived their color from dense
communities of carotenoid-rich microorganisms. In this regard, the members of the class Halobacteria,
the bacterium Salinibacter and the alga Dunaliella are considered to be the main sources of carotenoids
in hypersaline niches [47].

3.2. Abundance of Cultured Halophilic and Halotolerant Microorganisms

The cultured fractions of the microbial communities inhabiting the five investigated environments
varied considerably in abundance not only from one ecosystem to another but also between the
different sites of the same lake (Figure 2). The highest microbial densities were generally obtained on
HM media containing 10% salts, in which case the CFUs ranged from 9.4 x 10 (in BSL) to about 3 X 10*
(in CB and MM) per mL of water (Figure 2A) and from 2.2 X 10* (in BSL) to about 1 x 10° (in CB) per
gram of wet sediment (Figure 2B). Another general observation was that the CFUs decreased with
increasing NaCl concentration in the growth media composition, suggesting that most of the cultured
microorganisms could be halotolerant or moderately halophilic. Moreover, although HM 20% and
JCM 168 media contained similar salt concentrations, the latter showed to be much more suitable for
the growth of extremely halophilic archaea and bacteria than the former.
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Figure 2. The abundance, expressed as colony-forming units (CFU) per 1 mL of water (A) or

0

1 g of wet sediment (B), of the cultured fractions of halophilic/halotolerant microbial communities
inhabiting the five investigated lakes. Bars show the differences between the three sampling sites.
ND = Not Determined.

3.3. Halophily and Halotolerance of the Isolates

A total of 244 microbial isolates (182 bacteria, 22 archaea and 40 fungi) from the five sampled
lakes were obtained in pure cultures and tested for the ability to grow at different salt concentrations.
The majority (141 isolates, 57.8%) grew between 0 and 2 M NaCl (optimally at 0-1 M), and thus
they were categorized as halotolerant. However, some of these isolates, particularly those recovered
from the hypersaline lake BSL, were able to grow slowly (>10 days of incubation) up to 3-3.5 M
NaCl and, therefore, they were considered extremely halotolerant. A significantly smaller fraction
of isolates was constituted by moderately (75 isolates, 30.7%) and extremely halophilic (28 isolates,
11.5%) microorganisms, whose growth has shown to be dependent on relatively high salt concentrations.
While most of the former grew in the NaCl range of 0.5-3 M (optimally at 0.5-1 M), the majority of the
latter grew between 2 and 4.5 M NaCl (optimally at 2-3.5 M).

In four of the five investigated lakes (i.e., AM, BA, CB and BSL), it was observed that the number
of cultured halotolerant isolates decreased in favor of moderately and extremely halophilic ones as the
salinity of the lakes increased (Figure 3). Nevertheless, this tendency was not observed in MM, where
most of the cultured isolates did not show to be salt-dependent despite the hypersaline conditions
encountered at the time of sampling. Moreover, extremely halophilic bacteria and archaea were isolated,
albeit in low numbers, even from the brackish lakes AM and BA whose salinities are—according
to the classification scheme of halophilic microorganisms [38]—unsuitable for the growth of such
extremophiles (Figure 3).
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Figure 3. Relative abundances of halotolerant and halophilic microorganisms isolated from the five
investigated lakes. The numbers in the bar graphs indicate the number of isolates.

3.4. Production of Extracellular Hydrolytic Enzymes

All 244 microbial isolates were screened for the ability to synthesize hydrolytic enzymes capable
of degrading various types of substrates, such as proteins (i.e., casein), lipids (i.e., Tween-80) and
polysaccharides (i.e., starch, CMC, xylan and pectin). While 88 isolates (36%) produced none of the six
hydrolases tested, the majority (156 isolates, 64%) showed single or combined hydrolytic activities.
The enzymes most frequently produced by the microorganisms cultured from each of the five salty lakes
were protease and lipase (Figure 4). However, major differences in the type and number of extracellular
hydrolytic activities were observed between the various bacterial, archaeal and fungal isolates.

From a total of 182 bacterial isolates, 94 (51.6%) were protease producers, 79 (43.4%) lipase
producers, 53 (29%) xylanase producers, 51 (28%) amylase producers, 34 (18.7%) cellulase producers,
and only 11 (6%) isolates were able to synthesize pectinase. There were no observed significant
differences in the extracellular enzymatic profiles with respect to the origin and nature of samples
(water or sediments) from which bacteria were cultured. Combined hydrolytic activities were detected
in 81 (44.5%) bacterial isolates. Of these, seven (8.6%) presented all six hydrolases tested, eight (9.9%)
produced five hydrolases, 17 (21%) produced four hydrolases, 28 (34.5%) showed three hydrolytic
activities and 21 isolates (26%) were able to produce two hydrolytic enzymes. Single enzymatic
activities (generally proteolytic, lipolytic or amylolytic) were identified in 35 isolates (19.2%), while 66
bacteria (36.3%) showed none of the hydrolytic activities.

In contrast to bacterial isolates, the potential of the 22 archaeal representatives to produce
extracellular hydrolytic enzymes was quite limited. In this regard, the only two hydrolases produced
by only a few isolates were amylase (four isolates, 18%) and cellulase (two isolates, 9%). All the
other tested substrates did not represent a readily usable carbon source for the growth of these
prokaryotic microorganisms.
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Figure 4. Relative abundances of microbial hydrolase producers recovered from the five investigated
lakes. The numbers in the bar graphs indicate the number of isolates that produced a particular enzyme.

Among the 40 fungal isolates, 30 (75%) were pectinase producers, 17 (42.5%) cellulase producers,
15 (37.5%) protease producers, 14 (35%) xylanase producers, 13 (32.5%) lipase producers and only 6
(15%) isolates produced amylase. Combinations of different hydrolytic activities were detected in 26
(65%) fungal isolates. Of these, one (3.9%) was able to synthesize all the six tested hydrolases, 11 (42.3%)
presented four hydrolytic activities, seven (26.9%) showed three hydrolytic activities and seven (26.9%)
produced two hydrolases. Ten isolates (25%) showed only one hydrolytic activity (generally pectinolytic
or cellulolytic), while four isolates (10%) were not able to produce any extracellular hydrolase.

3.5. Phylogenetic Affiliation of Bacterial and Archaeal Isolates

A total of 85 prokaryotic isolates (72 bacteria and 13 archaea) from the investigated salty lakes
were selected based on their phenotypic characteristics (colony morphology, salt tolerance/requirement,
extracellular hydrolytic enzyme profiles) and subjected to genotypic identification by amplification
and sequencing of the 165 rRNA gene. Fungal isolates, however, were not taxonomically identified,
the present paper dealing only with their extracellular hydrolytic activities and salt tolerance.

Comparative analysis of partial 165 rRNA gene sequences (700-1200 bp) (Figure 5) revealed that
bacterial isolates fell within three phyla: Firmicutes (42 isolates, 58.3%), Proteobacteria (29 isolates,
40.3%) and Actinobacteria (one isolate, 1.4%). Among the Firmicutes genera, Bacillus was the most
dominant (21 isolates), followed by Virgibacillus (seven isolates), Salinicoccus (four isolates), Marinococcus
(three isolates), Halobacillus (three isolates), Planococcus (two isolates), Thalassobacillus (one isolate)
and Salimicrobium (one isolate). Within the phylum Proteobacteria (Class Gammaproteobacteria), the
majority of isolates were found to belong to the Halomonas genus (23 isolates) and only a few were
related to members of the Salinivibrio (three isolates), Vibrio (one isolate), Idiomarina (one isolate) and
Psychrobacter (one isolate) genera. Moreover, the only isolate belonging to the phylum Actinobacteria
was closely related to representatives of the genus Nocardiopsis. The inferred phylogenetic trees
showing the clustering of bacterial isolates with the most closely related reference strains are presented
in Figure S1 (for Firmicutes) and Figure S2 (for Proteobacteria and Actinobacteria).
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Isolates

BSLP1.2
BSLP1.4
BSLP1.5
BSLP2.4
BSLNP1.6
BSLN P3.4
BSLP1.8
BSLP2.1
BSLP1.11A
BSLP1.15
BSLP1.19
BSLP3.6
BSLN P18
BSLP1.3
BSLNP1.1
BSLP1.X2
BSLEP1.2

Braila Salt Lake

MM P1.3
MM P1.14
MM P2.9
MM P3.3
MM N P1.4
MM P1.2
MM P1.4
MM P1.8A
MM P1.12
MM P2.3
MM P2.8
MM N P2.8
MM P3.2
MMN P1.1
MM N P2.Y
MMN P1.3
MM P2.13

Movila Miresii

AMP3.2
AMN P16
AMN P2.5
AMP2.6
AMN P1.2
AMN P1.3
AMN P1.17
AMN P2.3
AMP2.7
AMN P15
AMN P1.1
AMN P1.8
AMP2.9
AMP1.8
AMP2.5
AMN EP2.5

Amara

BAPL.1
BANP2.4
BANP2.6
BANP3.6
BANP3.9
BAP13
BANP1.2
BANP1.4
BANP2.5
BANP2.7
BANP3.8
BAPL.4
BANEP1.1
BANEP1.4

Balta Alba

CBNP11A
CBNPL3
CBNP1.4
CBNP3.2
CBNP16
CBNP2.1B
CBP1.1
CBP15

Caineni Bai

16S rRNA Gene Sequence

Closest relative
Halomonas sp.
Halomonas sp.
Halomonas sp.
Halomonas sp.
Halomonas sp.
Halomonas sp.
Bacillus sp.
Bacillus sp.
Virgibacillus sp.
Virgibacillus sp.
Virgibacillus sp.
Virgibacillus sp.
Virgibacillus sp.
Salinicoccus sp.
Salinicoccus sp.
Nocardiopsis sp.
Marinococcus sp.

Halomonas sp.
Halomonas sp.
Halomonas sp.
Halomonas sp.
Halomonas sp.
Bacillus sp.
Bacillus sp.
Bacillus sp.
Bacillus sp.
Bacillus sp.
Bacillus sp.
Bacillus sp.
Virgibacillus sp.
Salinicoccus sp.
Salinicoccus sp.
Salinivibrio sp.
Vibrio sp.

Halomonas sp.
Halomonas sp.
Halomonas sp.
Bacillus sp.

Bacillus sp.

Bacillus sp.

Bacillus sp.

Bacillus sp.
Halobacillus sp.
Halobacillus campisalis
Planococcus sp.
Planococcus sp.
Thalassobacillus devorans
Idiomarina sp.
Psychrobacter sp.
Marinococeus sp.

Halomonas sp.
Halomonas sp.
Halomonas sp.
Halomonas sp.
Halomonas sp.
Bacillus sp.
Bacillus sp.
Bacillus sp.
Bacillus sp.
Bacillus sp.
Bacillus sp.
Halobacillus sp.
Marinococeus sp.
Salimicrobium halophilum

Halomonas sp.
Halomonas sp.
Halemonas sp.
Halomonas sp.

Bacillus sp.

Virgibacillus sp.
Salinivibrio proteolyticus
Salinivibrio costicola

Similarity (%) Size (bp) Accession no.

97.86
97.90
97.95
98.70
97.14
98.75
98.40
99.14
98.27
99.25
99.43
99
99.32
98.45
98.72
97.56
99.71

99.63
98.78
99.27
99.13
99.26
99.59
99.53
99.34
97.03
99.42
99.16
99.71
97.83
98.22
98.95
98.53
99.41

99.52
98.78
99.16
99.71
99.71
99.63
99.81
99.45
99.86
99.72
99.27
99.13
99.38
99.44
100
99.70

99.45
99.71
99.43
99.54
99.45
99.66
99.79
100
99.70
99.63
99.80
99.15
100
99.61

99.57
99.22
99.63
99.33
99.30
99.54
99.28
99.29

1212
1183
974
923
1154
719
1003
1052
980
1060
1054
999
1026
257
703
737
1033

1066
1143
1096
1040
1077

MWO036394
MW036392
MW036391
MWO036387
MWO036410
MWO036375
MWO036386
MWO036388
MWO036385
MWO036384
MW036390
MWO036389
MWO036383
MW036393
MWO036374
MWO036395
MWO036442

MW036376
MW036382
MW036400
MW036398
MW036405
MWO036377
MW036379
MW036380
MW036381
MW036401
MW036378
MW036406
MW036404
MW036397
MW036402
MW036396
MW036399

MW036409
MW036425
MW036424
MW036403
MW036423
MW036421
MW036408
MW036422
MW036439
MW036441
MW036420
MW036415
MW036440
MW036407
MW036416
MW036443

MW036428
MW036432
MW036434
MW036430
MW036429
MW036431
MWO036436
MW036427
MW036435
MW036426
MW036437
MW036438
MW036444
MW036445

MWO036413
MWO036414
MWO036417
MWO036419
MWO036433
MWO036418
MWO036411
MWO036412

10 of 16
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Figure 5. Heat maps showing the ability of the Bacterial isolates—taxonomically identified on the

basis of the 16S rRNA gene sequence analysis—to grow at different salt concentrations and produce

extracellular hydrolytic enzymes.

The archaeal isolates fell within three orders of the class Halobacteria (phylum Euryarchaeota):
Halobacteriales (seven isolates), Haloferacales (one isolate) and Natrialbales (five isolates). Within the
Halobacteriales order, three isolates showed a high 165 rRNA gene sequence similarity with Natribaculum
longum, and four isolates had a high degree of homology with Halovarius luteus. One isolate belonging
to the order Haloferacales was closely related to Halorubrum kocurii. The order Natrialbales, on the
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other hand, included two isolates related to Halostagnicola larsenii, one isolate related to Haloterrigena
turkmenica and two isolates affiliated with Natronorubrum aibiense (Figure 6 and Figure S3).

Isolates 16S rRNA Gene Sequence Salinity (M) Enzyme Production

Closest relative Similarity (%) Size (bp) Accessionno. 0 05 1 2 3 35 4 45 Prot Lip Amy Cel Xyl Pec
BSLEP3.6 Natribaculum sp 99.71 1021 MWO052695 Growth
BSLEP3.10 Natribaculum longum 99.31 1162 MW052696 Negative
BSLEP3.13 Halorubrum kocurii 98.86 1057 MWO052697 Low
BSLNEPL.1  Halovarius luteus 99.68 944 MW052698 .Madium
MMNEP2.5  Haloterrigena turkmenica 99.44 1066  MW052699 | ] High
MM EP1.7 Natronorubrum aibiense 99.15 1064 MW052703
MM NEP3.2  Natronorubrum aibiense 99.19 1111 MWO052704 Enzyme Activity
AM N EP2.14 Halostagnicola larsenii 99.03 1137 MWO052705 No growth
BANEP3.1 Halostagnicola larsenii 99.22 1148 MWQ052706 Negative
CBNEP1.1  Halovarius luteus 99.51 1019 MWO052700 Low
CBNEP1.2  Halovarius luteus 99.07 754 MWO052701 Medium
CBNEP1.4 Halovarius luteus 99.10 1112 MWO052707 High
CBNEP1.23  Natribaculum fongum 99.26 1075 MW052702

Figure 6. Heat maps showing the ability of the Archaeal isolates—taxonomically identified on the
basis of the 16S rRNA gene sequence analysis—to grow at different salt concentrations and produce
extracellular hydrolytic enzymes.

4. Discussion

Over recent decades, saline and hypersaline environments have gained considerable attention
from the scientific community due to their natural inhabitants, which have adapted to synthesize
various biotechnologically valuable compounds such as hydrolytic enzymes [8-10]. Several studies
performed in various areas around the world have reported the discovery of different halophilic
and halotolerant microbial taxa capable of producing robust hydrolases that retain their catalytic
activity over a wide range of salinities and, in some cases, even under extreme conditions of pH and
temperature [16,39,40,48-52]. Although various such extremozymes have been described to date, there
are still many unexplored saline and hypersaline environments that could harbor novel microbial
strains able to produce biomolecules with favorable characteristics for biotechnological applications.
In this context, in the present study, five un- or underexplored lakes in Romania with salinities ranging
from brackish to hypersaline were microbiologically investigated by culture-dependent approaches in
order to identify novel and more efficient producers of hydrolytic enzymes.

The microorganisms recovered from each investigated lake (i.e., AM, BA, CB, MM and BSL) were
represented primarily by bacteria and secondarily by archaea and filamentous fungi (Figure 3). From a
total of 244 microbial isolates, 182 (74.6%) were represented by bacteria, 22 (9%) by archaea and 40
(16.4%) by fungi. The majority of bacterial and fungal isolates were halotolerant (141 isolates, 57.8%) or
moderately halophilic (75 isolates, 30.7%), and only a small fraction of the cultured microorganisms was
constituted by extremely halophilic bacteria (6 isolates, 2.5%) and archaea (22 isolates, 9%) (Figure 3).
A clear correlation between the halophily/halotolerance of these microorganisms and the salinity of the
environments from which they were recovered was not found. In this respect, it is interesting to note
that halotolerant and moderately halophilic microorganisms dominated over the extremely halophilic
ones even in the hypersaline lakes MM and BSL (Figure 2). This finding could have been related to
the large salinity fluctuations periodically encountered in these environments [21-27]. Furthermore,
considering the generally accepted statement that cultivable microorganisms represent only a small
fraction of microbial communities [53], the results reported in the present study could have looked
very different from a metagenomic perspective.

In contrast to our results, previous culture-based investigations conducted in different
hypersaline environments have reported a higher prevalence of moderately and extremely halophilic
microorganisms than halotolerant species [39,52,54]. The differences are, however, understandable if
considering that these habitats are characterized by higher salinities than the lakes investigated in the
present work.

The screening for extracellular hydrolytic enzyme production among the 244 cultured
microorganisms showed that 156 isolates (64%) were able to exhibit at least one of the six hydrolytic
activities tested. The origin and nature (water or sediments) of samples from which the isolates
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were recovered did not influence their extracellular enzymatic profiles. In this regard, the most
frequent enzymatic activities detected in each of the five lakes were proteolytic (109 isolates) and
lipolytic (92 isolates) (Figure 4). However, clear distinctions between the hydrolytic abilities of bacterial,
archaeal and fungal isolates were observed. While most bacteria synthesized protease (94 isolates)
and lipase (79 isolates), the hydrolase most frequently produced by fungi was pectinase (30 isolates).
The archaeal isolates, on the other hand, had limited hydrolytic activity, the only two enzymes produced
by them being amylase (four isolates) and cellulase (two isolates). In addition, it was interesting to
observe that pectin had an inhibitory effect on the growth of most bacterial and archaeal isolates, but
not on fungi. The antibacterial activity of pectin against various species has been previously reported
in the literature [55-57].

Previous studies that aimed to screen the hydrolytic potential of halophilic and/or halotolerant
bacteria isolated from various aquatic environments—i.e., solar salterns in Spain [48], a hypersaline
lake in Iran [39], and sea sediments from the East China Sea [58]—have shown that most isolates were
able to produce amylase, lipase and protease. These results are partially in line with those reported in
the present paper. However, very different results were reported in another two studies carried out in
hypersaline habitats in Morocco [52] and Iraq [49]. While the former [52] reported the prevalence of
bacteria producing cellulase and pectinase, the latter [49] showed that the enzymes most frequently
produced by bacterial isolates were pectinase, amylase and lipase. On the other hand, halophilic
archaea recovered from various Algerian hypersaline habitats have shown higher hydrolytic abilities
compared to the isolates reported in the present paper, most of them being able to produce esterase,
inulinase and gelatinase [40] or esterase, protease and amylase [50]. In addition, halotolerant and
halophilic fungi isolated from hypersaline environments have been reported, albeit only in a few
studies [51,59], as good producers of protease, cellulase, amylase, lipase and chitinase.

The taxonomic identification of 72 bacterial isolates revealed that most of them were related to
species of the genera Halomonas (23 isolates) and Bacillus (21 isolates). All of the five investigated
lakes harbored representatives of these two taxonomic groups, this observation being in accordance
with other previous studies performed in various saline and hypersaline environments around the
world [39,48,49,60]. The Bacillus isolates were generally halotolerant and exhibited higher hydrolytic
activities compared to the other cultured taxa. In this regard, they produced combinations of three
or more enzymes, mainly protease (19 isolates), lipase (17 isolates), xylanase (17 isolates), cellulase
(16 isolates) and amylase (14 isolates). Moreover, six isolates (BSL P1.8, MM P1.8A, AM P2.6, AM
N P1.17, BA N P2.7, CB N P1.6) were able to degrade all six substrates tested (Figure 5). Members
of the genus Bacillus are well known for their ability to synthesize bioactive molecules, and several
mesophilic and alkaliphilic strains are currently used for the industrial production of enzymes [61,62].
However, to the best of our knowledge, halotolerant or halophilic strains are not industrially exploited,
although their salt-tolerant metabolites may be more efficient in certain industrial processes than their
mesophilic counterparts [16-19].

Although numerous moderately halophilic species belonging to the genus Halomonas have been
reported in previous studies as good enzyme producers [39,48], most of the isolates screened in the
present research did not show any hydrolytic activity (Figure 5). Other taxa that were characterized by
great hydrolytic potentials were generally halotolerant. For instance, some isolates (AM P2.7, AM N
P1.5, AMNP1.1, AM N P1.8, AM P1.8, BA P1.4) belonging to the genera Halobacillus, Planococcus and
Idiomarina showed high proteolytic activities. In addition to the eight pectinolytic isolates belonging to
the genus Bacillus, two strains (AM P2.5 and CB N P1.4) related to Psychrobacter sp. and Halomonas sp.
were able to degrade and use pectin as a carbon source. Moreover, an actinobacterial strain (BSL P1.X2)
closely affiliated to species of the genus Nocardiopsis exhibited high xylanolytic and lipolytic activities
(Figure 5).

Among the extremely halophilic archaea, the most promising strain in terms of extremozymes
production was related to Haloterrigena turkmenica. This isolate (MM N EP2.5) had remarkable amylolytic
and cellulolytic activities, albeit its main disadvantage was the slow growth rate. Furthermore,
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two isolates (AM N EP2.14 and BA N EP3.1) related to Halostagnicola larsenii were good amylase
producers. The finding of these two extremely halophilic isolates in the brackish lakes AM and BA,
but not in the saline and hypersaline environments investigated, was quite unexpected. One possible
explanation for this finding could be related to the avian carriers [63]. In this respect, extremely
halophilic archaea from hypersaline habitats could have been carried on bird feathers and distributed
during migration to less saline environments. This hypothesis could also be supported by other
previous studies that reported the capacity of halophilic archaea to remain viable at low salinities [36,64].

5. Conclusions

Salt-tolerant enzymes produced by halophilic and halotolerant microorganisms have been
proposed as more efficient alternatives to mesophilic counterparts for catalyzing various industrial
reactions carried out under high salinity conditions [8-10]. For instance, some halophilic hydrolases
such as amylase, cellulase, xylanase and lipase may be used for the breakdown of different kinds of
non-food biomasses and the production of biofuels [16]. Furthermore, such extremozymes may be
useful in the bioremediation of hypersaline environments contaminated with organic compounds [18,19]
and in the biocleaning of mural paintings [65].

Considering the biotechnological importance of halophilic enzymes and the current need for
more efficient producers of such biocatalysts, the present paper reported the isolation of different
environmental microbial taxa able to synthesize six extracellular hydrolases (i.e., protease, lipase,
amylase, cellulase, xylanase and pectinase). According to our results, the best hydrolytic activities were
observed in halotolerant species belonging to the genus Bacillus. In addition, some extremely halophilic
archaea closely related to members of the genera Haloterrigena and Halostagnicola showed promising
amylolytic and cellulolytic activities for biotechnological applications. Further investigations should be
directed particularly towards the purification and the biochemical characterization of these enzymes.
Moreover, the cloning of the corresponding genes could be a good approach for the efficient production
of halophilic enzymes originating from slow-growing species.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-2607/8/12/1903/s1,
Figure S1: Neighbor-joining phylogenetic tree showing the relationship between Firmicutes isolates and closely
related species based on 16S rRNA gene sequence comparison; Figure S2: Neighbor-joining phylogenetic tree
showing the relationship between Proteobacteria-Actinobacteria isolates and closely related species based on 16S
rRNA gene sequence comparison; Figure S3: Neighbor-joining phylogenetic tree showing the relationship between
Archaeal isolates and closely related species based on 165 rRNA gene sequence comparison.
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