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S8, a hydrophobic antimicrobial peptide targeting halo-

philic archaea. Although the gene encoding halocin H4 

was amplified from the genome of Htg. thermotolerans 

SS1R12, no transcript could be detected and the antimi-

crobial activity was most likely due to multiple antimicro-

bial compounds. This is also the first report that points to 

four different strains isolated from different geographical 

locations with the capacity to produce identical halocin S8 

proteins.

Keywords Solar saltern · Halophilic archaea · 

Antimicrobial peptides/proteins · Halocins

Abbreviation

OD  Optical density

Introduction

Solar salterns, consisting of a series of shallow intercon-

nected ponds filled with natural water from the sea or 

underground sources, have been used since antiquity for 

the harvest of salt for human consumption. These artificial 

thalassohaline extreme hypersaline environments are hos-

tile to most macroscopic organisms, yet they are colonized 

by microorganisms having developed specific adaptations 

(Paul et al. 2008; Bardavid and Oren 2012; Reed et al. 

2013; Oren 2015). Prokaryotic microorganisms belong-

ing to the two domains, Bacteria and Archaea, thrive in 

these high salt concentration ecosystems (Oren 2008; Bar-

david and Oren 2012; Oren 2013). Several studies focus-

ing on the microbial diversity found in these ecosystems, 

using either molecular or culture-based approaches, have 

shown that archaea are the dominant colonizers (Antón 

et al. 1999; Enache et al. 2008; Ghai et al. 2011; Boujelben 

Abstract Thirty-five extremely halophilic microbial 

strains isolated from crystallizer (TS18) and non-crys-

tallizer (M1) ponds in the Sfax solar saltern in Tunisia 

were examined for their ability to exert antimicrobial 

activity. Antagonistic assays resulted in the selection of 

eleven strains that displayed such antimicrobial activity 

and they were further characterized. Three cases of cross-

domain inhibition (archaea/bacteria or bacteria/archaea) 

were observed. Four archaeal strains exerted antimicro-

bial activity against several other strains. Three strains, 

for which several lines of evidence suggested the antimi-

crobial activity was, at least in part, due to peptide/protein 

agents (Halobacterium salinarum ETD5, Hbt. salinarum 

ETD8, and Haloterrigena thermotolerans SS1R12), were 

studied further. Optimal culture conditions for growth 

and antimicrobial production were determined. Using 

DNA amplification with specific primers, sequencing and 

RT-PCR analysis, Hbt. salinarum ETD5 and Hbt. sali-

narum ETD8 were shown to encode and express halocin 
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et al. 2012). When salinity reaches values close to satura-

tion of NaCl, some archaeal populations become predomi-

nant to the exclusion of others; Haloquadratum and Halo-

bacterium have frequently been cited as dominant genera, 

but the presence of populations dominated by Halorubrum 

sp. or Haloarcula sp. have also been reported (Baati et al. 

2008; Ghai et al. 2011; Boujelben et al. 2014). One fac-

tor that may endow halophilic archaea with a competitive 

advantage is the production of gene-encoded antimicrobial 

peptides or proteins, named halocins (Rodriguez-Valera 

et al. 1982; Kirkup and Riley 2004; Kavitha et al. 2011; 

Atanasova et al. 2013; Besse et al. 2015). While production 

of antimicrobial peptides and proteins is considered to be 

a near-universal feature in all three domains of life (Torre-

blanca et al. 1994; Zassloff 2002; Cotter et al. 2005), little 

information is available on halocins, including their mecha-

nism of target cell killing and their specificity (Torreblanca 

et al. 1994; Shand and Leyva 2008; Besse et al. 2015). 

Moreover, there is a lack of direct evidence that they are 

produced in sufficient amounts in natural environments to 

play a significant role in microbial competitions (Kis-Papo 

and Oren 2000; Atanasova et al. 2013).

Several previous studies have screened antimicrobial-

producing microorganisms from hypersaline environments 

(Rodriguez-Valera et al. 1982; Torreblanca et al. 1986; 

Atanasova et al. 2013). Some of these studies allowed iden-

tification of several halocins, which were diverse in molec-

ular mass, thermal stability, and salt-dependence, although 

only a few have been characterized thoroughly (Besse et al. 

2015). Halocins are divided into high and low molecular 

mass halocins (Besse et al. 2015). Low molecular mass 

halocins (≤10 kDa), such as halocins R1/S8, A4/C8 or 

Sech7A, are hydrophobic peptides resistant to high tem-

peratures or desalting. The antimicrobial activity of high 

molecular mass halocins (30–35 kDa), like halocins H1 and 

H4, is more sensitive to high temperatures and the absence 

of salts (Besse et al. 2015). Halocins have been reported 

to be produced erratically among the Halobacteriales by 

strains from genera Haloferax, Natrinema, or Halobacte-

rium. However, no data is available concerning the distri-

bution and expression of halocin genes among members of 

the Halobacteriales. It is unknown whether several strains 

or genera may have the capacity to produce one particular 

halocin, as it has been regularly observed among bacteria, 

often through horizontal transfer of antimicrobial pep-

tide genes (Drider et al. 2006; Duquesne et al. 2007). The 

prokaryotic communities inhabiting the crystallizer and 

non-crystallizer pond waters of the multi-pond solar saltern 

of Sfax in Tunisia have been examined (Baati et al. 2008; 

Trigui et al. 2011a, b; Boujelben et al. 2012, 2014). Using 

molecular approaches, previous work focused on the diver-

sity of the prokaryotic community from sediments and salt 

crystal samples found there. (Baati et al. 2010; Boujelben 

et al. 2014). Those studies provide a detailed description of 

the diversity of the cultivable archaeal and bacterial frac-

tions, for which members of the genera Halorubrum and 

Salinibacter were mostly found. However, the potential of 

such strains to produce halocins has never been reported.

This study identifies the antimicrobial potential of a col-

lection of thirty-five halophilic bacterial and archaeal strains 

isolated from two ponds of high salinity (a crystallizer pond 

with a salinity of 390 g L−1 and a non-crystallizer pond with 

a salinity of 200 g L−1 (Trigui et al. 2011b) in the Sfax solar 

saltern in Tunisia. Three strains with significant antimicro-

bial activity were characterized further and shown to be 

potential producers of two known halocins, S8 and H4.

Materials and methods

Prokaryotic strains and growth conditions

The saltern of Sfax is located on the central Eastern coast 

of Tunisia (Trigui et al. 2011a, b; Boujelben et al. 2012). 

The sediment and water samples were collected in March 

2007 from a crystallizer pond (TS18: 390 g L−1 total dis-

solved salts, 34°43′N 10°44′E) and a non-crystallizer pond 

(M1: 200 g L−1 total dissolved salts, 34°43′N 10°44′E) of 

the solar saltern of Sfax. The halophilic strains were iso-

lated as described in Trigui et al. (2011a), leading to a 

collection of 35 halophilic isolates that were used in this 

study. All halophilic strains were routinely grown in SW25 

medium (Difco yeast extract 5 g L−1, NaCl 250 g L−1, 

MgSO4·7H2O 49.5 g L−1; MgCl2·6H2O 34.6 g L−1; 

CaCl2·6H2O 0.95 g L−1; KCl 5 g L−1; NaBr 0.65 g L−1; 

NaHCO3 0.167 g L−1, pH 7.2), with 15 % agar (BD-Difco, 

France) for solid medium. For determination of the growth 

rate of Halobacterium salinarum ETD5, Hbt. salinarum 

ETD8, and Haloterrigena thermotolerans SS1R12, sta-

tionary stage pre-cultures (allowing new culture growth 

in fresh medium) were used to inoculate 50 mL of SW25 

growth medium with varying concentrations of NaCl (50, 

100, 150, 200, 250, and 300 g L−1) at a final OD at 600 nm 

(OD600) = 0.1. Bacterial growth was monitored by meas-

uring OD600. Growth rate µ (h−1) was calculated using 

two measures during the exponential phase with the equa-

tion µ = (lnOD2−lnOD1)/(t2−t1), where OD1 and OD2 are 

OD600 at time t1 and t2 (h), respectively.

Antimicrobial activity assays

The detection of antimicrobial activity was conducted 

using the agar well-diffusion method. Two milliliters of 

each target strain, sampled during the stationary phase of 

growth, were used to inoculate 20 mL of SW25 molten 

agar medium (agar 8 g L−1). After pouring in Petri dishes, 
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wells with 0.5 cm diameter were aseptically punched. 

Aliquots (80 µL) of culture, culture supernatant or cell 

pellet of the producer strains were then deposited in the 

wells. The plates were incubated at 37 °C until a conflu-

ent microbial growth of the target strain was observed. 

Antimicrobial activity was detected by the formation 

around the well of a clear inhibition halo, measured in 

mm.

Phenotypic and enzymatic characterization 

of producing strains

Gram staining was carried out as described by Dussault 

(1955). Nitrate reduction, nitrite reduction, and urease 

activity were tested as described by Gerhardt et al. (1994). 

The assimilation of sugars introduced as single carbon 

sources at a final concentration of 0.1 % (w/v) was exam-

ined in modified SW25 medium where yeast extract was 

reduced to 0.05 % and NaCl to 20 % (w/v). The produc-

tion of acid from sugar and other carbon sources was deter-

mined as described in Arahal et al. (1996). Strains were 

also tested on SW25 solid medium to screen for amylase, 

protease, lipase, and gelatinase activities by adding starch, 

skimmed milk, olive oil and gelatin as target substrates, 

respectively. The strains were inoculated by streaking one 

colony to the center of the plates. After incubation at 37 °C 

for 7–15 days, hydrolytic activities (amylase, gelatinase, 

lipase, urease and protease) were revealed as previously 

described (Kouker and Jaeger 1987; Oren et al. 1997; Sal-

gaonkar et al. 2012).

Effect of heat, pH and proteolysis on the antimicrobial 

activities

The culture supernatants of producing strains used for these 

experiments were either from exponential or beginning of 

stationary phase, depending on the optimal phase for anti-

microbial production. To monitor the effect of temperature, 

the culture supernatants or pellets from producing strains 

were subjected to various temperatures (37, 50, 60, 70, and 

80 °C) for 15 min in a water bath, and then cooled to room 

temperature. To monitor the effects of pH changes, culture 

supernatants from producing strains, were adjusted in the 

range of pH 2–10 with sterile solutions of 1 N HCl or 1 N 

NaOH, and incubated for 2 h at 37 °C before re-adjusting 

the pH to 7.2. To monitor the effects of proteolysis, cul-

ture supernatants from producing strains were subjected to 

incubation with the halophilic protease-containing culture 

supernatant of Salicola sp. ES1R9 (identified as protease 

producer in this study, as described above) for 2 h at 45 °C. 

After each treatment, the residual antimicrobial activity 

was monitored using the agar well-diffusion method, as 

described above.

Detection of potential viral activity

When an inhibition halo was detected by the agar well-

diffusion method, a fragment of agar was extracted from 

the clear zone of inhibition of the target strain and added 

to 250 mL of SW25 medium inoculated with 200 µl of 

the preculture of the target strains. The growth was moni-

tored by measuring OD600, and compared to growth with-

out the agar fragment. The culture supernatant was tested 

during the exponential or beginning of stationary phase 

of growth by the agar well-diffusion method, as described 

above. A plaque assay was also performed, by inoculating 

crude culture supernatant (undiluted or diluted 2X, 5X, and 

10X) together with target strain in molten agar medium, as 

described above.

Nucleic acid extraction, reverse transcription and PCR 

amplification

Genomic DNA was extracted from the cell pellet of a 

40 mL stationary phase culture. It was resuspended in 

1.8 mL of SET buffer (20 % sucrose, 50 mM EDTA, 

50 mM Tris, pH 7.6). Cell lysis was obtained by adding 

20 µL lysozyme (initial concentration 20 mg mL−1) and 

incubating for 15 min at room temperature, 20 µl of 10 % 

SDS and incubating for 1 h with stirring, and 50 µl of 

20 mg mL−1 proteinase K and incubating for 2 h at 55 °C, 

successively. After centrifugation, the lysate was dialyzed 

against MilliQ® water extensively overnight. DNA was 

extracted with chloroform and precipitated with isopro-

panol, as described (Sambrook et al. 1989). RNA extrac-

tion was performed using a 100 mL culture cell pellet using 

TriZOL® reagent, as recommended by the manufacturer 

(Ambion, Life Technologies, ThermoFisher, France). Fol-

lowing treatment with 1 µL (1 U/µL) DNAse (Promega, 

France) for 3 h at 37 °C, RNA was further purified using 

PureLink® RNA Mini Kit (Ambion, Life Technologies, 

ThermoFisher, France). The extracted RNA (10 µg) was 

treated as follows: random primers (25 µg µL−1) (Pro-

mega, France) and dNTP mix (0.5 mM) (Promega, France) 

were first added and the mixture incubated at 65 °C for 

5 min; first strand buffer (1X) and DTT (0.1 M) were then 

added and the sample was further incubated for 2 min at 

25 °C; 10 U of SuperscriptII® reverse transcriptase (Inv-

itrogen, ThermoFisher, France) was finally added and the 

incubation continued for 10 min at 25 °C. The reaction was 

stopped by incubation for 15 min at 70 °C.

PCR amplifications were performed using Promega rea-

gents (France). Each 25 µL reaction mixture contained 1X 

PCR buffer, 10 µM dNTP mix, 0.4 µM of each primer, 1.25 

U Taq polymerase, and 1 µL of genomic or cDNA template. 

The following PCR program was used: 95 °C for 30 s fol-

lowed by 30 cycles of 95 °C for 30 s, 55–60 °C for 30 s and 
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72 °C for 1–2 min, followed by an extension step of 7 min 

at 72 °C. The oligonucleotide primers used were the spe-

cific 16S rDNA archaeal primers S-D-Arch-0025-a-S-17 

(5′-CTGGTTGATCCTGCCAG-3′) and S-*-Univ-1517-

a-A-21 (5′-ACGGCTACCTTGTTACGACTT-3′), or the 

eubacterial 16S rDNA primers Eubac 27F (5′-AGAGTTT-

GATCCTGGCTCAG-3′), and Eubac 1492R (5′-GGTTAC-

CTTGTTACGACTT-3′) (Vetriani et al. 1999). The primers 

used for the amplification of the halocin genes were halS8-

F1 (5′-GCTTCAGCTGTCGGATTTTC-3′) and halS8-R1 

(5′-CTTCAAGTATCGCGGACACA-3′) for halS8, halH4-

F1 (5′-CAGTCTCGGAGCGCTTAGTT-3′) and halH4-R1 

(5′-CGGGATACTTGGGTTCTTCA-3′) for halH4, C8-IG1 

(5′-ACGCTGTGCGAGTAGGAGTT-3′) and C8-IG2 

(5′-GAGACGACGTTCGAGGAATC-3′) for halC8. Posi-

tive controls were performed using Natrinema sp. SWI6 for 

halC8 (Imadalou-Idres et al. 2013) or Haloferax mediter-

ranei DSM 1411 for halH4 (Cheung et al. 1997). Ampli-

fied DNA was subjected to electrophoresis on 1 % (w/v) 

agarose gels in Tris–acetic acid-EDTA buffer containing 

1X GelRed® (Biotium, VWR, France) and visualized under 

UV light.

PCR products were purified using the GeneClean 

Turbo® kit (MPBio, France) and cloned into the pGEM-

T Easy vector following the manufacturer’s instructions 

(Promega, France). Plasmid DNA was extracted using the 

QuickLyse® kit (Qiagen, France) and sequenced by Euro-

fins (Germany). The sequences were compared with the 

GenBank database using the BLASTN algorithm (Dereeper 

et al. 2008). Nucleotide sequences of the 16S rRNA genes 

from this study have been deposited in the Genbank data-

base under the accession numbers listed in Table 1. Nucle-

otide sequences of the halocin genes identified have been 

deposited under accession numbers KT783468 for halS8 

from Hbt. salinarum ETD5, KR611166 for halS8 from 

Hbt. salinarum ETD8, and KR611167 for halH4 from Htg. 

thermotolerans SS1R12.

Results

Screening of halophilic strains producing antimicrobial 

activity

Thirty-five halophilic strains isolated from two ponds, 

TS18 and M1, of the solar saltern of Sfax were tested for 

their ability to produce antimicrobial agents targeting hal-

ophilic microorganisms. Among those, nineteen strains 

(listed in Table 1) were selected because they were either 

target or producer strains. Eleven of these strains inhibited 

the growth of at least one of the thirty-five tested isolates. 

The other isolates were not studied further. Table 2 sum-

marizes antagonisms between the halophilic isolates. Seven 

strains (ETD2, ETD6, ETR14, ES1D1, ES1R9, SS1R17, 

and SS1R21) exhibited antimicrobial activity against only 

one target strain, with inhibition halo diameters in the range 

8-20 mm. Four other strains (ETD5, ETD8, SS1R12 and 

SS1R14) had the capacity to inhibit the growth of several 

other isolates, with strain ETD5 displaying the largest inhi-

bition halos (diameter 35 mm). None of the tested strains 

was inhibited by its own production. Interestingly, the two 

strains displaying the widest inhibition halos (Hbt. sali-

narum ETD5 and Hbt. salinarum ETD8) against a broad 

range of target strains were insensitive to the produced anti-

microbial activity of all the other identified strains (data not 

shown).

Phylogenetic assignment of selected strains

All the isolates of interest (nineteen strains, either exhibit-

ing antimicrobial activity or sensitive to at least one active 

strain) were selected for further characterization. For each 

of them, genomic DNA was purified and amplified using 

universal archaeal and bacterial 16S rRNA gene prim-

ers. The nucleotide sequence was determined and ana-

lysed using the Blast algorithm (Dereeper et al. 2008). The 

identification of the strains, based on analysis of the 16S 

rRNA gene sequences, is presented in Table 1. Most of the 

isolates (17/19) belonged to the domain Archaea, order 

Table 1  Halophilic strains isolated from the solar saltern of Sfax

Strains exhibiting antimicrobial activity are underlined
a Trigui et al. (2011a)

Strain Sample origin Identification (16S rRNA gene accession 

no)

ETD1 Water TS18 Halorubrum sp. (HQ589030)a

ETD2 Water TS18 Halorubrum sp. (HQ179134)a

ETD3 Water TS18 Halorubrum chaoviator (JX982772)

ETD5 Water TS18 Halobacterium salinarum (JX982770)

ETD6 Water TS18 Halorubrum sp. (GU724599)a

ETD8 Water TS18 Halobacterium salinarum (JX982771)

ETD19 Water TS18 Halobacterium salinarum (KR611163)

ETD34 Water TS18 Halorubrum sp. (KR611162)

ETR7 Water TS18 Halorubrum sp. (KR611164)

ETR14 Water TS18 Halorubrum chaoviator (KP827650)

ES1D1 Water M1 Pseudomonas halophila (HQ179135)a

ES1D6 Water M1 Haloferax sp. (HQ589031)a

ES1D29 Water M1 Halorubrum sp. (JX982777)

ES1R9 Water M1 Salicola sp. (KT440879)

ES1R10 Water M1 Haloferax sp. (HQ589032)a

SS1R12 Sediment M1 Haloterrigena thermotolerans (JX982773)

SS1R14 Sediment M1 Halorubrum tebenquichense (JX982774)

SS1R17 Sediment M1 Halorubrum chaoviator (JX982775)

SS1R21 Sediment M1 Halorubrum tebenquichense (JX982776)
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Table 2  Antagonistic interactions between isolates

Diameters (mm) of the inhibition halos (IH): +++ = IH ≥ 30; ++ = 15 ≤ IH < 30; + = 8 ≤ IH < 15; − = no inhibition halo

All the strains isolated in this study were tested against each other (two replicates); this table includes only the producer strains for which at least one target strain is sensitive, and only the target 

strains sensitive to at least one producer strain. In other words, since strains ETD5, ETD8, ES1R9, and SS1R12 were not sensitive to any of the producer strains, they are therefore excluded as 

target strains in this table.

Producer strain Target strain

ETD1 ETD2 ETD3 ETD6 ETD19 ETD34 ETR7 ETR14 ES1D1 ES1D6 ES1D29 ES1R10 SS1R14 SS1R17 SS1R21

ETD2 − − − − − − − − − − ++ − − − −

ETD5 + ++ ++ +++ ++ − ++ +++ + + + + − ++ +

ETD6 − − − − − − − − − − − − + − −

ETD8 + − − − + − ++ + − − + − + + +

ETR14 − − + − − − − − − − − − − − −

ES1D1 − − − − − − − − − − − − + − −

ES1R9 − − − − − − − − − − − − + − −

SS1R12 − + + − − ++ − − − − ++ + − − −

SS1R14 − − ++ + − − − − − − − − − ++ −

SS1R17 − − − − − − − − − − + − − − −

SS1R21 − − − − − − − ++ − − − − − − −
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Halobacteriales with a majority of members of the Haloru-

brum genus. This genus is the only one to be isolated from 

the two ponds TS18 and M1 of different salinities (390 and 

200 g L−1 total dissolved salts, respectively). Two bacte-

rial strains, all isolated from pond M1, belonged to Salicola 

and Pseudomonas, both displaying antimicrobial activity. 

The eleven strains exhibiting antimicrobial activity arose 

almost equally from the crystallizer pond TS18 (5 strains) 

and the non-crystallizer pond M1 (6 strains).

Phenotypic characterization of the eleven strains with 

antimicrobial activity showed all strains but Halorubrum 

sp. ETD2 stained Gram-negative (Supplementary Table 

S1). A majority of strains was capable of nitrate reduc-

tion but only one, Halorubrum tebenquichense SS1R14 

also reduced nitrite (Supplementary Table S1). Only three 

strains were able to grow on sucrose as a single source 

of carbon, while most strains used glucose or glycerol as 

a single source of carbon (Supplementary Table S1). The 

eleven strains were also tested on solid media for various 

secreted hydrolytic activities (Supplementary Table S2). 

Most of them could hydrolyze gelatin. Four strains were 

capable of degrading casein with proteolytic activity (Sup-

plementary Table S2). Only one strain, Pseudomonas hal-

ophila ES1D1 did not exhibit any hydrolytic activity (Sup-

plementary Table S2).

Localization and nature of the antimicrobial agents 

produced by the selected strains

Antimicrobial activities produced by microbial strains may 

be due to agents of various nature-lytic viruses, small sec-

ondary metabolites, or antimicrobial peptides/proteins, 

that either may be secreted or remain bound to the wall 

of the producing cells (Prangishvilli et al. 2000; Sun et al. 

2005). We first examined whether the antimicrobial activ-

ity was associated to the cell pellet or the culture super-

natant of actively growing cultures (Supplementary Table 

S3). For all the eleven strains, the antimicrobial activity 

was detected in the cell pellet, which could be due to agents 

either bound to the cells, or secreted by newly growing 

cells. Only six strains (Hbt. salinarum ETD5, Hbt. sali-

narum ETD8, P. halophila ES1D1, Salicola sp. ES1R9, 

Haloterrigena thermotolerans SS1R12, and Halorubrum 

chaoviator SS1R17) displayed antimicrobial activity in the 

culture supernatant (Supplementary Table S3), indicating 

that the corresponding antimicrobial agents were secreted. 

Three strains displaying secreted antimicrobial activity 

over the widest range of sensitive target strains, Hbt. sali-

narum ETD5, Hbt. salinarum ETD8, Htg. thermotolerans 

SS1R12, were selected for further studies.

With the aim to determine the nature of the antimicro-

bial compounds secreted by the three selected strains, the 

effects of heat, pH modification, and proteolysis were 

examined. The culture supernatant of Salicola sp. ES1R9 

was used as a source of halophilic protease (Supplementary 

Table S2). Modification of the pH (2–10) had no effect on 

the antimicrobial activity of the three tested strains (data 

not shown). For Hbt. salinarum ETD5 and Hbt. salinarum 

ETD8, the antimicrobial activity was stable up to 70 °C, 

but the inhibition halo decreased upon heating at 80 °C 

(Table 3). Furthermore, treatment with 50 µL of Salicola sp. 

ES1R9 culture supernatant as a source of protease totally 

inhibited the antimicrobial activity, strongly suggesting that 

the antimicrobial agent was of proteic nature (Table 3). In 

contrast, the antimicrobial activity of Htg. thermotolerans 

SS1R12 was not significantly altered by heating at 80 °C, 

but the protease treatment decreased the observed inhibi-

tion halos (Table 3), thus suggesting the presence of multi-

ple antimicrobial agents.

To rule out that the observed antimicrobial activities 

could be due to the lytic activity of viral particles, we sam-

pled agar fragments from the inhibition zones produced 

by Hbt. salinarum ETD5, Hbt. salinarum ETD8, and 

Htg. thermotolerans SS1R12 on sensitive strains (respec-

tively Hrr. chaoviator ETR14, SS1R17, and ETD3). If 

viruses were present in these agar fragments, adding them 

to actively growing liquid cultures of sensitive strains 

would impair microbial growth, due to replication of viral 

particles. Conversely, microbial growth would not be 

impacted if only soluble antimicrobial compounds were 

present, because they would be highly diluted in the cul-

ture medium. We observed that the growth curves of the 

three target strains with and without the agar fragments 

were identical (data not shown). In addition, we tested 

Table 3  Effect of heat and 

halophilic protease on the 

inhibition halos induced by the 

selected isolates on the target 

strains

Inhibition halos (mm) are the mean values of three experiments. The untreated supernatant of the producer 

strain is used as control.−: no inhibition halo
a Identical inhibition halos have been measured at 50 and 60 °C

Producer strain Target strain Inhibition halo (mm)

Control, 37 °C 70 °Ca 80 °C 37 °C, protease

Hbt. salinarum ETD5 Hrr. chaoviator ETR14 26 24 8 –

Hbt. salinarum ETD8 Hrr. chaoviator SS1R17 15 15 8 –

Htg. thermotolerans SS1R12 Hrr. chaoviator ETD3 11 12 9 7
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the antimicrobial activity of the target strain supernatants, 

because it would contain replicated viral particles if a virus 

had been initially present. We did not observe any inhibi-

tion halo (data not shown), thus ruling out a lytic virus ori-

gin of the antimicrobial activities observed. Moreover, no 

plaques could be observed in a plaque assay using crude 

or diluted culture supernatant inoculated together with tar-

get strain in molten agar medium, which demonstrates the 

absence of a virus.

Effect of NaCl concentrations on growth of the selected 

strains and production of antimicrobial compounds

To determine the optimal conditions for growth of Hbt. 

salinarum ETD5, Hbt. salinarum ETD8 and Htg. thermo-

tolerans SS1R12 and production of antimicrobial com-

pounds, the effects of various concentrations of NaCl 

(50–300 g L−1) were monitored (Fig. 1). The growth 

rates µ (h−1) were determined during the exponential-

stage of growth and inhibition halos of culture super-

natants were measured from the transition between the 

exponential and stationary stages. The three strains were 

able to grow between 50 and 300 g L−1 NaCl, with opti-

mal NaCl concentrations for growth at 150–200 g L−1 

for Hbt. salinarum ETD5 (Fig. 1a), 150 g L−1 for Hbt. 

salinarum ETD8 (Fig. 1b) and 200 g L−1 for Htg. ther-

motolerans SS1R12 (Fig. 1c). The optimal NaCl concen-

trations for antimicrobial production were 200–250, 150, 

and 100–200 g L−1 for Hbt. salinarum ETD5 (Fig. 1a), 

Hbt. salinarum ETD8 (Fig. 1b) and Htg. thermotoler-

ans SS1R12 (Fig. 1c), respectively. Only Hbt. salinarum 

ETD8 displayed the same NaCl optimum for growth 

and antimicrobial production. Taking into account these 

results, a concentration of NaCl at 150 g L−1 was used 

to grow Hbt. salinarum ETD8, while for Hbt. salinarum 

ETD5 and Htg. thermotolerans SS1R12, the strains were 

grown at the optimal NaCl concentration for antimicro-

bial production (200 g L−1) for all further experiments.

Antimicrobial production during growth at optimal 

conditions

To determine the optimal growth phase for production of 

the antimicrobial compound by strains Hbt. salinarum 

ETD5, Hbt. salinarum ETD8 and Htg. thermotolerans 

SS1R12, the strains were grown at the optimal conditions 

defined above, and both microbial growth and antimi-

crobial activity were monitored, using culture superna-

tants for antimicrobial assays. For Hbt. salinarum ETD5 

(Fig. 2a) and Hbt. salinarum ETD8 (Fig. 2b), antimicro-

bial production was maximal at the end of the exponential 

growth phase, while it was detectable with almost similar 

intensity all along growth, decreasing only during the sta-

tionary phase, for Htg. thermotolerans SS1R12 (Fig. 2c).
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Fig. 1  Growth rate µ (h−1) of Hbt. salinarum ETD5 (a, filled trian-

gle), Hbt. salinarum ETD8 (b, filled diamond) and Htg. thermotol-

erans SS1R12 (c, filled circle) grown at different concentrations of 

NaCl, and inhibition halos (gray bars) produced by culture superna-

tant against target strains of Hrr.chaoviator ETR14 (a), SS1R17 (b), 

and ETD3 (c). Growth rates are calculated during the exponential 

phase of growth and are presented as the mean of three independent 

experiments with standard error of the mean. Antimicrobial activity 

of supernatants is evaluated by radial diffusion assays and measure of 

the inhibition halos (standard deviation values were less than 5 % and 

are not indicated)
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Identification and expression of halocin genes

As evidenced above, Hbt. salinarum ETD5, Hbt. salinarum 

ETD8 and Htg. thermotolerans SS1R12 are suspected of 

producing a secreted proteinaceous antimicrobial com-

pound. Although several halocins have been reported in the 

literature, the sequences of the encoding genes are available 

for only three of them, halocin C8 (HalC8), halocin H4 

(HalH4) and halocin S8 (HalS8) (Besse et al. 2015). To 

determine whether the antimicrobial activity exhibited by 

the three strains was due to a known halocin, PCR experi-

ments using specific primers for genes halC8, halS8 and 

halH4 were performed on genomic DNA. A fragment of 

expected size (799 bp) was amplified with halS8 specific 

primers for both Hbt. salinarum ETD5 and Hbt. salinarum 

ETD8, while a fragment of expected size (838 pb) was 

amplified with halH4 specific primers for Htg. thermotol-

erans SS1R12 (Supplementary Fig. S1). The amplicons 

were cloned and sequenced. Analysis of the predicted par-

tial amino acid sequences confirmed that the genomes of 

Hbt. salinarum ETD5 and Hbt. salinarum ETD8 contained 

a halS8 gene, with almost identical predicted amino acid 

sequences (only two substitutions out of the total 266). 

Moreover, they were also aligned with two other HalS8 

sequences deduced from plasmidic genes available in the 

Genbank database, belonging to Halobacterium sp. GN101 

(Besse et al. 2015) and the uncharacterized strain S8a from 

which HalS8 was initially discovered (Price and Shand 

2000). Moreover, the sequences of the predicted mature 
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(c, filled circle), and inhibition halos (gray bars) produced by cul-

ture supernatant against target strains of Hrr.chaoviator ETR14 (a), 

SS1R17 (b), and ETD3 (c). Antimicrobial activity of supernatants 

was evaluated by radial diffusion assays and measure of the inhibition 

halos. Growth experiments and antimicrobial assays were performed 

in triplicate and are presented as the mean of three independent 

experiments; the standard deviation values for inhibition halos were 
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motolerans SS1R12 (b). a M Marker ExactLadder® DNA PreMix 

2 Log (Ozyme), 1–5 Hbt. salinarum ETD5, 6–10 Hbt. salinarum 

ETD8, 1 and 6 cDNA amplified with halS8-specific primers halS8-

F1 and halS8-R1, 2 and 7 genomic DNA amplified with halS8-spe-

cific primers halS8-F1 and halS8-R1, 3 and 8 cDNA amplified with 

archaeal 16S DNA primers S-D-Arch-0025-a-S-17 and S-*Univ-

1517-a-A-21, 4 and 9 RNA amplified with halS8-specific primers 

halS8-F1 and halS8-R1, 5 and 10 RNAse free water amplified with 

halS8-specific primers halS8-F1 and halS8-R1. b M Marker Exact-

Ladder® DNA PreMix 2 Log (Ozyme, France), 1 cDNA amplified 

with halH4-specific primers halH4-F1 and halH4-R1, 2 genomic 

DNA amplified with halH4-specific primers halH4-F1 and halH4-R1, 

3 cDNA amplified with archaeal 16S DNA primers S-D-Arch-0025-

a-S-17 and S-*Univ-1517-a-A-21, 4 RNA amplified with halH4-spe-

cific primers halH4-F1 and halH4-R1, 5 RNAse free water amplified 

with halH4-specific primers halH4-F1 and halH4-R1
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HalS8 peptides from the four strains ETD5, ETD8, S8a, 

and GN101 were identical (Supplementary Fig. S2). For 

Htg. thermotolerans SS1R12, the partial predicted amino 

acid sequence was identical to that of HalH4 isolated from 

Hfx. mediterranei R4 (Han et al. 2012) (data not shown).

The possible correlation between the expression of the 

halocin genes and the observed antimicrobial activities of 

proteinaceous nature were checked by RT-PCR experi-

ments. Total RNA was extracted from late exponential-

stage supernatants of Hbt. salinarum ETD5, Hbt. salinarum 

ETD8 and Htg. thermotolerans SS1R12, reverse-tran-

scribed with random primers, and cDNA were amplified 

with 16S rRNA gene, halS8 (Fig. 3a) and halH4 (Fig. 3b) 

-specific primers. For the three strains, the extracted RNA 

proved to be devoid of genomic DNA contamination 

(Fig. 3a, lanes 4 and 9; Fig. 3b, lane 4), and the cDNA pro-

vided amplification of the 16S rRNA gene (Fig. 3a, lanes 3 

and 8; Fig. 3b, lane 3). Amplification of a halS8 fragment 

using cDNA from Hbt. salinarum ETD5 and Hbt. sali-

narum ETD8 demonstrated that halS8 is indeed transcribed 

during late exponential-stage of growth (Fig. 3a, lanes 1 

and 6). Conversely, no detectable halH4 transcript was pro-

duced by Htg. thermotolerans SS1R12 (Fig. 3b, lane 1).

Discussion and conclusions

Microbial warfare is a key feature for prokaryotes compet-

ing for space and nutrients in extreme halophilic condi-

tions (Kirkup and Riley 2004). Although previous studies 

have examined the diversity of prokaryotic strains from 

the saltern of Sfax (Baati et al. 2008; Trigui et al. 2011a, 

b; Boujelben et al. 2012, 2014), the potential of antimi-

crobial production has not yet been reported. In the cur-

rent study, thirty-five halophilic strains, isolated from two 

ponds of different salinity from the solar saltern of Sfax, 

were studied for their ability to exert an antimicrobial activ-

ity. Most of the strains exhibiting antimicrobial activity are 

halophilic archaea belonging to three genera (Halorubrum, 

Halobacterium, Haloterrigena) of the order Halobacteri-

ales, but two members of the domain Bacteria have also 

been identified as producers of antimicrobials, Salicola 

sp. ES1R9 and P. halophila ES1D1 (Tables 1, 2). Both of 

these bacterial isolates originated from the pond of lower 

salinity (M1, 200 g L−1). It has consistently been reported 

in previous studies that a significant fraction of microbial 

strains inhabiting hypersaline areas produce antimicrobial 

agents (Rodriguez-Valera et al. 1982; Kis-Papo and Oren 

2000; Atanasova et al. 2013). A recent study has examined 

the antagonistic interactions among halophilic isolates of 

distant geographical sites (Atanasova et al. 2013). Several 

genera of archaea (Halorubrum, Haloferax, Haloplanus, 

Haloarcula, Halogranum, Halobacterium, Halosarcina, 

Halogeometricum) and bacteria (Halomonas, Salinivibrio, 

Pontibacillus and Salicola) have been shown to be halocin-

producers (Atanasova et al. 2013). The saltern of Sfax can 

thus be considered an additional geographical site where 

the presence of potential halocin-producing members of the 

archaeal genera Halorubrum and Halobacterium and the 

bacterial genus Salicola is confirmed. Antimicrobial com-

pounds have been extensively described as produced by 

Pseudomonas aeruginosa and collectively named pyocins 

(Michel-Briand and Baysse 2002). More recently, a Pseu-

domonas putida strain isolated from hot-spring water has 

been shown to produce antimicrobials (Ghrairi et al. 2015). 

Our work suggests that an additional Pseudomonas strain 

from another extreme environment, P. halophila ES1D1, 

also has the capacity to produce antimicrobial agents.

The spectrum of activity of the antimicrobial-producing 

strains is variable, targeting either a restricted or a wide 

range of sensitive strains (Table 2). This suggests that the 

produced antimicrobial agents are different. Most strains 

(seven of the eleven) have a restricted spectrum of inhibi-

tion, with only one sensitive strain (Table 2). All strains of 

the Halorubrum genus, except SS1R14 exhibit a narrow 

spectrum of activity (only one sensitive strain). In accord-

ance with previous observations (Atanasova et al. 2013), 

three cases of cross-domain inhibition are observed, from 

bacteria to archaea (P. halophila ES1D1 and Salicola sp. 

ES1R9 inhibit Halorubrum tebenquichense SS1R14) and 

from archaea to bacteria (Hbt. salinarum ETD5 inhibits 

P. halophila ES1D1). Four strains, all from the domain 

Archaea, exert an antimicrobial activity against several 

other strains (Table 2). They belong to the genera Halobac-

terium, Halorubrum and Haloterrigena, and all three were 

previously shown to be halocin-producers (Atanasova et al. 

2013; Besse et al. 2014).

Antagonism assays can reveal the capacity of micro-

bial strains to inhibit the growth of competitors. The agent 

responsible for this activity may either be a virus or an anti-

microbial compound, either a small metabolite or a peptide/

protein. Several lines of evidence in this work suggest that 

three strains from the solar saltern of Sfax have the capacity 

to produce secreted antimicrobial peptides/proteins, named 

halocins. All three also display a broad inhibition range. 

Strains Hbt. salinarum ETD5 and Hbt. salinarum ETD8, 

both isolated from pond TS18 (390 g L−1) of the Sfax salt-

ern, display secreted antimicrobial activity, which is totally 

destroyed by treatment with a halophilic protease (Table 3). 

Moreover, a halS8 gene fragment from the genome of Hbt. 

salinarum ETD5 and Hbt. salinarum ETD8 was ampli-

fied and sequenced (Supplementary Fig. S1). HalS8 was 

initially purified from an unidentified strain, S8a, from the 

Great Salt Lake (Utah, USA) and the halS8 gene sequence 

was determined. The halS8 gene has been shown to be 

translated into a 311 amino acid precursor (Supplementary 
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Fig. S2), yielding by an unknown mechanism a mature 

HalS8 peptide of 36 amino acids (Price and Shand 2000). 

Another strain of Halobacterium sp. GN101 isolated from 

Guerrero Negro (Mexico) also encodes a halS8 gene (Besse 

et al. 2015). Both genes are carried by megaplasmids, but 

Halobacterium sp. GN101 has been reported to produce 

halocin R1, whose amino acid sequence is 63 % identi-

cal to that of HalS8 (O’Connor and Shand 2002), and may 

therefore result from expression of additional divergent 

copies of the gene and/or post-translational modifications 

(Besse et al. 2015). However, alignment of the predicted 

amino acid sequences deduced from the halS8 genes from 

strains S8a, GN101, ETD5 and ETD8 reveals only two 

sites of substitution. We observed a A140G substitution for 

strain ETD8, as compared to the three other strains; and 

an I185 V substitution for strain S8a, as compared to the 

three other strains (Supplementary Fig. S2). The sequence 

of mature HalS8 is identical, thus emphasizing that the 

conservation of the 4 cysteines, potentially involved in 

disulfide bridges, is presumably essential to maintain the 

tridimensional structure of this highly hydrophobic peptide, 

and hence its high stability. This is the first report point-

ing to several strains from different geographical locations 

that have the capacity to produce identical HalS8. Three 

of the four strains (GN101, ETD5 and ETD8) are clearly 

identified by analysis of the 16S rRNA gene sequence to be 

affiliated to the genus Halobacterium. Interestingly, in the 

study by Atanasova et al. (2013), a single Halobacterium 

sp. strain was identified as a halocin producer. In the case of 

HalC8, initially purified from the Chinese strain Natrinema 

sp. AS7092, several other Natrinema and Haloterrigena 

strains, from various geographical sites, have also been 

reported as carrying halC8 genes (Li et al. 2003; Imadalou-

Idres et al. 2013; Besse et al. 2014, 2015; Meknaci et al. 

2014). Future studies will help determine whether a spe-

cific halocin gene is systematically carried only by strains 

belonging to a specific genus from the Halobacteriales, 

and if the halocin genes are associated to features involved 

in horizontal gene transfer, such as the plasmidic location 

of halS8 in strains S8a and GN101.

For strains Hbt. salinarum ETD5 and Hbt. salinarum 

ETD8, the antimicrobial activity was maximal during the 

transition from exponential to stationary phase of growth 

(Fig. 2a, b), and we detected halS8 transcripts by RT-PCR 

(Fig. 3a), as was reported for several halocins (Besse et al. 

2015) including HalS8 (Price and Shand 2000). In strain 

S8a, a correlation between maximal antimicrobial activity 

and the presence of multiple halS8 transcripts during tran-

sition from exponential to stationary phase of growth were 

observed (Price and Shand 2000). Therefore, several clues 

link the detected antimicrobial activity to the production of 

HalS8 in Hbt. salinarum ETD5 and Hbt. salinarum ETD8, 

with similar features to what had been previously observed 

in strain S8a. Therefore, we conclude that the antimicro-

bial activity produced by the two strains of Hbt. salinarum 

ETD5 and Hbt. salinarum ETD8 from the solar saltern of 

Sfax can be explained, at least in part, by the production of 

HalS8.

The spectrum of inhibition of HalS8-containing super-

natants from strain S8a have been reported to be directed 

against Hbt. salinarum NRC817, Halobacterium sp. GRB, 

and Haloferax gibbonsi (Price and Shand 2000). The inhib-

itory spectrum of Hbt. salinarum ETD5 is consistent with 

these findings, as inhibition of strains belonging to the gen-

era Halobacterium and Haloferax are observed (Tables 1, 

2). Moreover, both Halobacterium strains also inhibit sev-

eral members of the genus Halorubrum, which was not 

tested in the case of strain S8a. The spectrum of the strains 

inhibited by Hbt. salinarum ETD5 and Hbt. salinarum 

ETD8 is different, as some strains are inhibited by ETD5 

but not by ETD8. This might possibly be due to a lesser 

amount of halocin production by Hbt. salinarum ETD8, 

or to the production of an additional unidentified halocin 

by Hbt. salinarum ETD5. This halocin should be different 

from HalC8 and HalH4, as no amplicons were obtained 

by PCR using halC8 and halH4-specific primers (data not 

shown). Moreover, inhibition halos observed for ETD8 

are generally smaller than those produced by ETD5. More 

particularly, the cross-domain inhibition observed for Hbt. 

salinarum ETD5 against Pseudomonas halophila ES1D1 

will have to be confirmed to determine whether it is due to 

HalS8 or to another antimicrobial agent.

The case of Htg. thermotolerans SS1R12 reveals differ-

ent features. The antimicrobial activity produced by this 

strain is most likely due to multiple antimicrobial agents. 

Indeed, several clues indicate that part of the antimicrobial 

activity may be due to a halocin. Treatment of the superna-

tant with a halophilic protease reduces, but does not anni-

hilate, the antimicrobial activity (Table 3). Amplification 

and sequencing of a partial halH4 gene reveals a predicted 

amino acid sequence, identical to that of Hfx. mediterra-

nei R4 (UniProtKB no Q48236), from which HalH4 was 

initially isolated (Meseguer and Rodriguez-Valera 1985). 

However, we were not able here to detect any halH4 tran-

script (Fig. 3b), and maximal activity during microbial 

growth (Fig. 2c) does not follow the same pattern as what 

is usually observed for halocins. It is possible that HalH4 is 

not expressed, and that the observed antimicrobial activity 

of proteic nature may be due to another unknown halocin. 

Halocin redundancy has already been reported for HalH4-

producing Hfx. mediterranei R4 (Naor et al. 2013).

In conclusion, the present study of the antimicrobial 

properties of a collection of halophilic prokaryotic strains 

isolated and characterized from the solar saltern of Sfax 

reveals that a significant fraction of the strains uses micro-

bial warfare as a weapon against their competitors. For two 
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strains belonging to the Halobacterium genus, we have 

shown that the observed antimicrobial activity is most 

likely explained by the production of a halocin, HalS8, 

which is a very stable hydrophobic peptide. Perhaps it is 

possible that production of specific halocins may be cor-

related with phylogenetic assignment, but this assertion 

should be confirmed by further studies on the distribution 

of the known halocins among halophilic isolates from dif-

ferent geographical hypersaline areas.
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A total of 54 halophilic strains were isolated from crystallizer TS18 (26 strains) and non-

crystallizer M1 (28 strains) ponds and screened for their ability to produce protease, amylase, and

lipase activities. Enzymatic assays allowed the selection of thirty-two active strains, among them,

the ETR14 strain from TS18 showedmaximum protease production yields and therefore, selected

for further analysis. The results from 16S rRNA gene sequence analysis revealed that the strain

belonged to Halorubrum ezzemoulense (Hrr. ezzemoulense) species. Further results indicated that

optimum growth and protease production yields were obtained with 10–15% NaCl concen-

trations in the DSC-97 medium. The enzyme was also able to maintain high levels of protease

activity at salt concentrations of up to 25%.While readily available carbon sources were noted to

significantly reduce protease production, the combination between yeast extract and peptone

enhanced protease excretion, which reached a maximum of 284Uml!1 at the end of the

exponential growth phase. The enzyme exhibited optimum activity at pH 9 and 60°C. The

halophilic protease retained 87% of its initial activity after 1 h incubation at 70 °C and showed

high stability over a wide range of pH, ranging from 7 to 10. This protease exhibited good

temperature, pH, and salinity tolerance, which distinguishes it from other proteases previously

described from othermembers of the holoarchaea genera andmakes it a promising candidate for

application in various industries.
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Introduction

Proteases are a physiologically and commercially

important group of enzymes that have been extensively

used in various industrial applications and processes.

They have commonly been used as additives in laundry

detergents, pharmaceuticals, leather and diagnostic

reagents, food products and formulations, waste man-

agement processes, and silver recovery units [1]. One

of the major challenges hampering the efficient large-

scale application of microbial proteases is their optimal

activity and stability in a wide range of salinity, pH

and temperature. Accordingly, recent research has

been continuously interested in the exploration of

extreme habitats to screen and characterize non-

conventional microorganisms having the ability to

produce novel enzymes with enhanced activity and

stability profiles under a wide range of operational

conditions. In this respect, several hypersaline environ-

ments, such as marine solar slatterns, can offer ideal

habitats for species-rich biotopes, particularly because it

involves a wide variety of prokaryotic microorganisms

(Bacteria and Archaea) that are exposed to increasing

salinity gradients from seawater salt concentrations

(3.8%) to the saturation point of NaCl (38%) and beyond.

Using culture-dependent and culture-independentmeth-

ods, several studies have shown that when high salinity

prevails in the environment where halophiles live,
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halophilic Archaea prevail over halophilic Bacteria [2, 3].

To cope with the specific salinity of its brine, halophilic

Archaea produce original proteins with more stability

against not only aggregation in the presence of high

salt concentrations [4], but also against radiation and

reactive oxygen species [5]. Accordingly, halophilic

archaea have attracted increasing interest as a promising

source of stable enzymes for use in industrial

applications [6].

Due to their abilities to operate under harsh physico–

chemical conditions, such as salinity, temperature,

and pH, halophilic proteases from halophilic archaea

have received increasing attention from researchers

interested in the discovery of novel proteaseswith desired

properties and improved stabilities for industrial appli-

cations. In fact various halophilic protease-producing

archaea have been screened in the literature [7]. Some of

these proteases have been reported to display optimal

activity in the presence of NaCl and to maintain stability

over wide pH (pH 5–10) and temperature (40 –75 °C)

ranges [8]. Other enzymeshave beendescribed todisplay a

wide range of polyextremophilicity, including haloalka-

liphilicity [9] and halothermophilicity [10].

Considering the promising opportunities that halo-

philic prokaryotic enzymes might open for the develop-

ment of novel enzymeswith desired activity and stability

profiles under harsh operational conditions, the present

study was undertaken to screen halophilic strains

isolated from crystallizer and non-crystallizer ponds at

the solar saltern of Sfax, Tunisia, for their ability to

produce active hydrolases. The results revealed that the

ETR14 isolate exhibited the most attractive protease

activity and was, therefore, selected and submitted to

further identification and characterization analyses.

This strain was identified as Halorubrum ezzemoulense,

and its optimal growth conditions for maximum

protease production were investigated.

Materials and methods

Isolation of halophilic prokaryotes

The water and sediment samples used in the present

study were collected from two ponds in the solar saltern

of Sfax, Tunisia, namely the crystallizer TS18 pond (TS)

(mean salinity 38%, w/v) and the concentrator M1 pond

(mean salinity 24%, w/v). This multi-pond solar salten

was located in the Central–Eastern coast of Tunisia about

34° 390N and 10°420 E. Within 2h collection, diluted and

non-diluted samples were spread on two different saline

media: modified DSC-97 [11] and R2A-20 agar media [12]

supplemented with 200 g L!1 of NaCl. Prokaryotic

isolates were picked after 15–20 days of incubation at

37 °C, based on colony pigmentation, size, and margin

and immediately streak-plated at least 3–4 times on

fresh agar plates with the appropriate medium until

purity was confirmed. A total of 54 strains (28 from M1

and 26 from TS18) were preserved as glycerol suspen-

sions (40%, w/v) at !80 °C. The isolates were submitted

to cell morphology examination (model Reichert-jung

series 150) using cells from exponentially growing

cultures. They were also submitted to phenotypic

characterization tests to investigate Gram reaction,

motility, catalase and oxidase production, indole, urease

and b-gal production, and carbon source utilization as

previously described elsewhere [13, 14].

Screening of hydrolase activities

The fifty four prokaryotic isolates were screened for

amylolitic, lipase and proteolytic activities. Amylase

activity screening assays involved the cultivation of

strains on their corresponding solid media (DSC-97 or

R2A-20) supplemented with 0.5% (w/v) starch and

containing 20% (w/v) of total salts as previously

described by Amoozegar et al. [15]. After 1 week of

incubation at 37 °C, the plates were flooded with an

iodine solution containing 1% (w/v) iodine in 2% (w/v) KI.

The formation of a clear zone around the colony was

taken to indicate starch hydrolysis, and the correspond-

ing strain was recorded positive for amylase production.

For lipase activity, the corresponding R2A-20 and

DSC-97 media were supplemented with 2.5% olive oil

(v/v) and 0.001% (w/v) Rhodamine B solution and used for

microorganism growth assays at 37 °C. After 1–2 weeks

of culture, positive strains were detected under UV light

by the presence of an orange-red fluorescent halos [16].

Thismethodwas based on thefluorescence caused by the

interaction of free fatty acids released through the lipase

hydrolysis of olive oil with Rhodamine B.

The proteolytic activity of the isolates was screened in

skim milk agar as previously described by Amoozegar

et al. [17]. In brief, the corresponding DSC-90 and R2A-20

media were supplemented with 10% (w/v) skimmilk and

proteolytic activity was detected after 7 days of incuba-

tion at 37 °C by the presence of a clear zone around the

skimmed agar colony.

DNA extraction and 16S rRNA gene amplification of

the potential ETR14 strain

The total genomic DNA of ETR14 strain, isolated from

the crystallizer TS18 pond, was prepared from cell

pellets resuspended in MilliQ water by boiling for

5min, followed by centrifugation. The primers used

for the amplification of the almost complete archaeal
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16S rRNA encoding genes were S-D-Arch-0025-a-S-17 (50-

CTGGTTGATCCTGCCAG-30) and S-$-Univ-1517-a-A-21 (50-

ACGGCTACCTTGTTACGACTT-30) [18]. Positive controls

were performed using Halobacterium salinarum DSM3754

or Haloferax mediterranei DSM1411. PCR was performed

using a 50ml reaction mixture containing the following

(per reaction): 5ml of 10% PCR buffer, 1ml of deoxyribo-

nucleotide triphosphatemixture (10mMeach),1ml ofeach

primer (10mM),0.25ml (1.25U)Taqpolymerase,and1ml of

template DNA. The following PCR conditions were used:

95 °Cfor30 s followedby30cyclesof95 °Cfor30 s,55 °Cfor

30 s, and 72 °C for 2min, and finally an extension step of

7min at 72 °C. The amplified DNA was submitted to

electrophoresis on1%(w/v) agarosegels inTris-acetic acid-

EDTA (TAE) buffer containing 1X GelRed1 (Biotim) and

then visualized under UV light.

DNA sequencing and phylogenetic analysis

The nucleotide sequence of the amplified 16S rRNA gene

of the ETR14 strain (1439pb) was determined by Eurofins

MWG Operon (Ebersberg). They were compared with

the sequences available at the GenBank database using

the BLASTN software program [19]. Alignment with the

different sequences from other species was conducted by

the BioEdit software. The maximum likelihood phyloge-

netic treewas inferred using Tree Finder [20] with a Jukes

and Cantor model on the 1439 unambiguously aligned

positions. The statistical robustness of inferred branches

was estimated by the non parametric bootstrap proce-

dure implemented in Tree Finder (1000 replicates of the

original alignment).

Nucleotide sequence accession number

The nucleotide sequence of the 16S rRNA gene of strain

ETR14 determined in this study was submitted to

GenBank under the accession number ID: KP827650.

Salinity growth range of Halorubrum ezzemoulense

ETR14

Various NaCl concentrations (5, 10, 15, 20, 25, and 30%,

w/v) were assayed in the DSC-97 medium to investigate

the effects of salinity on the growth of the

Hrr. ezzemoulense ETR14 strain. The pH of all media was

adjusted to 7.4 using KOH 1M and temperature was

maintained at 37 °C. The growth curves of strain ETR14

were obtained by monitoring culture absorbance at

600nm and at different incubation times using a Laseny

International Model I-290 spectrophotometer. Accord-

ingly, 250-ml flasks containing 50ml of saline medium

were inoculated with 100ml of a stationary-phase

culture and incubated at 37 °C at 200 rpm on a New

Brunswick environmental incubator shaker. Samples of

500ml were taken at 0, 20, 24, 44, 48, 52, 69, 73, 93, 97,

109, and 130h of incubation to monitor cellular growth

in terms of absorbance at 600nm. The mean values of

triplicate samples fromduplicate experiments were used

for graphical representations.

Cells harvesting and protease assay

Hrr. ezzemoulense strain ETR14 cells were harvested from

48h cultures in DSC liquid media by centrifugation at

10,000g (Hermle Z 230MA) for 20min at 4 °C. The culture

supernatants were used to determine extracellular

proteolytic activity. Accordingly, 0.5ml of suitably

diluted aliquots was mixed with 0.5ml of 100mM

Tris-HCl (pH 7) prepared in 20% (w/v) NaCl and

containing 1% (w/v) casein. After 15min of incubation

at 55 °C, the reaction was stopped by the addition of

thrichloacetic acid (20%, w/v), kept at room temperature

for 15min, and then centrifuged at 13,000 rpm for

15min to remove the precipitate. The absorbance of the

supernatant was measured at 280nm against a blank

(non-incubated sample). A standard curve was generated

using solutions of 0–50mgL!1 tyrosine. One unit of

protease activity was defined as the amount of enzyme

required to liberate 1mg of tyrosine per minute under

the defined experimental conditions.

Effects of different compounds and physico–chemical

conditions on protease production

Several constituents and process parameters were

evaluated in terms of their optimal conditions for

protease production by theHrr. ezzemoulense strain ETR14

in the saline DSC-97 medium using the one-factor-at-a-

time approach. This strategy involved the evaluation of

the effect of each variable for its optimum level for

maximal protease production, and its subsequent

incorporation at its optimized level in the following

experiment while evaluating the next variable. The

variables investigated included the following in the

sequential order: NaCl concentration (5, 10, 15, 20, 25,

and 30% (w/v)), carbon sources at final concentrations of

1% (w/v) (glucose, mannose, maltose, sucrose, xylose,

and starch), nitrogen sources at 1% (w/v) (urea, peptone,

tryptone, and NH4Cl), inorganic salts at 1% (w/v) (ZnCl2,

CaCl2, CuSO4, andMgSO4), temperature range (30, 37, 40,

and 47 °C), and pH values (6, 7, 7.5, 8, and 9). For all

experiments, protease activity, expressed by the diame-

ter of hydrolyse zone of casein, was determined after

48h of incubation.

Properties of the extracellular protease

The effects of pH and temperature on the protease

activity and stability against heat and detergents were
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investigated. Optimum pH was determined by assaying

enzyme activity at 55 °C in 20%NaCl (w/v), with casein as

a substrate dissolved in the potassium phosphate buffer

(pH 6–8) and glycine–NaOH buffer (pH 9–10). For

optimum temperature, protease activity was assayed

at different temperatures (30, 40, 45, 50, 55, 60, 70, and

80 °C) at pH 9 in 20% NaCl (w/v). Thermostability assays

involved the pre-incubation of cell free supernatants at

various temperatures from 37 to 70 °C and the residual

protease activity, compared to the non pre-incubated

control was determined after 15, 30, 45, and 60min at pH

9, 55 °C and in the presence of 20% NaCl (w/v). To

investigate the effect of detergents on enzyme activity,

aliquots of cells free supernatants were pre-incubated

with different detergents, SDS, CTAB (cetyl trimethy-

lammonium bromide), Triton X-100, Tween-80, and

Tween-100 each at a final concentration of 10mM and

at 37 °C. After 30min, protease activities were deter-

mined at pH 9 and 55 °C as previously described and

compared to their corresponding controls (without

detergents).

Results

Screening of extreme halophiles producing hydrolase

activities

Fifty-four, presumably pure prokaryotic strains, were

isolated from the TS18 (26 strains) and M1 (28 strains)

ponds and subsequently screened for producing prote-

ase, amylase, and lipase activities on solid media. Water

and sediment samples were plated on two solid saline

media (R2A-20 and DSC-97) containing 20% (w/v) NaCl to

detect mainly extreme halophilic Bacteria and Archaea

and obtain a more representative number of halophilic

isolates with different nutrient requirements. Among

those strains, thirty-two active strains were selected and

their hydrolase activities were summarized in Table 1.

Among the 26 isolates selected from the TS18 pond, 6

(23%) exhibited protease activity (3 from R2A-20 and 3

from DSC-97 media), 6 (23%) displayed amylase activity

(all from DSC-97 media), and 3 (11%) showed lipase

activity (all from R2A-20 media) (Table 1). The M1 pond,

on the other hand, had lower salinity than the TS18 pond

and was, therefore, marked by higher frequencies of

positive strains. From the 28 selected isolates, 12 (43%)

showed protease activity (11 from R2A-20 and 1 from

DSC-97 media), 15 (53%) had amylase activity (10 from

R2A-20 and 5 from DSC-97 media), and 6 (21%) displayed

lipase activity (all from R2A-20 media) (Table 1). The

results also revealed that some strains in the M1 pond

displayed combined hydrolytic activities, with one strain

(ES1R49) presenting lipase and protease activities, 3

strains (ES1D7; ES1R19, and ES1R33) showing protease

and amylase activities, and 5 strains (ES1R8, ES1R9,

ES1R12, ES1R38, and ES1R51) exhibiting protease,

amylase, and lipase activities. In the TS18 pond, however,

only two strains (ETR14 and ETR12) were noted to show

combined protease and lipase activities (Table 1). The

strains isolated from the two ponds could, therefore,

be considered promising sources of novel enzymes for

a wide range of biotechnological applications and

processes.

Identification of the potential protease producing

ETR14 strain

Among the several protease producing strains screened

from the M1 and TS18 ponds, strain ETR14 from the

crystallizer pond was noted to exhibit a large zone of

hydrolysis on casein plates and was, therefore, selected

and maintained for further experimental and optimiza-

tion studies. Cells of this strain were predominantly

occurring as single, Gram negative, motile rods. On the

solid DSC-97 complex medium containing 20% NaCl,

colonies were brick red, opaque or circular, and about

2mm in diameter. They were catalase-positive and

oxidase-negative. While indole production and MR tests

were positive, the VP test was negative. No growth was

observed in the liquid medium containing 5% NaCl, and

the organism required a minimum of 10% NaCl for

growth. Optimum growth was obtained at 10–20% NaCl

concentrations, and the organism could not grow in

saturated NaCl (Fig. 1). The ETR14 strain was able to

hydrolyze gelatin, casein, lipids, and utilize urea.

Glucose, maltose, lactose, and xylose were fermented

without gas production.

The purified DNA was amplified by the polymerase

chain reaction using the specific archaeal S-D-Arch-0025-

a-S-17 and S-$-Univ-1517-a-A-21 primers to identify the

ETR14 isolate [21]. The nucleotide sequence of the

amplified DNA was compared with other sequences

available at the GenBank database using the BLAST

search program. The results revealed 99% homology

with the rDNA 16S of the Halorubrum ezzemoulense strain

CECT7099 (Fig. 2).

Optimization of protease production medium

Several medium constituents and growth parameters

were assayed for their effects on protease production by

theHrr. ezzemoulense ETR14 strain. The effects of different

NaCl concentrations on growth and protease activity of

ETR14 strain are presented in Fig. 3. While the enzyme

showed no protease activity at 5% NaCl, it underwent

rapid increase in protease activity at 10% NaCl and
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Table 1. Hydrolase related-enzymes detected in assay tests performed on isolates of halophilic prokaryotes obtained from TS18 and
M1 ponds. Only positive strains were reported.

Strain code, identification (16S rRNA gene accession n°) Origin/medium Protease Amylase Lipase

ETD3 Halorubrum chaoviator (JX982772) TS18/DSC ! þþ !

ETD4 TS18/DSC ! þþþ !

ETD5 Halobacterium salinarum (JX982770) TS18/DSC ! þþþ !

ETD7 TS18/DSC þþþ ! !

ETD9 TS18/DSC þþ ! !

ETD13 TS18/DSC þþþ ! !

ETR18 TS18/R2A þ ! !

ETD32 TS18/DSC ! þ !

ETD34 Halorubrum sp. (KR611162) TS18/DSC ! þþ !

ETD47 TS18/DSC ! þþ !

ETR3 TS18/R2A ! ! þþþ

ETR12 TS18/R2A þþþ ! þþþ

ETR14 Halorubrum ezzemoulense (KP827650) TS18/R2A þþþ ! þþþ

ES1D5 Halorubrum sp. (HQ179131) M1/DSC ! þþ !

ES1D17 M1/DSC ! þþþ !

ES1D19 M1/DSC þþ þþþ !

ES1D21 M1/DSC ! þþþ !

ES1D32 M1/DSC ! þþ !

ES1R7 M1/R2A þþ þ !

ES1R8 M1/R2A þþþ þþþ þþ

ES1R9 Salicola sp. (KT440879) M1/R2A þþþ þþ þþ

ES1 ES1R10 Haloferax sp. (HQ589032) M1/R2A ! þþ !

ES1R12 M1/R2A þþ þþ þþ

ES1R26 M1/R2A ! þþ !

ES1R31 M1/R2A þþ ! !

ES1R33 M1/R2A þþ þ !

ES1R38 M1/R2A þ þþ þ

ES1R40 M1/R2A þþþ ! !

ES1R41 M1/R2A ! þþ !

ES1R46 M1/R2A þþ ! !

ES1R49 M1/R2A þþ ! þ

ES1R51 M1/R2A þþ þ þ

Figure 1. Kinetic growth of strain ETR14 at pH 7.4 and 37 °C in DSC-
97 medium amended with different concentrations of NaCl. Each
point represents the mean of three determinations and two
independent experiments (SD<15% of the mean).

Figure 2. Phylogenetic tree based on neighbor joining analysis of
1000 resampled data. Values at nodes represent bootstrap values
computed with Tree finder and expressed as percentages of 1000
replications. The phylogram showing the position of strain ETR14
with other members of the genus Halorubrum based on 16S rRNA
gene sequence. Strain ETR14 and outgroup are shown in bold. Only
bootstrap values above 30 are shown.
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exhibited a maximum proteolysis diameter of 2.4 cm

after 3 days of incubation at 37 °C. At NaCl concentration

ranging between 10 and 25%, the diameter of the zone of

proteolysis was relatively constant, which provided

support for the adaptive nature of this strain to a wide

range of salinity levels. In the presence of 30% NaCl,

however, the proteolytic activity of the ETR4 strain was

completely repressed.

The results also revealed that maximum extracellular

protease production by Hrr. ezzemoulense ETR14 was

obtained at 37 °C and at pH 7.5 (data not shown). While

protease production was significantly reduced by about

60% on either extremes of temperature, it was quite

comparable at extremes of pH. When compared to

control conditions wherein no readily available carbon

sources were employed in the DSC-97 media, the

addition of glucose, mannose, maltose, sucrose, xylose,

and starch reduced significantly protease production

yields. Furthermore, among the nitrogen sources used,

protease production was optimum in the DSC-97

medium supplemented with 1% peptone. Under those

conditions, an increase of about 40% in protease activity

was observed when compared to the control DSC-97

medium containing only 1% yeast extract.

Various divalent cations were also assayed for their

effects on the protease production ability of the Hrr.

ezzemoulense ETR14 strain. The results revealed that while

protease activity was strongly inhibited by Zn2þ, it was

not affected by Mn2þ and Ca2þ and slightly improved to

about 10% by Mg2þ.

Growth kinetics and protease production

The investigation of the physico–chemical and culture-

related parameters revealed that the highest level of

proteolytic activity was obtained when cells were

incubated in the DSC-97 medium, containing 10–20%

(w/v) NaCl, 1% peptone, and 1%MgSO4, at a temperature

of 37 °C and a pH value of 7.4. A good correlation was,

therefore, observed between the optimal concentration

for growth and for enzyme production.

To investigate the presence of protease activity during

growth under the optimum conditions described above,

samples were harvested during different stages of ETR14

growth. The cells were separated from culture media by

centrifugation, and cell-free supernatants were used for

the determination of protease activity using the casein

method. The results presented in Fig. 4 show that, after a

short lag phase of 5 h, the cells exhibited an exponential

phase of growth for up to 52h, which was then followed

by a stationary phase. Protease secretion was detected in

the fermentation broth as soon as the strain started the

active growth phase and then gradually increased until

reaching maximum activity (284Uml!1) at the end of

the exponential growth phase after about 45h of culture.

Figure 3. Effect of NaCl concentrations on extracellular protease
activity in the cell free supernatant (expressed by the diameter of
hydrolyse zone of casein) and growth (OD at 600nm) of strain ETR14
assayed after 48 h of incubation in DSC-97 medium at 37 °C and pH
7.4. Each point represents the mean of three determinations and
three independent experiments (SD<15% of the mean).

Figure 4. Proteolytic activity during the growth curve of Hrr.

ezzemoulense ETR14. The isolate was grown in DSC-97 medium
supplemented with 15% NaCl, 1% peptone, 1% MgSO4, at a
temperature of 37 °C and pH 7.4. Samples were taken at different
time intervals, cell growth was determined at OD600nm and the cells
free supernatant was assayed for proteolytic activity. Each point
represents the mean of three determinations and three independent
experiments (SD<15% of the mean).
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Properties of the extracellular protease

In order to determine the properties of the proteolytic

enzyme produced byHrr. ezzemoulense ETR14 strain in the

supernatant, the effect of pH, temperature, and stability

against heat and detergents were investigated. The

results presented in Fig. 5 showed that the enzyme was

active in broad range pH of 7–10, with optimum activity

at pH 9. The enzyme retained 90% of activity at pH 10

thus demonstrating its alkali tolerance. The protease

was also thermoactive in the temperature range of

50–70 °C, with optimum levels being observed at 60 °C

(Fig. 5). The temperature kinetics of the protease

suggested that enzyme activity increased sharply from

40 to 60 °C, and then started to decline after 60 °C.

Moreover, the results illustrated in Fig. 6 show that the

protease was stable in 20% NaCl at 50–60 °C for more

than 1h. At 70 °C, the enzyme was stable for up to

45min, and was able to retain 87% of its activity after

60min. Furthermore, the enzyme exhibited consider-

able stability to anionic detergents, such as SDS, cationic

detergents, such as CTAB, and non-ionic detergents, such

as Triton X-100 and Tween-80, although enzyme activity

was slightly reduced with Tween-20 (data not shown).

This provided support for the suitability of the enzyme

for application in the detergent industry.

Discussion

Despite their prevalence in habitats with salinities at or

near saturation, research on extreme halophilic prokar-

yotes with hydrolytic activities is very scarce in the

literature [22, 23].

In particular, and despite the large flow data on the

prokaryotic diversity in the solar saltens of Sfax,

Tunisia [3, 5, 24] no screening program has so far been

designed to identify extreme halophiles with the ability

to break down polymeric compounds. The exploration of

hypersaline habitats to search for extreme halophilic

microorganisms with the ability to produce hydrolases

has, however, attracted increasing attention in recent

research worldwide. This is particularly due to the fact

that the hydrolysis of high-molecular-weight biopoly-

mers constitutes an initial step in the metabolism of

organic compounds in the different ecosystems, thus

playing an important role in the carbon and nitrogen

cycles of hypersaline environments [25]. Moreover, the

discovery of new isolates able to produce new enzymes

from nature is very important for industry. With these

concerns in mind, the present study was undertaken to

investigate the distribution of protease, amylase, and

lipase activities in crystallizer and non-crystallizer ponds

from the solar salterns of Sfax, Tunisia, and characterize

a potential archeal strain able to produce haloalkaline

and thermostable protease.

From an ecological viewpoint, the results have shown

that the frequencies recorded for strains producing

protease and amylase activities in the two ponds were

almost 2 times higher than the ones recorded for strains

producing lipases. This is in agreement with the results

previously reported by Moreno et al. [22] who investi-

gated a salt pond with a salinity of about 15% in the

Southwest of Spain and found that the most frequent

hydrolytic activity was observed for amylase (70% of

total hydrolytic isolates) and protease (17% of total

hydrolytic isolates). In an earlier study, however,

Figure 5. Effects of pH and temperature on the cells free supernatant protease activity. The effect of pH with respected buffer was determined
at 55 °C in 20% NaCl (w/v). The effect of temperature was measured at pH 9.0 in 20% NaCl (w/v). Each point represents the mean of two
determinations and three independent experiments (SD<10% of the mean).
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Gonz!alez and Gut!ıerrez [26] reported that extracellular

lipase production represented 66% of their haloarchaea.

More recently, Bhatnagar et al. [16] screened an Algerian

culture collection for lipolytic activity and reported

on the detection of lipolytic activity in 35 haloarchaea.

The differences in those results could presumably

be attributed to differences in the physico–chemical

conditions of the sites and screening methods employed

[27]. If we assume that these frequencies are related to

the nature of the organic matter in the pond, these

results suggest that carbohydrates and proteins in the

solar saltern of Sfax are the major carbon sources for

the halophilic prokaryotes inhabiting the two ponds.

Interestingly, frequencies of total positive strains that

could produce hydrolase activities were reduced, from

75% in the non-crystallizer pond, to 50% in the

crystallizer one, despite the reported increase in the

density of the total prokaryotic communities [3, 28].

Thus, shift in the metabolism of a fraction of heterotro-

phic prokaryotes in the crystallizer pond from high-

molecular-weight biopolymers catabolism to lower

molecular-weight could be suggested. This is in agree-

ment with the results previously reporting that, at

salinities higher than 25%, the glycerol produced by

Dunaliella salina, one of the last Eukarya capable of

surviving and proliferating at such salinities, becomes

the main energy and carbon sources for the heterotro-

phic prokaryote [29, 30]. Moreover, our results previously

reported on the same ponds, showed that when salinity

exceeds 25%, heterotrophic archaea related to Haloqua-

dratum, Haloferax, and Halorubrum genera become the

most dominant [5, 31]. Such prevalence of survival rates

in hypersaline habitats have been ascribed to different

reasons, including the ability of those species to adapt

the osmotic stress [25] or to overcome interspecific

competitors [27]. Another possible explanation pertain

to the genetic background of those genera to catabolize

low molecular weigh carbon sources, via the semi-

phophorylated Entner-Douderoff (ED) and the tricarbox-

ylic acid (TC) pathways [32–34].

The results of the present study also revealed that the

frequency of hydrolase activities decreased with the

increase of salinity. In fact, when the frequencies of

protease, amylase, and lipase positive strains in the two

ponds were compared, the frequencies recorded for the

non-crystallizer pond (43, 57, and 21%) were twice as

high as those observed for the crystallizer pond (23, 23,

and 11%, respectively). This could presumably be

ascribed to the high selection pressure at the crystallizer

pond, which reduces cells diversity and, hence, leads to

the development of only several assemblages with

reduced enzymatic potentialities. Furthermore, most

of the hydrolase positive strains that survived in the

crystallizer pond could have lost their culturability

on solid media as reported previously by Boujelben

et al. [31].

From a biotechnological viewpoint, extreme halo-

philic archaea are a physiologically diverse group of

interest for the synthesis of various industrial enzymes

and metabolic products [35, 36]. The results from the

optimization assays of the enzyme production medium

revealed the title strain demonstrated a protease activity

comparable to and even higher than several other

isolates reported in the literature. Vidiyasagard et al. [8]

has, for instance, reported on 65Uml!1 of haloalkali-

philc thermostable protease production from Halogeome-

tricum sp. TSS101 isolated from the solar salt evaporation

pond of an Indian coastal region. The results of our study

showed that the Hrr. ezzemoulense ETR14 strain gave a

protease production yield of 284Uml!1, a value that was

four times higher than that of the Halogeometricum

strain. D’Alessandro et al. [37] have reported that the

haloarcheon Natrialba magadii strain was able to produce

only 4Uml!1 of haloalkaliphilic thermostable protease.

The properties displayed by the haloalkaline protease

from Hrr. ezzemoulense ETR14 differs from those reported

for Halogeometricum sp. TSS101[38] and Natrialba

magadii [39]. The Hrr. ezzemoulense ETR14 strain grows

in a broader pH range (6–9) and its extracellular protease

does not have a strict pH requirement for its activity.

Figure 6. Thermal stability of the extracellular protease. Cells free
supernatant enzyme was incubated at different temperatures, pH 9.0
in 20% NaCl (w/v) and samples were withdrawn at different time
interval for residual protease assay. Each point represents the mean
of two determinations and three independent experiments (SD<5%
of the mean).

344 Donyez Frikha Dammak et al.

! 2016 WILEY-VCHVerlag GmbH & Co.KGaA,Weinheim www.jbm-journal.com J. Basic Microbiol. 2016, 56, 337–346



Enzyme activity was stable at 10–25% NaCl, 30–60 °C,

and pH from 7 to 9. Most of the halophilic enzymes

previously reported in the literature required a temper-

ature ranging between 50 and 65 °C and a neutral pH for

optimal activity [6]. Taken together, the results presented

in this work indicated that the haloalkaline protease

secreted by Hrr. ezzemoulense ETR14 has a wide range of

attractive properties, which make it a potential promis-

ing candidate for use in various biotechnological

applications and processes, including the treatment of

saline waters or development of waste management

solutions with proteinaceous materials and salt con-

tents. Accordingly, further studies, some of which are

currently underway in our laboratory, are needed to

purify the enzyme and further characterize its catalytic

properties.
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