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INTRODUCTION

Streptomyces, a significant genus within the 
actinomycetes, are Gram-positive bacteria re-
nowned for their capacity to synthesize a diverse 
array of bioactive compounds. These include an-
tibiotics, antitumor agents, and immunosuppres-
sants (Procópio et al., 2012; Zabala et al., 2013; 
Bolourian et al., 2018). Their economic and bio-
technological importance is immense, particularly 
in the pharmaceutical industry, where they are used 
to develop new drugs (Solanki et al., 2008). Strep-
tomyces are widely distributed in various environ-
ments, including soils, composts and decompos-
ing materials, where they play a crucial role in the 
degradation of organic matter (Buzón-Durán et al., 
2020; Bhatti et al., 2017). These microorganisms 

have also demonstrated a remarkable ability to 
adapt to extreme environmental conditions (Siv-
alingam et al., 2019). They thrive in acidophilic, 
alkaliphilic, psychrophilic, thermophilic and xero-
philic environments, and notably in saline environ-
ments (Yaradoddi et al., 2021). In natural saline 
environments, halophilic and halotolerant Strepto-
myces, represent a particularly promising area of 
research for the discovery of new bioactive sub-
stances (Abdelshafy et al., 2018).

Like all bacteria, Streptomyces can be found 
in the state of biofilms and therefore play a crucial 
role that enables them to create interactions with 
the soil, influencing the decomposition of organic 
matter and the release of essential nutrients (Van 
Elsas et al., 2019 ; Costa et al., 2018). These bio-
films, which adhere to soil particles, stabilize soil 
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aggregates, improving its structure and water-
holding capacity (Costa et al., 2018). Outside, 
biofilm formation begins with the adhesion stage, 
an essential process that initiates surface coloni-
zation (Song et al., 2015). This adhesion is gov-
erned by the physicochemical properties of the 
cell surface, which determine their ability to at-
tach to abiotic supports. Electrostatic interactions, 
Van der Waals forces and Lewis acid-base inter-
actions are the physicochemical forces that play a 
crucial role in this process (Bellon-Fontaine et al., 
1996; Briandet et al., 1999; Krepsky et al., 2003, 
Pagedar et al., 2010; Xu et al., 2010). These cell 
surface properties can be influenced by various 
environmental factors, such as salinity, pH, ionic 
strength, medium composition, and temperature 
(Zahir et al., 2016; El Othmany et al., 2021; As-
saidi et al., 2018; Elgoulli et al., 2021; Hamadi et 
al., 2011). In addition, studies have examined the 
physicochemical characteristics of the surface of 
actinomycetes and the effect of culture medium 
composition on these physicochemical parame-
ters (Zanane et al., 2023; El Othmany et al., 2021; 
Zahir et al., 2016; Maataoui et al., 2014).

The physicochemical characteristics of Strep-
tomyces and the specific environmental condi-
tions of the soil, determine their ability to adhere 
and form stable biofilms, also facilitating their 
beneficial interactions with the soil ecosystem. 
However, little in-depth research has been car-
ried out on the physicochemical characteristics of 
Streptomyces and especially on the relationship 
between these characteristics and their ecology, 
in terms of interactions as a function of salinity. 
For this reason, the authors believe that it would 
be extremely beneficial to determine how salinity 
influences the surface properties of these bacteria 
in order to better understand their ability to form 
biofilms and interact with their environment. 
This could open up new avenues for the discov-
ery of bioactive substances and the improvement 
of agricultural practices through better manage-
ment of soil quality. In this work, the influence 
of two NaCl concentrations, 0.1 M and 1.2 M, 
on the hydrophobicity and electron donor/accep-
tor characteristics of the cell surface of fourteen 
Streptomyces strains isolated from soil in the Beni 
Amir region of Morocco was investigated. These 
strains were selected for their tolerance to high 
concentrations of NaCl, assessed by the MATS 
(Microbial Adhesion to Solvents) method.

MATERIALS AND METHODS

Bacterial strains and salt tolerance 

The 80 actinomycetes bacteria utilized in this 
research were isolated from soils of the Beni Amir 
region (Morocco) with different salinity levels 
and identified (Zanane et al., 2018a; Zanane et 
al., 2018b). These strains were purified and inoc-
ulated into Petri dishes containing the BENNET 
medium, with NaCl concentrations of 0, 50 and 
70 g/L. The dishes were then incubated at 28 °C 
for 21 days, and the development of the strains in 
the different media was observed. 

Physicochemical surface proprieties

Choice of strains and concentrations

After testing NaCl tolerance at different con-
centrations, only 14 Streptomyces out of the 80 
isolated actinomycete strains were selected for 
their ability to withstand a high concentration 
of NaCl, i.e. 70 g/L. Thus, the choice of the two 
concentrations of NaCl is based on the results 
of the sodium chloride tolerance test. The 0.1 M 
concentration corresponds to the optimal concen-
tration for growth, while the 1.2 M concentration 
represents the maximum tolerance of NaCl. The 
fourteen selected strains will be the subject of a 
physicochemical surface characterization study.

Growth conditions

The strains were cultivated on BENNET me-
dium, composed of 10 g D-glucose, 1 g yeast ex-
tract, 1 g meat extract, 2 g peptone, 15 g agar, and 
1 liter of distilled water. The pH of the medium 
was approximately adjusted to 7.5. After incuba-
tion at 28 °C for 21 days, spores were collected 
by scraping the surface of sporulated cultures in 
liquid BENNET medium supplemented with two 
different concentrations of NaCl (0.1 M or 1.2 M) 
and incubated under agitation for 7 days at 28 °C. 

Liquid cultures of Streptomyces were washed 
with 0.1 M and 1.2 M NaCl twice by centrifugation 
(8600 g for 15 min). The suspension was then sub-
jected to a Stomacher laboratory homogenizer for 20 
min to ensure dispersion of the Streptomyces mass 
and prevent aggregation. The concentration of each 
bacterial suspension was adjusted by measuring the 
optical density (OD) at 405 nm between 0.7 and 0.8 
corresponding to 108 CFU/mL with an ELISA spec-
trophotometer (Multiskan EX, Labsystems).
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Microbial adhesion to solvents 

Each bacterial suspension (2.4 mL) was agi-
tated using a vortex for 90 seconds alongside 0.4 
mL of solvent. Afterwards, the mixture was left 
undisturbed for 15 min to ensure thorough phase 
separation. Subsequently, the optical density of 
the aqueous phase was determined using a spec-
trophotometer. Finally, the percentage of cells 
bound to each solvent, representing percent adhe-
sion, was computed using the provided equation.

	 % 𝐴𝐴𝐴𝐴ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 = (1 −  𝐴𝐴
𝐴𝐴0

) ×  100 

 

	 (1)

where:	A0 – represents the absorbance measured 
at 405 nm for the bacterial suspension be-
fore mixing, and A is the absorbance after 
mixing.

Measurement of electrical conductivity 

Twenty grams (20 g) of soil sieved through a 
2 mm sieve was suspended in 100 mL of distilled 
water. After stirring for an hour on a rotary shak-
er, followed by half an hour rest, the suspension 
was decanted into a beaker and the conductivity 
measured using a conductivity meter.

Statistical analysis

The data underwent statistical analysis employ-
ing one-way analysis of variance (ANOVA) using 
SPSS (Statistical Program for Social Sciences) ver-
sion 20.0 for Windows. Each analysis was conducted 
in triplicate (n = 3), and the results were presented 
as means with standard deviation (SD), allowing for 
comparison of mean values across different strains.

RESULTS 

Salt tolerance of actinomycetes 

Table 1 shows the results of the growth test 
for actinomycetes strains on Bennet medium at 
different NaCl concentrations. On the basis of the 
results obtained, divided the actinomycetes strains 
isolated from Beni Amir soil were divided into 2 
groups. The first group is made up of 61 strains 
that grew on the medium containing a concentra-
tion of 50 g/L NaCl, corresponding to 76.25% 
of the actinomycetes studied. The second group 
consisted of 14 strains capable of growing on the 
BENNET medium with a NaCl concentration of 

70 g/L, representing 17.5% of all the actinomy-
cetes. These results suggest that these actinomy-
cetes strains are halotolerant actinomycetes, ca-
pable of adapting to high concentrations of NaCl.

Physicochemical surface proprieties

As it was previously described in the mate-
rials and methods section, the cultivation and 
washing of Streptomyces strains in the presence 
of two concentrations of NaCl aimed to deter-
mine the influence of high NaCl concentration 
on the adhesive behavior of Streptomyces by the 
MATS method. In particular the hydrophobicity 
and the electron donor/acceptor characteristics, 
while approaching the natural conditions of their 
environment of origin.

Effect of salt on hydrophobicity

The surface hydrophobicity of microbial cells 
plays a crucial role in the adhesion phenomenon 
(Oliveira et al., 2001; Krasowsk et al., 2014). This 
hydrophobic or hydrophilic character is determined 
by the percentage of cells that adhere to hexadecane 
(or hexane). When this percentage exceeds 50%, the 
surface is considered relatively hydrophobic; oth-
erwise, it is deemed relatively hydrophilic (Bellon-
Fontaine et al., 1996). Figure 1 illustrates the percent-
age of Streptomyces cells adhering to hexadecane.

At the optimal concentration of 0.1 M NaCl, it 
appears that strain S. rochei A58 (53.1%) has a per-
centage of adhesion to hexadecane greater than 50% 
and thus exhibits hydrophobic character. Strains S. li-
laceus A30, S. bellus A44, S. azereus A50 have an af-
finity for hexadecane of 48%, 47% and 46% respec-
tively, showing that they are moderately hydrophilic, 
while the remaining strains S.griseorubens A79 
(43%), S.albogriseolus A76 (41.8%), S.griseorubens 
A64 (40.5%), S.griseorubens A63 (39.6%), S. bellus 
A49 (36.6%), S. bellus A46 (33%), S.albogriseolus 
A65 (31.1%), S.labedae A60 (27.8%) and S. al-
bogriseolus A57 (20.3%) are strongly hydrophilic 
(low affinity for hexadecane). Strain S. lilaceus A53 
(4.21%) has the lowest affinity for hexadecane is 
therefore the most hydrophilic.

For the high concentration of NaCl (1.2 M), 
the affinity of Streptomyces strains for hexadec-
ane (thus hydrophobicity) increases for all strains, 
except S.labedae A60 and S.griseorubens A63. 
Strains S.albogriseolus A65, S.albogriseolus A76, 
S.griseorubens A64, S. azereus A50, S.griseorubens 
A79, S. bellus A46, S. bellus A44, S. bellus A49, 
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Actinomycete 
isolates

NaCl concentration
Actinomycete isolates

NaCl concentration

0 g/L 50 g/L 70 g/L 0 g/L 50 g/L 70 g/L

A1 +++ - - A41 +++ + -

A2 +++ - - A42 +++ - -

A3 +++ - - A43 +++ -- -

A4 +++ + - A44 +++ +++ +++

A5 +++ - - A45 +++ + -

A6 +++ - - A46 +++ + +

A7 +++ ++ - A47 +++ + -

A8 +++ ++ - A48 +++ +++ -

A9 +++ ++ - A49 +++ ++ ++

A10 +++ ++ - A50 +++ - +

A11 +++ ++ - A51 +++ - -

A12 +++ ++ - A52 +++ ++ -

A13 +++ ++ - A53 +++ +++ ++

A14 +++ - - A54 +++ - -

A15 +++ + - A55 +++ +++ -

A16 +++ ++ - A56 +++ + -

A17 +++ ++ - A57 +++ + +

A18 +++ ++ - A58 +++ +++ ++

A19 +++ ++ - A59 +++ + -

A20 +++ ++ - A60 +++ +++ +++

A21 +++ ++ - A61 +++ - -

A22 +++ ++ - A62 +++ + -

A23 +++ + - A63 +++ ++ ++

A24 +++ ++ - A64 +++ + +

A25 +++ + - A65 +++ +++ +++

A26 +++ ++ - A766 +++ + -

A27 +++ ++ - A67 +++ - -

A28 +++ ++ - A68 +++ + -

A29 +++ ++ - A69 +++ - -

A30 +++ +++ ++ A70 +++ + -

A31 +++ ++ - A71 +++ - -

A32 +++ ++ - A72 +++ + -

A33 +++ +++ - A73 +++ - -

A34 +++ + - A74 +++ + -

A35 +++ ++ - A75 +++ + -

A36 +++ +++ - A76 +++ +++ ++

A37 +++ + - A77 +++ - -

A38 +++ + - A78 +++ - -

A39 +++ - - A79 +++ +++ +++

A40 +++ ++ - A80 +++ + -

Note: (-) No growth, (+) slow growth, (++) moderate growth (+++) abundant growth

S. rochei A58, and S. lilaceus A30 have an affinity 
for hexadecane greater than 50% (86%, 83%, 83%, 
82%, 81%, 81%, 78%, 76%, 71%, and 63%, respec-
tively), so they are highly hydrophobic. Meanwhile, 
strains A57 (36.5%), A53 (25.2%), A63 (24.7%) and 

A60 (0%) are hydrophilic since their percentage of 
binding to hexadecane does not exceed 50%. It can 
therefore be concluded that the hydrophobicity in-
creases significantly when the concentration of so-
dium chloride increases from 0.1 M to 1.2 M NaCl.

Table 1. Growth test for actinomycetes strains on BENNET medium at different NaCl concentrations
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Effect of salt on the electron donor/acceptor 
character of the surfaces of Streptomyces 
strains

Electron donor character

The electron donor character is assessed by de-
termining the disparity in cellular affinity between 

chloroform and hexadecane (Bellon-Fontaine et 
al., 1996). The results of the cell surface elec-
tron donor properties of Streptomyces strains are 
shown in Figure 2.

At the concentration of 0.1 M NaCl, the results 
reflect a well-expressed electron donating char-
acter for all strains, except for S. albogriseolus 

Figure 1. Hydrophobic character of the 14 strains of Streptomyces to hexadecane at two concentrations: 
0.1 M and 1.2 M of NaCl. The letters a, b, c, d, e, f, g,h,i used to indicate statistical groups at the 
concentration 0.1 M of of NaCl and the letters a’, b’, c’,d’,e’,f’,g’,h’, i’ used to indicate statistical 

groups at the concentration 1.2 M of NaCl. Data were presented as mean ± standard deviation (SD)

Figure 2. Electron donor character of the 14 strains of Streptomyces at two concentrations: 0.1 M 
and 1.2 M of NaCl. The letters a, b, c, d, e, f, g ,h, I, j, k, used to indicate statistical groups at the 
concentration 0.1 M of of NaCl and the letters a’, b’, c’, d’, used to indicate statistical groups at 

the concentration 1.2 M of NaCl. Data were presented as mean ± standard deviation (SD)
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A57, which shows a null electron donating char-
acter. The results show that the electron donating 
character of strains S. labedae A60 (67.2%) and 
S. griseorubens A63 (52.7%) increases with sa-
linity, while it decreases for strain S. lilaceus A53 
(9.79%) or becomes null for the other strains.

Electron acceptor character

The electron acceptor character of a micro-
bial cell is estimated by calculating the difference 
between its affinity to diethyl ether and to hex-
ane. According to Bellon-Fontaine et al., (1996), 
only positive values indicate an electron acceptor 
character. The results of the cell surface electron 
acceptor properties of Streptomyces strains are 
shown in Figure 3.

The electron acceptor character is important 
for the eight strains S. bellus A46 (36.6%), S. bel-
lus A49 (31.6%), S. azereus A50 (27.9%), S. labe-
dae A60 (18.1%), S63 (29.6%), S. griseorubens 
A64 (38.2%), S. albogriseolus A76 (25.5%) and 
S. griseorubens A79 (42.4%). For the rest of the 
studied strains S. lilaceus A30, S. bellus A44, S. 
lilaceus A53, S. albogriseolus A57, S. rochei A58 
and S. albogriseolus A65, their electron acceptor 
character is null. By increasing the concentration 
of NaCl to 1.2M, the electron acceptor character 
decreases for S. griseorubens A64 (8.04%) and S. 
griseorubens A79 (7.48%)) or becomes null, ex-
cept for the two strains S. lilaceus A53 (20.6%) 

and S. rochei A58 (57.1%) for which this charac-
ter increases (Figure 3). It can be concluded that 
by increasing the concentration of NaCl to 1.2 M, 
the electron acceptor character becomes null for 
most of the Streptomyces studied.

Soil electrical conductivity

Table 2 shows the electrical conductivities 
of the soils from which the strains were isolated. 
The results presented enable to classify soils S7; 
S9; S11 with electrical conductivities between 
2.02 and 2.27 dS/m as highly saline, while the 
other soils S1; S2; S3; S4; S8 are considered sa-
line (Richards, 1969).

DISCUSSION

Streptomyces are recognized as among the 
most economically and biotechnologically valu-
able prokaryotes (Dharmaraj, 2010). Conversely, 
significant metabolic diversity and biotechnologi-
cal potential have been uncovered in halophilic 
and halotolerant microorganisms. Both these 
groups present valuable resources ripe for exploi-
tation in ecological applications.

In the conducted study, this result is in line 
with that found by (Cai et al., 2009) who showed 
that 10 strains could grow on 70 g of NaCl/L 

Figure 3. Electron acceptor character of the 14 strains of Streptomyces at two concentrations: 0.1 
M and 1.2 M of NaCl. The letters a, b, c, d, e, f, g, h, i used to indicate statistical groups at the 
concentration 0.1 M of of NaCl and the letters a’, b’, c’, d’ used to indicate statistical groups at 

the concentration 1.2 M of NaCl. Data were presented as mean ± standard deviation (SD)
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medium. The obtained results showed salinity 
tolerance and adaptation to adverse conditions, 
in line with studies on Bacillus okuhidensis and 
Bacillus halodurans (Li et al., 2002).

The studies conducted by Petrovicˇ et al., 
(2002) and Kis-Papo et al., (2003) reported that 
varieties of fungi were isolated from the Dead Sea 
growing in a medium at (340 g/L NaCl). To adapt 
to these conditions, halophiles generally accumu-
late high concentrations of dissolved substances 
or osmolytes (Roberts, 2005) and cryoprotectants 
in their cytoplasm. The osmolytes that accumulate 
in the halophilic cell are generally amino acids 
and polyols such as betaine, glycine, acetoin, tre-
halose and glycerol, which do not interfere with 
the metabolic process and have no charge except 
for their effect on pH (Sarma, 2001, Kis-Papo 
et al., 2003). The bacterial strains tested display 
halotolerance, possessing the endogenous capac-
ity to balance their turgor pressure and resist os-
motic stress without any external osmoprotection. 
Therefore, they carry the genetic information and 
enzymatic equipment required for osmotolerance 
(Kerbab, 2018). Halophilic actinomycetes can 
also serve as useful models for the production 
of metabolites and enzymes essential for stress 
response (Abdelshafy et al., 2018). Salle (1948) 
observed that small amounts of metal ions or salts 
promote the growth of microorganisms, while 
higher concentrations have an inhibitory effect. 
Furthermore, Tresner et al., (1968) reported that 
Streptomyces bacteria can tolerate NaCl levels 
ranging from 4% to 13%.

The literature reports a multitude of studies 
on the physicochemical characteristics of bacte-
rial surfaces (Zanane et al., 2023; Elgoulli et al., 
2021; Koubali et al., 2021; Elfazazi et al., 2021; El 
othmany et al., 2021; Maataoui et al., 2014). Sev-
eral studies have shown the influence of salinity on 
these characteristics (Naïtali et al., 2009; Boutaleb 
et al., 2008; Bereksi et al., 2002). The majority of 
studies on actinomycetes have reported biotech-
nology, metabolism and tolerance to salts. How-
ever. few studies have been carried out on their 
physicochemical properties (Zahir et al., 2016). In 
this sense, a first characterization of Streptomyces 
strains by the MATS method is being published. 
The present work aimed to study the effect of NaCl 
on the physicochemical properties of the surface of 
Streptomyces by the MATS method.

Several works have investigated the effect of 
environmental factors such as temperature, media 
composition, ionic strength, pH and salinity on 
hydrophobicity and charge. The influence of these 
factors on surface properties can lead to changes 
in wall composition and can also be interpreted in 
terms of Lifshitz-van der Waals (LW) and acid-
base (AB) forces. (Beck et al., 1988; Latrache et 
al., 1994; Latrache, 2001; Gallardo-Moreno et al., 
2002; Habimana et al., 2014; Zahir et al., 2016).

The hydrophobicity of the cell surface plays 
a critical role in adhesion because hydrophobic 
interactions are typically enhanced when one or 
both of the surfaces involved are nonpolar in na-
ture, such as the microbial cell surface and the 
substrate surface (Donlan, 2002). 

The results of the present study showed that 
all the Streptomyces strains studied showed a hy-
drophilic character at the optimal concentration 
(0.1 M). Increasing the concentration of NaCl 
strongly influenced this character, by changing 
the hydrophilic character to hydrophobic char-
acter for the majority of strains. This suggests 
that external factors, such as the concentration 
of NaCl in the culture medium of these strains, 
could induce alterations in the surface physico-
chemical characters.

Zahir et al., (2016) proposed that Streptomy-
ces, when adapting to salt stress, form an inter-
mediate microenvironment between the bacterial 
surface and the external surroundings. This mi-
croenvironment consists of a water film, suffi-
ciently thick to shield the cell from osmotic pres-
sure, with its thickness increasing in correlation 
with salt concentration. Furthermore, it is possi-
ble that salt diffuses into this microenvironment, 

Table 2. Electrical conductivity of Beni Ami soil samples

Strains Soils Electrical conductivity 
(ds/m)

S. lilaceus A30 SOL8 1.521

S. bellus A44 SOL4 1.464

S. bellus A46 SOL3 1.29

S. bellus A49 SOL2 1.25

S. azereus A50 SOL1 1.225

S. lilaceus A53 SOL7 2.3

S. albogriseolus A57 SOL11 2.029

S. rochei A58 SOL 8 1.52

S. labedae A60 SOL9 2.23

S. griseorubens A63 SOL7 2.3

S. griseorubens A64 SOL3 1.29

S. albogriseolus A65 SOL2 1.25

S. albogriseolus A76 SOL8 1.52

S. griseorubens A79 SOL3 1.29
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generating a concentration gradient, thereby mod-
ulating the immediate vicinity of the cell surface.

These results are in agreement with Zahir et 
al., (2016) who measured the contact angle and 
reported that the hydrophobicity of actinomy-
cetes strains isolated from soil increases by in-
creasing the concentration of NaCl. In addition, 
increasing KNO3 concentration for Staphylococ-
cus aureus and Escherichia coli (Hamadi et al., 
2004) and NaCl concentration Listeria monocy-
togenes and Pseudomonas fluorescens (Bereksi 
et al., 2002; Abu Quba et al., 2023) directly in-
fluences the bacterial surface parameters. In the 
same sense, the hydrophobicity of the bacterial 
surface of Campylobacter jejuni, according to 
DyKes (2003), changes with the change of NaCl 
concentration. For example, Xue et al., (2010) 
demonstrated that S. aureus, L. monocitogenes, 
and S. typhimirium exhibited increased hydro-
phobicity when exposed to elevated concentra-
tions of NaCl. Bacterial hydrophobicity can be 
modified by changes in fatty acid (phospholipid) 
and protein composition that occur in response to 
salt stress conditions (Yasuhiro et al., 1972). 

Indeed, from the results above, it can be in-
ferred that the increase in hydrophobicity of the 
Streptomyces cell surface in the presence of high 
NaCl concentration could be due to the effect of 
NaCl on the change in membrane composition.

Streptomyces have a unique life cycle marked 
by the passage of cells from a vegetative state to 
an aerial state by forming aerial hyphae. These 
are characterized by the presence of rodelets 
composed of two classes of proteins: chaplins and 
rodlines (Claessen et al., 2004). These chaplins 
are at the origin of the hydrophobic character of 
the hyphae due to the orientation of their hydro-
phobic part towards the outside of the cell (Elliot 
MA et al., 2003).Thus, the change in hydrophobic 
could be due to a change in surface composition 
quantity of chaplin proteins or in their nature.

The relationship between Streptomyces hydro-
phobicity and soil salinity could be complex and 
dependent on the specific environmental context. 
Streptomyces, an important group of actinomy-
cetes widely distributed in soils, are known for 
their ability to produce a wide variety of secondary 
metabolites, some of which may be hydrophobic. 
Under the conditions of environmental stress, such 
as high salinity, Streptomyces can develop defense 
mechanisms, including the production of hydro-
phobic compounds, to protect their cells from 
desiccation and water loss. Consequently, in some 

cases, a positive correlation between Streptomyces 
hydrophobicity and soil salinity is observed, with 
the most salinity-resistant strains possibly being 
those that also exhibit increased hydrophobicity. 
However, it should be noted that this relationship 
could be influenced by a multitude of factors, such 
as soil chemistry, nutrient availability and the pres-
ence of other microorganisms. 

To study the relationship between the surface 
physicochemical properties of Streptomyces and 
environmental salinity, the correlation between 
the hydrophobicity behavior and salinity of Strep-
tomyces isolation soils was evaluated. The results 
showed a strong linear correlation R2 = 0.9037 
between hydrophobicity and soil salinity at high 
ionic strength (1.2 M of NaCl) Figure 4.

This suggests that Streptomyces change their 
cell surface composition to become more hydro-
phobic in response to an intensely saline environ-
ment. This change could be explained by an in-
crease in the abundance of lipids or other hydro-
phobic molecules on the cell surface. Increased 
hydrophobicity may help Streptomyces to protect 
their internal cellular components from osmotic 
stress and other adverse effects of a saline envi-
ronment. However, the correlation of these two 
parameters seems less pronounced (R2 = 0.3361) 
at low ionic strength (0.1 M of NaCl), Figure 5. 
This suggests that factors other than salinity influ-
ence the surface hydrophobicity of Streptomyces 
at lower salt concentrations. These factors could 
include soil composition, temperature, nutrient 
availability, and the presence of other microor-
ganisms. At lower salinities, the effect of these 
other factors may be greater than the effect of sa-
linity on hydrophobicity.

According to the results obtained, the electron 
donor character becomes zero for the majority of 
the strains by increasing the NaCl concentration. 
The increase of the salt concentration probably 
induces a decrease of the electrostatic charge of 
the bacterial surface. The reduction in electrostat-
ic charge may be attributed to the considerable 
adsorption of cations, leading to the neutraliza-
tion of charged groups present on the cell surface 
(Van der Wal et al., 1997; Hamadi et al., 2004; 
Gaboriaud et al., 2006).

Hamadi et al., (2008) studied a range of Gram-
negative and Gram-positive bacterial strains and 
found much lower acceptor values at 0.1 M. 
However, in this study, strains that expressed an 
acceptor character at 0.1 M NaCl showed a sig-
nificant decrease in this character at 1.2 M NaCl.
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For each character, a decrease was obtained 
with increasing NaCl concentration, except for 
two strains, which were not the same for the two 
characters. Several mechanisms can explain the 
observed changes in the physicochemical proper-
ties of Streptomyces in response to salinity. Ad-
aptation to osmotic stress can lead to changes in 
cell wall composition, including alterations in 
peptidoglycan structure and the production of os-
moprotectants (Bremer and Krämer, 2019). These 
modifications can affect the hydrophobicity and 
electron donor/acceptor properties of the cell sur-
face, thereby enhancing adhesion and biofilm for-
mation. In addition, salinity can affect membrane 
fluidity by altering the lipid composition of the cell 

membrane (De Carvalho et al.,2010), which can 
influence surface interactions and the ability of the 
cell to form stable biofilms. The expression of sur-
face proteins, such as extracellular polysaccharides 
(EPS) (Han et al., 2021), can also be increased un-
der high salinity, strengthening the biofilm matrix 
and increasing surface hydrophobicity.

The physicochemical characteristics of Strep-
tomyces and their responses to salinity are of vital 
importance in improving ecological restoration 
strategies. These microorganisms are key play-
ers in ecosystems, supporting critical processes 
such as the decomposition of organic matter, 
nitrogen fixation and the degradation of pollut-
ants (Beroigui, O., Errachidi, F. 2023). A better 

Figure 4. Correlation between hydrophobicity of Streptomyces strains 
and the soil salinity ionic strength 1.2 M of NaCl

Figure 5. Correlation between hydrophobicity of Streptomyces strains 
and the soil salinity ionic strength 0.1 M of NaCl
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understanding of their interactions with salinity 
conditions can not only enhance microbial bio-
diversity, ensuring the resilience of ecosystems 
to environmental perturbations, but also serve to 
monitor ecosystem health as valuable bioindica-
tors. In addition, this knowledge can guide the 
development of suitable biofertilizers and biopes-
ticides, promoting sustainable agricultural prac-
tices. In biotechnology, the characterization of the 
surface properties of Streptomyces can optimize 
bioprocesses, improve microbial engineering for 
the efficient production of high-value bioprod-
ucts, as well as support the design of advanced 
biocatalysts and biosensors for innovative envi-
ronmental and industrial applications (Zerva et 
al., 2019). This integrated approach promises sig-
nificant advances in the sustainable management 
of ecosystems and in the industrial exploitation of 
microbial capacities.

CONCLUSIONS

In this work, the direct effect of high NaCl 
concentration on the surface physicochemical 
properties of Streptomyces was examined for the 
first time. The physicochemical properties of the 
cell surface differ from strain to strain, which 
must be taken into account in their adhesive be-
havior. Moreover, the effect of increasing the 
concentration of NaCl from 0.1 M to 1.2 M on 
these properties is very marked. The hydrophilic 
character becomes hydrophobic, and the electron 
donor and acceptor characters become null for the 
majority of the Streptomyces strains. The relation-
ship between salinity and the physicochemical 
properties of the Streptomyces cell surface could 
serve as a basis for investigating the interactions 
of these bacteria with different surfaces.

REFERENCES 

1.	 Abdelshafy Mohamad, O.A., Li, L., Ma, J.-B., 
Hatab, S., Rasulov, B.A., Musa, Z., Liu, Y.-H., Li, 
W.-J. 2018. Halophilic Actinobacteria Biologi-
cal Activity and Potential Applications. Microor-
ganisms for Sustainability, 333–364. https://doi.
org/10.1007/978-981-13-0329-6_12

2.	 Quba, A.A.A., Goebel, M.-O., Karagulyan, M., 
Miltner, A., Kästner, M., Bachmann, J., Schaumann, 
G.E., Diehl, D. 2022. Changes in cell surface prop-
erties of Pseudomonas fluorescens by adaptation to 
NaCl induced hypertonic stress. FEMS Microbes, 

4. https://doi.org/10.1093/femsmc/xtac028
3.	 Assaidi, A., Ellouali, M., Latrache, H., Mabrou-

ki, M., Hamadi, F., Timinouni, M., Zahir, H., El 
Mdaghri, N., Barguigua, A., Mliji, E.M. 2018. Effect 
of temperature and plumbing materials on biofilm 
formation by Legionella pneumophilaserogroup 1 
and 2–15. Journal of Adhesion Science and Technol-
ogy, 32(13), 1471–1484. https://doi.org/10.1080/01
694243.2018.1423664

4.	 Beck, G., Puchelle, E., Plotkowski, C., Peslin, R. 
1988. Effect of growth on surface charge and hy-
drophobicity of Staphylococcus aureus. Annales de 
l’Institut Pasteur / Microbiologie, 139(6), 655–664. 
https://doi.org/10.1016/0769-2609(88)90070-1

5.	 Bellon-Fontaine, M.-N., Rault, J., van Oss, C.J. 1996. 
Microbial adhesion to solvents: a novel method to 
determine the electron-donor/electron-acceptor or 
Lewis acid-base properties of microbial cells. Col-
loids and Surfaces B: Biointerfaces, 7(1–2), 47–53. 
https://doi.org/10.1016/0927-7765(96)01272-6

6.	 Bereksi, N., Gavini, F., Benezech, T., Faille, C. 
2002. Growth, morphology and surface properties 
of Listeria monocytogenes Scott A and LO28 un-
der saline and acid environments. Journal of Ap-
plied Microbiology, 92(3), 556–565.https://doi.
org/10.1046/j.1365-2672.2002.01564.x

7.	 Beroigui, O., Errachidi, F. 2023. Streptomyces at 
the heart of several sectors to support practical and 
sustainable applications: A review. Progress In Mi-
crobes &amp; Molecular Biology, 6(1). https://doi.
org/10.36877/pmmb.a0000345

8.	 Bhatti, A.A., Haq, S., Bhat, R.A. 2017. Actino-
mycetes benefaction role in soil and plant health. 
Microbial Pathogenesis, 111, 458–467. https://doi.
org/10.1016/j.micpath.2017.09.036

9.	 Bolourian, A., Mojtahedi, Z. 2018. Immuno-
suppressants produced by Streptomyces: evo-
lution, hygiene hypothesis, tumour rapalog 
resistance and probiotics. Environmental Microbi-
ology Reports, 10(2), 123–126. Portico. https://doi.
org/10.1111/1758-2229.12617

10.	Boutaleb, N., Latrache, H., Sire, O. 2008. Interac-
tions bactéries-matériaux dans les canalisations 
d’eau potable. Techniques Sciences Méthodes, 11, 
73–90. https://doi.org/10.1051/tsm/200811073

11.	Bremer, E., Krämer, R. 2019. Responses of micro-
organisms to osmotic stress. Annual Review of Mi-
crobiology, 73(1), 313–334. https://doi.org/10.1146/
annurev-micro-020518-115504

12.	Buzón-Durán, L., Pérez-Lebeña, E., Martín-Gil, J., 
Sánchez-Báscones, M., Martín-Ramos, P. 2020. Ap-
plications of Streptomyces spp. enhanced compost in 
sustainable agriculture. Biology of Composts, 257–
291. https://doi.org/10.1007/978-3-030-39173-7_13

13.	Cai, Y., Xue, Q., Chen, Z., Zhang, R. 2009. 



41

Ecological Engineering & Environmental Technology 2024, 25(10), 31–43

Classification and salt-tolerance of actinomycetes 
in the Qinghai Lake Water and lakeside saline soil. 
Journal of Sustainable Development, 2(1). https://
doi.org/10.5539/jsd.v2n1p107

14.	Claessen, D., Stokroos, I., Deelstra, H.J., Pen-
ninga, N.A., Bormann, C., Salas, J.A., Dijkhuizen, 
L., Wösten, H.A.B. 2004. The formation of the 
rodlet layer of streptomycetes is the result of the 
interplay between rodlins and chaplins. Molecular 
Microbiology, 53(2), 433–443. Portico. https://doi.
org/10.1111/j.1365-2958.2004.04143.x

15.	Costa, O.Y.A., Raaijmakers, J.M., Kuramae, E.E. 
2018. Microbial extracellular polymeric substanc-
es: ecological function and impact on soil aggre-
gation. Frontiers in Microbiology, 9. https://doi.
org/10.3389/fmicb.2018.01636

16.	De Carvalho, C.C.C.R., Fernandes, P. 2010. Pro-
duction of metabolites as bacterial responses to the 
marine environment. Marine Drugs, 8(3), 705–727. 
https://doi.org/10.3390/md8030705

17.	De Lima Procópio, R.E., da Silva, I.R., Martins, 
M.K., de Azevedo, J.L., de Araújo, J.M. 2012. An-
tibiotics produced by Streptomyces. The Brazilian 
Journal of Infectious Diseases, 16(5), 466–471. 
https://doi.org/10.1016/j.bjid.2012.08.014

18.	Dharmaraj, S. 2010. Marine Streptomyces as a novel 
source of bioactive substances. World Journal of Mi-
crobiology and Biotechnology, 26(12), 2123–2139. 
https://doi.org/10.1007/s11274-010-0415-613

19.	Donlan, R.M. 2002. Biofilms: Microbial life on sur-
faces. Emerging Infectious Diseases, 8(9), 881–890. 
https://doi.org/10.3201/eid0809.020063

20.	Dykes, G.A., Sampathkumar, B., Korber, D.R. 
2003. Planktonic or biofilm growth affects survival, 
hydrophobicity and protein expression patterns of 
a pathogenic Campylobacter jejuni strain. Interna-
tional Journal of Food Microbiology, 89(1), 1–10. 
https://doi.org/10.1016/s0168-1605(03)00123-5

21.	EL Othmany, R.E., Zahir, H., Zanane, C., louali, 
M.E., Latrache, H. 2021. Influence of consistency 
and composition of growth medium on surface phys-
icochemical properties of Streptomyces. Journal of 
Pure and Applied Microbiology, 15(3), 1705–1715. 
https://doi.org/10.22207/jpam.15.3.67

22.	Elfazazi, K., Zahir, H., Tankiouine, S., Mayoussi, B., 
Zanane, C., Lekchiri, S., Ellouali, M., Mliji, E.M., 
Latrache, H. 2021. Adhesion behavior of Esch-
erichia coli strains on glass: Role of cell surface 
qualitative and quantitative hydrophobicity in their 
attachment ability. International Journal of Micro-
biology, 1–9. https://doi.org/10.1155/2021/5580274

23.	Elgoulli, M., Aitlahbib, O., Tankiouine, S., As-
saidi, A., Louali, M.E., Zahir, H., Latrache, H. 
2021. The theoretical adhesion of Pseudomonas 
aeruginosa and Escherichia coli on some plumbing 

materials in presence of distilled water or tap wa-
ter. Folia Microbiologica. https://doi.org/10.1007/
s12223-021-00868-y

24.	Elliot, M.A., Karoonuthaisiri, N., Huang, J., Bibb, 
M.J., Cohen, S.N., Kao, C.M., Buttner, M.J. 2003. The 
chaplins: a family of hydrophobic cell-surface proteins 
involved in aerial mycelium formation in Streptomy-
ces coelicolor. Genes &amp; Development, 17(14), 
1727–1740. https://doi.org/10.1101/gad.264403

25.	Gaboriaud, F., Dague, E., Bailet, S., Jorand, F., 
Duval, J., Thomas, F. 2006. Multiscale dynamics 
of the cell envelope of Shewanella putrefaciens 
as a response to pH change. Colloids and Surfac-
es B: Biointerfaces, 52(2), 108–116. https://doi.
org/10.1016/j.colsurfb.2006.04.017

26.	Gallardo-Moreno, A.M., González-Martín, M.L., 
Bruque, J.M., Pérez-Giraldo, C., Sánchez-Silos, R., 
Gómez-García, A.C. 2003. Influence of the growth 
medium, suspending liquid and measurement tem-
perature on the physico-chemical surface properties 
of two enterococci strains. Journal of Adhesion Sci-
ence and Technology, 17(14), 1877–1887. https://
doi.org/10.1163/156856103770572034

27.	Habimana, O., Semião, A.J.C., Casey, E. 2014. The 
role of cell-surface interactions in bacterial initial 
adhesion and consequent biofilm formation on 
nanofiltration/reverse osmosis membranes. Jour-
nal of Membrane Science, 454, 82–96. https://doi.
org/10.1016/j.memsci.2013.11.043

28.	Hamadi, F., Latrache, H., Zahir, H., Abed, S.E., 
Ellouali, M., Saad, I. koraichi. 2012. The relation 
between the surface chemical composition of Esch-
erichia coli and their electron donor/electron ac-
ceptor (Acid-base) properties. Research Journal of 
Microbiology, 7(1), 32–40. https://doi.org/10.3923/
jm.2012.32.40

29.	Hamadi, F., Latrache, H., Zahir, H., Bengourram, 
J., Kouider, N., Elghmari, A., Habbari, K. 2011. 
Evaluation of the relative cell surface charge by 
using microbial adhesion to hydrocarbon. Micro-
biology, 80(4), 488–491. https://doi.org/10.1134/
s0026261711040072

30.	Hamadi, F., Latrache, H., Zahir, H., Elghmari, A., Timi-
nouni, M., Ellouali, M. 2008. The relation between 
Escherichia coli surface functional groups’ compo-
sition and their physicochemical properties. Brazil-
ian Journal of Microbiology, 39(1), 10–15. https://
doi.org/10.1590/s1517-83822008000100003

31.	Han, F., Zhang, M., Liu, Z., Shang, H., Li, Q., Zhou, 
W. 2021. Dynamic characteristics of microbial com-
munity and soluble microbial products in partial ni-
trification biofilm system developed from marine 
sediments treating high salinity wastewater. Jour-
nal of Environmental Management, 290, 112586. 
https://doi.org/10.1016/j.jenvman.2021.112586

32.	Kerbab, S. 2018. Actinomycetes in saline soil: the 



42

Ecological Engineering & Environmental Technology 2024, 25(10), 31–43

role of natural osmoprotectants.
33.	Kis-Papo, T., Oren, A., Wasser, S.P., Nevo, E. 2003. 

Survival of filamentous fungi in hypersaline dead 
sea water. Microbial Ecology, 45(2), 183–190. 
https://doi.org/10.1007/s00248-002-3006-8

34.	Koubali, H., EL Louali, M., Zahir, H., Soufiani, S., 
Mabrouki, M., Latrache, H. 2021. Physicochemical 
characterization of glass and polyethylene surfaces 
treated with different surfactants and their effects 
on bacterial adhesion. International Journal of Ad-
hesion and Adhesives, 104, 102754. https://doi.
org/10.1016/j.ijadhadh.2020.102754

35.	Krasowska, A., Sigler, K. 2014. How microorganisms 
use hydrophobicity and what does this mean for human 
needs? Frontiers in Cellular and Infection Microbiol-
ogy, 4. https://doi.org/10.3389/fcimb.2014.00112

36.	Krepsky, N., Ferreira, R.B.R., Nunes, A.P.F., Lins, 
U.G.C., Filho, F.C. e S., Mattos-Guaraldi, A.L. de, 
Netto-dosSantos, K.R. 2003. Cell surface hydro-
phobicity and slime production of Staphylococcus 
epidermidis Brazilian isolates. Current Microbi-
ology, 46(4), 280–286. https://doi.org/10.1007/
s00284-002-3868-5

37.	Latrache, H. 2001. Physico-chemical study of the 
cell surface of Escheridia coli: Relationship be-
tween the chemical composition of the cell surface 
and the physico-chemical properties of E. coli.

38.	Latrache, H., Mozes, N., Pelletier, C., Bourlioux, 
P. 1994. Chemical and physicochemical properties 
of Escherichia coli: variations among three strains 
and influence of culture conditions. Colloids and 
Surfaces B: Biointerfaces, 2(1–3), 47–56. https://
doi.org/10.1016/0927-7765(94)80017-0

39.	Li, Z., Kawamura, Y., Shida, O., Yamagata, S., De-
guchi, T., Ezaki, T. 2002. Bacillus okuhidensis sp. 
nov., isolated from the Okuhida spa area of Japan. 
International Journal of Systematic and Evolution-
ary Microbiology, 52(4), 1205–1209. https://doi.
org/10.1099/00207713-52-4-1205

40.	Maataoui, H., Barkai, H., Sadiki, M., Haggoud, A., Ibn-
souda Koraichi, S., Elabed, S. 2014. Physicochemical 
characterization of actinomycetes isolated from de-
cayed cedar wood: contact angle measurement. Journal 
of Adhesion Science and Technology, 28(20), 2046–
2053. https://doi.org/10.1080/01694243.2014.943341

41.	Naïtali, M., Dubois-Brissonnet, F., Cuvelier, G., 
Bellon-Fontaine, M.-N. 2009. Effects of pH and oil-
in-water emulsions on growth and physicochemical 
cell surface properties of Listeria monocytogenes: 
Impact on tolerance to the bactericidal activity of 
disinfectants. International Journal of Food Micro-
biology, 130(2), 101–107. https://doi.org/10.1016/j.
ijfoodmicro.2009.01.008

42.	Oliveira, R., Azeredo, J., Teixeira, P., Fonseca, A.P. 
2001. The role of hydrophobicity in bacterial adhesion.

43.	Pagedar, A., Singh, J., Batish, V.K. 2010. Surface hy-
drophobicity, nutritional contents affect Staphylococcus 
aureus biofilms and temperature influences its survival 
in preformed biofilms. Journal of Basic Microbiology, 
50(S1). https://doi.org/10.1002/jobm.201000034

44.	Petrovicˇ, U., Gunde‐Cimerman, N., Plemenitasˇ, 
A. 2002. Cellular responses to environmental salin-
ity in the halophilic black yeast Hortaea werneckii. 
Molecular Microbiology, 45(3), 665–672. https://
doi.org/10.1046/j.1365-2958.2002.03021.x

45.	Roberts, M.F. 2005. Organic compatible solutes of 
halotolerant and halophilic microorganisms. Saline 
Systems, 1(1). https://doi.org/10.1186/1746-1448-1-5

46.	Sarma, S.D. 2001. Spintronics: A new class of de-
vice based on electron spin, rather than on charge, 
may yield the next generation of microelectronics. 
American Scientist, 89, 516–523.

47.	Sivalingam, P., Hong, K., Pote, J., Prabakar, K. 
2019. Extreme Environment Streptomyces: Poten-
tial Sources for New Antibacterial and Anticancer 
Drug Leads? International Journal of Microbiology, 
1–20. https://doi.org/10.1155/2019/5283948

48.	Song, F., Koo, H., Ren, D. 2015. Effects of material 
properties on bacterial adhesion and biofilm forma-
tion. Journal of Dental Research, 94(8), 1027–1034. 
https://doi.org/10.1177/0022034515587690

49.	Van der Wal, A., Norde, W., Zehnder, A.J.B., Lykl-
ema, J. 1997. Determination of the total charge in 
the cell walls of Gram-positive bacteria. Colloids 
and Surfaces B: Biointerfaces, 9(1–2), 81–100. 
https://doi.org/10.1016/s0927-7765(96)01340-9

50.	Van Dissel, D., Willemse, J., Zacchetti, B., Claessen, 
D., Pier, G.B., van Wezel, G.P. 2018. Production of 
poly-β-1,6-N-acetylglucosamine by MatAB is re-
quired for hyphal aggregation and hydrophilic sur-
face adhesion by Streptomyces. Microbial Cell, 5(6), 
269–279. https://doi.org/10.15698/mic2018.06.635

51.	Van Elsas, J.D., Adjie Pratama, A., Luis de Araújo, 
W., Trevors, J.T. 2019. Microbial interactions in 
soil. Modern Soil Microbiology, 141–161. https://
doi.org/10.1201/9780429059186-9

52.	Xu, H., Zou, Y., Lee, H., Ahn, J. 2010. Effect of NaCl 
on the biofilm formation by foodborne pathogens. 
Journal of Food Science, 75(9). Portico. https://doi.
org/10.1111/j.1750-3841.2010.01865.x

53.	Yaradoddi, J.S., Kontro, M.H., Banapurmath, N.R., 
Ganachari, S.V., Sulochana, M.B., Hungund, B.S., 
Kazi, Z.K., Anilkumar, S.K., Oli, A. 2021. Extremo-
philic actinobacteria. Rhizosphere Biology, 55–67. 
https://doi.org/10.1007/978-981-16-3353-9_4

54.	Yasuhiro, K., Tieko, Y., Hideo, H. 1972. Alteration 
of the phospholipid composition of Staphylococ-
cus aureus cultured in medium containing NaCl. 
Biochimica et Biophysica Acta (BBA) - Lipids and 
Lipid Metabolism, 280(3), 444–450. https://doi.



43

Ecological Engineering & Environmental Technology 2024, 25(10), 31–43

org/10.1016/0005-2760(72)90251-2
55.	Zabala, D., Braña, A.F., Flórez, A.B., Salas, J.A., Mé-

ndez, C. 2013. Engineering precursor metabolite pools 
for increasing production of antitumor mithramycins in 
Streptomyces argillaceus. Metabolic Engineering, 20, 
187–197. https://doi.org/10.1016/j.ymben.2013.10.002

56.	Zahir, H., Hamadi, F., Mallouki, B., Imziln, B., La-
trache, H. 2016. Effect of salinity on the adhesive 
power actinomycetes in soil. Journal of Materials 
and Environmental Science, 7, 3327–3333.

57.	Zanane, C., Latrache, H., Elfazazi, K., Zahir, H., 
Ellouali, M. 2018a. Isolation of actinomycetes from 
different soils of Beni Amir Morocco. J. Mater. En-
viron. Sci, 9(10), 2994–3000.

58.	Zanane, C., Mitro, S., Mazigh, D., Lekchiri, S., 

Hakim, T., El Louali, M., Latrache, H., Zahir, H. 
2023. Characterization of Streptomyces Cell Sur-
face by the Microbial Adhesion to Solvents Method. 
International Journal of Microbiology, 1–8. https://
doi.org/10.1155/2023/8841509

59.	Zanane, C., Zahir, H., Latrache, H., Duponnois, 
R., Ferhout, H., Elfazazi, K., Ellouali, M. 2018b. 
Screening of Actinomycetes Isolated from the Soils 
of the Beni Amir Region of Morocco by the 16S Se-
quencing of the RDNA Gene.” International Journal 
of Scientific & Engineering Research 9(5):2363–68.

60.	Zerva, A., Simić, S., Topakas, E., Nikodinovic-Runic, 
J. 2019. Applications of Microbial Laccases: Patent Re-
view of the Past Decade (2009–2019). Catalysts, 9(12), 
1023. https://doi.org/10.3390/catal9121023


