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Abstract

The surface hydrophobicity of nine Bacillus subtilis strains in different states (spores, vegetative cells, and dead cells)
was assessed by water contact angle measurements, hydrophobic interaction chromatography (HIC) and bacterial adhesion to
hydrocarbon (BATH). Electrokinetic properties of B. subrilis strains were characterized by zeta potential measurements and
found to differ appreciably according to the strain. Correlations between HIC data, BATH data and zeta potential showed
that HIC and BATH are influenced by electrostatic interactions. Water contact angle measurements thus provide a better
estimate of cell surface hydrophobicity. The water contact angle of B. subrilis varied according to the strain and the state,
the spores tending to be more hydrophobic than vegetative cells. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Microbial cell surface hydrophobicity is recog-
nized as one of the determinant factors in microbial
adhesion to surfaces (van Loosdrecht et al., 1987a,b).
However the measurement of microbial cell surface
hydrophobicity remains difficult. Cell aggregation
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upon salt addition and latex particle agglutination
(Dillon et al., 1986; Mozes and Rouxhet, 1987; van
der Mei et al., 1987) are clearly depending on elec-
trostatic interactions. The same objective holds for
adhesion to polystyrene; the surface of polystyrene
materials is indeed negatively charged (Dewez et al.,
1997).

The microbial cell surface hydrophobicity is often
evaluated by hydrophobic interaction chromatogra-
phy (Stenstrom, 1989), bacterial adhesion to hydro-
carbon (Rosenberg et al., 1980) and water contact
angle measurement (Absolom et al., 1983; Busscher
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et al., 1984). These methods have been subject to
comparison (Dillon et al., 1986; Mozes and Rouxhet,
1987; van der Mei et al., 1987); the outcomes of
various tests correlate only for particular populations
of microbial strains and are still subject to question-
ing (Geertsema-Doornbusch et al., 1993; van der
Mei et al., 1995).

In this paper, the hydrophobicity of Bacillus sub-
tilis cells in different states is assessed by water
contact angle measurements, hydrophobic interaction
chromatography and bacterial adhesion to hydrocar-
bon. The aim is to study the correlations between the
data obtained with the three methods of hydropho-
bicity evaluation, and to examine, on a statistical
basis, whether these three techniques can be influ-
enced by electrical properties. Therefore, electroki-
netic properties of the cells are investigated by zeta
potential measurements.

The strains of B. subtilis used synthesize lipopep-
tides, which exhibit antibiotic and surface active
properties (Thimon et al., 1992; Asaka and Shoda,
1996; Razafindralambo et al., 1998; Ahimou et al.,
2000). It was shown that B. subtilis adhesion was
affected by the strain and the physiological state
(Paquot et al., 1994; Garry et al., 1995; 1998).
Although there are extensive data on hydrophobicity
and adhesion of vegetative cells, relatively few stud-
ies have examined the surface hydrophobicity of
bacterial spores or their adhesion to substrata (Doyle,
1984; Rosenberg et al.,, 1985; Koshikawa et al.,
1989; Husmark and Ronner, 1990; Ronner et al.,
1990; Wiencek et al., 1990).

2. Materials and methods
2.1. B. subtilis strains and growth conditions

Nine B. subtilis strains were used: ATCC 7058,
ATCC 12432, ATCC 12695, ATCC 15129, ATCC
15476, ATCC 15561, ATCC 15811, B 213 and S
499. The ATCC strains originate from American
Type Culture Collection. The strain B 213 was iso-
lated from strawberry by the Centre Wallon de Bi-
ologie Industrielle, Gembloux. The strain S 499 was
collected in the region of Ituri, Congo (formerly
Zaire) (Delcambe, 1965) and supplied by L. Del-
cambe.

Overnight precultures were used for inoculation.
The cultures of vegetative cells were performed in
868 medium (10 g 17" peptone, 10 g 17" yeast
extract and 20 g 17! glucose in distilled water) at
30°C with shaking (130 rpm). Cells were harvested
after 48 h i.e. in the stationary growth phase. They
were washed three times by resuspension in dem-
ineralized water and centrifugation for 10 min at
9630 X g and 25°C (centrifuge Beckman J2-21, rotor
model JA-14). The absence of spores was checked
by diluting I ml of each bacterial suspension in 9 ml
of physiological liquid (1 g 17! peptone, 5 g 17!
NaCl and 2 ml 17! Tween 80), heating for 10 min at
80°C, and spreading on agar plates (10 g 1~ agar, 10
g 17" peptone, 10 g 17" yeast extract and 20 g 17!
glucose).

In order to obtain spores, cultures (mode Sp) were
performed as described above, except that the glu-
cose concentration was twice lower and that the
cultures lasted 7 days. The vegetative cells were
killed by heating for 10 min at 80°C as described by
Rénner et al. (1990) and Garry et al. (1998). The
cells were then harvested by centrifugation (9630 X g
for 10 min and 25°C) and washed three times with
demineralized water. The suspension thus obtained
was stored at 4°C until use.

The proportion of spores at the end of the Sp
cultures was determined by performing a count on
agar plates, before (total count) and after (spores
only) heating the cell suspension for 10 min at 80°C.
This determination was performed on at least two
separate cultures, using five dilutions (103, 10*, 10°,
10° and 107) and making three countings for each
dilution.

2.2. Contact angle measurements

Hydrophobicity of B. subtilis cells was deter-
mined by water contact angle measurements on
bacterial lawns deposited on membrane filters as
described by Busscher et al. (1984). Bacteria sus-
pended in demineralized water were filtered on a
cellulose acetate membrane filter (pore diameter 0.45
wm; Gelman). The filters carrying the bacterial lawns
(more than 1 X 10® cells mm~?) were then placed in
a Petri dish on 1% (weight/volume) agar layer
containing 10% (volume /volume) glycerol, and
stored for 2 h to homogenize the moisture content.
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Table 1
Bacterial density and percentage of sporulation (%) of Bacillus
subrilis strains obtained with the Sp culture mode

Strains Bacterial density
(10% cells mi~")

Percentage of
sporulation (%)

Total Spores
ATCC 7058 7.3+0.5 6.9+0.4 94 +1
ATCC 12432 0.6+0.2 0.6+0.1 89+4
ATCC 12695  15.7+3.1 42+0.7 2645
ATCC 15129 152426 138435 9141
ATCC 15476 28+1.3 2.240.7 79:£3
ATCC 15561 27404 1.7£0.1 63+7
ATCC 15811 12.3+3.1 105415 85+5
B 213 52+1.1 0.4+0.2 8+4
S 499 3.04+0.2 0.01+0.001 L+1

The filters were dried in the air for 60 min in order
to obtain relatively stable contact angles. At least
three filters, each from a different culture, were used
for every bacterial strain and physiological state.
Water droplets (10 1) were applied at 10 different
places at 25°C for every filter. The results presented
are thus the means of 30 measurements. Water con-
tact angles were measured with an Erma Contact
Angle Meter G1 (Kriiss, Germany).

2.3. Hydrophobic interaction chromatography (HIC)

The test consists in measuring the amount of cells
retained by a hydrophobic gel (Clark et al., 1985;
Mozes and Rouxhet, 1987). Washed cells were sus-
pended in 10 mM of phosphate buffered saline solu-
tion (PBS) containing 0.87 g 1" K,HPO,, 0.68 g
17! KH,PO, and 8.77 g 17! NaCl (pH 6.8) (Merck,
Darmstadt, Germany). Hydrophobic interaction chro-
matography was performed in small columns, pre-
pared from Pasteur pipettes (¢ =5 mm) containing
0.6 ml of phenyl Sepharose CL-4B or Sepharose
CL-4B (Pharmacia, Sweden), which served as a
non-hydrophobic control. Gels were equilibrated with
3 ml of the PBS solution. 0.1 ml of cell suspensions
(1 x10% cells ml™') was applied to the gel and
eluted with 3 ml of PBS solution. The absorbance at
600 nm was measured on the initial suspension and
on the eluate, providing a percentage of retention.
The hydrophobicity was evaluated by the difference
of the retention percentages by phenyl Sepharose
CL-4B and Sepharose CL-4B (close to 1%). At least

(3]

two different cultures were tested for every strain
and physiological state, and four measurements were
done per culture (n = 8).

2.4. Bacterial adhesion to hydrocarbon (BATH)

It has been shown that the surfaces of aliphatic
hydrocarbons used in BATH method (n-octane and
n-hexadecane), in contact with various aqueous solu-
tions at pH 7, including PBS, were more negatively
charged compared to aromatic hydrocarbons (toluene
and p-xylene) (Busscher et al., 1995). Therefore,
toluene was used in the present study. The experi-
ments were carried out as described by Rosenberg et
al. (1980). Toluene was obtained from Merck
(Darmstadt, Germany) in highest purity grade (Mozes
and Rouxhet, 1987). The washed cells were sus-
pended at a density of 1 X 10% cells ml™' in PBS.
One hundred fifty microliters of toluene was added
to 3 ml of bacterial suspension; the mixture was
vortexed for 10 s, allowed to settle for 10 min and
the absorbance of the aqueous phase was measured
at 600 nm (van der Mei et al., 1995). It must be
noted that an emulsion (eye-visible transparent
droplets) was produced at the separation between
bulk water and toluene phases. The percentage of

Table 2
Evaluation of the surface hydrophobicity of Bacillus subtilis
vegetative cells (Vg) and cell obtained by the culture mode Sp:
water contact angle measurement (CAM), hydrophobic interaction
chromatography (HIC), and bacterial adhesion to hydrocarbon
(BATH)

Strains Bacterial surface hydrophobicity

CAM* HIC® BATH®

Vg Sp Ve  Sp Vg  Sp
ATCC 7058 3142 35943 6242 5744 42+4 48+3
ATCC 12432 3141 5543 16+3 35+3 204+3 25+4
ATCC 12695 3441 3342 48+3 4042 36+3 49+3
ATCC 15129 3241 4241 442 50+2 643 24+2
ATCC 15476 20+2 44+1 1243 3543 17+4 201+3
ATCC 15561 2842 5242 8+2 61+3 26+3 39+3
ATCC 15811 4742 4942 53+4 58+4 66+2 68+3
B 213 2742 4843 943 743 743 19+4
S 499 3442 46+2 11+£3 1443 1545 1743

*Values are in degree + the standard deviation (n = 30).

"Values are in percentage of cells retained by the phenyl
Sepharose + the standard deviation (n = 8).

“Values are in percentage of cells removed from water + the
standard deviation (7 = 8).
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cells removed from water was determined by optical 2.5. Zeta potential measurements
density measurements. At least two different cultures
were tested for every strain and physiological state, The washed cells were suspended in 10 mM
and four measurements were done for each culture NaCl. Aliquots were added in solution of defined pH
(n=28). (phosphate-citrate buffers; HCI for pH 2.1; ionic
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Fig. 1. Zeta potential of B. subtilis measured as function of pH (phosphate-citrate buffers; HCI for pH 2.1; ionic strength 2 mM) (standard
deviation of 3 mV). Strains showing a weak zeta potential at low pH: (a) vegetative cells; (b) spores; O, ATCC 7058; a, ATCC 12432; O,
ATCC 15811. Strains showing a strongly negative zeta potential at low pH: (¢) vegetative cells; (d) cells cultured by mode Sp; O, ATCC
12695; @, ATCC 15129; A, ATCC 15476; a, ATCC 15561; O, B 213; ®, S 499.
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strength 2 mM) to reach a density of 1 X 10% cells
ml~'. Zeta potentials were measured at 25°C with a
Malvern Zeta Sizer 3 (Malvern Instruments, Eng-
land). At least three different cultures were tested for
every strain and physiological state, and two mea-
surements were performed for each culture (n = 6).

3. Results

The bacterial density obtained with the Sp culture
mode and the percentage of sporulation of Bacillus
subtilis varied according to the strain (Table 1). For

certain strains (ATCC 7058, ATCC 12432, ATCC
15129, ATCC 15476, ATCC 15811), the suspension
obtained according to mode Sp consisted essentially
of spores (more that about 80%). Two strains, B 213
and S 499, showed a weak degree of sporulation; the
material collected after heating and washing could
thus consist of dead cells. ATCC 12695 and ATCC
15561 give an intermediate situation. The presence
of a high proportion of dead cells in the suspensions
of certain strains prepared according to mode Sp
could affect the microbiological relevance of the
data. However, the latter will still be considered in
the comparison of surface characterization methods,
with a clear indentification, in order to examine
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Fig. 2. Cross correlations between bacterial adhesion to hydrocarbon (BATH), hydrophobic interaction chromatography (HIC) and water
contact angle for Bacillus subtilis: O, vegetative cells giving a low zeta potential at pH 6; O, spores giving a zeta potential at pH 6; @,
vegetative cells giving a high zeta potential at pH 6: B, spores giving a high zeta potential at pH 6. Other symbols refer to cells cultured by
mode Sp and showing a high zeta potential at pH 6: a, ATCC 12432 (low zeta potential at pH 3); X, ATCC 15561 (63% spores); ¢,
percent sporulation not larger than 26%.
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whether dead cells deviate systematically with re-
spect to vegetative cells and spores.

Table 2 shows B. subtilis hydrophobicity as-
sessed by water contact angle measurements, hy-
drophobic interaction chromatography (HIC) and
bacterial adhesion to hydrocarbon (BATH). These
results show that the hydrophobicity varied accord-
ing to the strain and to the physiological state.

The zeta potential of B. subtilis cells was mea-
sured as a function of pH. For each strain and
physiological state, the zeta potential curves versus
pH were determined on at least three independent
cultures, and a good reproducibility was obtained
(standard deviation of 3 mV). The results, presented
in Fig. 1, varied greatly and showed two clear-cut
behaviors. The first behavior (spores and vegetative
cells of ATCC 7058 and ATCC 15811, vegetative
cells of ATCC 12432) was characterized by a weak
zeta potential (Fig. 1la and b). The other cells pre-
sented a strongly negative zeta potential above pH
3.2 (Fig. 1b—d). Within this category the vegetative
cells (Fig. 1c) presented a sharp variation of the zeta
potential between pH 2 and 4.7 and little variation
above pH 4.7. When these strains were cultured
according to Sp mode (Fig. 1d), the zeta potential
varied progressively from pH 2 to pH 7.5 and the
isoelectric points (pHi) of all of them were lower
compared to the vegetative cells (Fig. 1¢). No signif-
icant difference was found between the strains in the
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form of essentially dead cells (B 213 and S 499), of
essentially spores (ATCC 15129 and ATCC 15476),
or of a mixture of both (ATCC 12695 and ATCC
15561).

4. Discussion

It appears from Fig. 1 that the zeta potential
depends on the strain but does not vary systemati-
cally according to the state. It has been suggested
that physiologically active B. subtilis may be less
negatively charged than inactive cells, due to a lower
pH near the surface, compared to the surrounding
medium. (Kosh, 1986; Kemper et al., 1993). This is
not observed here, except possibly for ATCC 12432.

The hydrophobicity of B. subtilis varies greatly
according to the method used, the strain and the
physiological state. Fig. 2 presents cross correlations
between the data obtained with the three methods of
hydrophobicity evaluation. It shows that the results
of BATH and HIC are better correlated with each
other than with the water contact angle: the correla-
tion coefficient between BATH and HIC is 0.80,
while the correlation coefficient with the water con-
tact angle is 0.50 for HIC and 0.43 for BATH. The
correlation coefficients are 0.81, 0.60 and 0.52, re-
spectively, if the four samples containing a high
proportion of dead cells are not taken into considera-
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Fig. 3. Correlations between bacterial adhesion to hydrocarbon (a), hydrophobic interaction chromatography (b) and zeta potential of B.
subtilis measured at pH 7.4: O, vegetative cells giving a low zeta potential at pH 6; O, spores giving a low zeta potential at pH 6; @,
vegetative cells giving a high zeta potential at pH 6; M, spores giving a high zeta potential at pH 6. Other symbols refer to cells cultured by
mode Sp and showing a high zeta potential at pH 6: a, ATCC 12432 (low zeta potential at pH 3); X, ATCC 15561 (63% spores); ¢,

percent sporulation not larger than 26%.



F. Ahimou et al. / Journal of Microbiological Methods 45 (2001) 119-126 125

tion. Moreover, the contact angle tends to be higher
for spores compared to vegetative cells, while no
systematic difference appears with BATH and HIC.

Fig. 3 presents plots of BATH (a) and HIC (b) as
a function of the zeta potential at pH 7.4. Correlation
coefficients are 0.68 and 0.60, respectively. They
become 0.81 and 0.60 if the four samples containing
a high proportion of dead cells are not taken into
account. In contrast, the corresponding correlation
coefficients between the water contact angle and the
zeta potential are 0.24 and 0.16. The correlation
coefficients thus vary according to the sequence
BATH/HIC > BATH or HIC/zeta potential >
BATH or HIC /contact angle > contact angle /zeta
potential. This reveals that the outcomes of BATH
and HIC are both influenced by surface electrical
properties, in contrast, with the water contact angle.
This conclusion remains valid whether samples with
a high proportion of dead cells are considered or not
in the comparison of data.

It has been pointed out that all hydrocarbons
currently employed in BATH method give a nega-
tively charged interface with water and most buffers,
so that BATH is sensitive to both electrostatic and
hydrophobic interactions (Geertsema-Doornbusch et
al., 1993; Busscher et al., 1995; van der Mei et al.,
1995). By examining the influence of pH and ionic
strength on HIC data, Mozes and Rouxhet (1987)
concluded that the electrostatic repulsions prevent
cell retention by phenyl Sepharose. Wiencek et al.
(1990) also reported that a high ionic strength was
necessary to overcome the electrostatic repulsion
between spores and phenyl Sepharose.

The results presented here confirm on a statistical
basis that both BATH and HIC are affected by
electrostatic interactions. This is not the case of the
water contact angle, which reveals surface hydropho-
bicity or polarity without interference of long range
electrostatic interactions.

5. Conclusion

A comparison of different strains and states of B.
subtilis has shown that BATH and HIC are influ-
enced by electrostatic interactions. Thus, the water
contact angle provides a better evaluation of cell
surface hydrophobicity.
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