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J . U B E R O S , A . M O L I N A , J . L I EÂ B A N A , M . C . A U G U S T I N A N D A . M U NÄ OZ . 2000. The cell surface

hydrophobicity of micro-organisms is a characteristic that has been associated with the

colonization of mammalian epithelia and with their capacity to induce diseases. Melatonin is

a hormone produced by the pineal gland that affects the immune response mechanism. This

study investigated, as an expression of the virulence of Neisseria meningitidis, how its

hydrophobic characteristics were affected by exposure to increasing concentrations of

melatonin. An increase in the cell surface hydrophobicity of N. meningitidis was found at

concentrations of 1 mmol lÿ1, while lower concentrations of melatonin did not signi®cantly

affect this particular cell surface characteristic of the micro-organism. It may be concluded

that melatonin clearly in¯uences the cell surface hydrophobicity of N. meningitidis, a

circumstance that should be taken into account in future studies to determine whether this

hormone plays a role in the variable pathogenicity of the bacteria in different hosts.

INTRODUCTION

The cell surface hydrophobicity of bacteria is considered to

be a characteristic that is related to the colonization of

epithelia in mammals (Stendahl et al. 1973; Rosenberg et
al. 1980; Rosenberg 1984a) and to their susceptibility to

phagocytosis (Stendahl et al. 1973; Ferreiros et al. 1989;

Svanborg et al. 1984). Nevertheless, despite its theoretical

importance in the virulence of Neisseria meningitidis, no

clear parallel has yet been found between this cell surface

characteristic and the clinical evidence of the micro-organ-

ism, which may remain in the oropharynx of asymptomatic

subjects or which may become evident as a disease with

systemic extent and a fatal sepsis (Ferreiros et al. 1986).

We are led to conclude that other factors inherent to the

host, and not just the micro-organism, may be involved in

the varying patterns of N. meningitidis.
In recent years there have been important advances in

our knowledge of the immune-affecting role of melatonin

(Attia et al. 1991; Lissoni et al. 1991) and of its participa-

tion in the stabilization processes of oxidative stress

(Hardeland et al. 1993; Reiter et al. 1993; Reiter 1994;

Reiter et al. 1997) and membrane stabilization (Reiter et al.
1995; Garcia et al. 1998).

Melatonin is a hormone in the pineal gland which has

been related to the immune response mechanism

(RodrõÂguez et al. 1997). The in¯uence of melatonin on the

non-speci®c immune response mechanism and its repercus-

sions on the virulence of certain bacteria have not yet been

clearly identi®ed. Therefore, our aim in this study was to

evaluate the possible relationship between melatonin and

the cell surface characteristics of N. meningitidis. In addi-

tion, as iron is a factor that has been widely linked to the

virulence of N. meningitidis and other micro-organisms

(Criado et al. 1993; Lachica and Zink 1984) we tested

whether the different concentrations of iron in the culture

medium also modi®ed the cell surface characteristics of this

particular micro-organism.

MATERIALS AND METHODS

Bacterial strains and culture conditions

We studied six strains of N. meningitidis, two of which

were isolated from the nasopharynx of healthy subjects

(P391, ungroupable, autoagglutinable, serotype 15 and

P000, serogroup B, serotype 15) and four (V002, serogroup

B, serotype 15; V021, serogroup B, non typable; V019, sero-

group B, serotype 1 and V111, serogroup C) which were
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isolated from the cerebrospinal ¯uid or blood of patients

suffering an invasive meningococcal disease. Strains P000,

P391, V019, V002 and V021 were provided by Dr C.

Ferreiros and Dra. M.T. Criado (University of Santiago,

Spain) and strain V111 was isolated in the Microbiology

Department of this hospital. The strains were stored at

ÿ30 �C until use and recovered by isolation on blood agar

plates (5±10% CO2). For each experiment, the different

strains were cultured in tubes containing 4ml Mueller-

Hinton broth (MH) and incubated at 36 � 1 �C for 24 h

before processing. The iron content of the culture medium

was modi®ed by adding 39 mmol lÿ1 ethylene-diamino-

dihydroxyphenyl-acetic acid (Sigma-Aldrich, Madrid,

Spain) to 100 ml MH (EDDA-MH, iron restriction) or fer-

ric-ammonium-citrate (1 mg Fe mlÿ1; Sigma) (FAC-MH,

iron excess).

We prepared 1 mmol lÿ1, 50 mmol lÿ1, 500 and 5 nmol

lÿ1 solutions of melatonin (Sigma) in sterile distilled water.

After incubating the strains of N. meningitidis for 12 h at

36 � 1 �C (logarithmic growth phase) 1 ml of each of the

solutions was added to each tube of the culture medium.

Incubation was continued for 12 h at 36 � 1 �C until the

process was complete.

Cell surface hydrophobicity

The cell surface hydrophobicity was determined according

to the method described by Rosenberg (1984b). In brief,

the organisms were incubated at 36 � 1 �C for 24 h in the

culture medium, after which they were centrifuged at 3500

rev minÿ1 for 10 min. The supernatant ¯uid was then dis-

carded and the cells washed three times with phosphate-

buffered saline (PBS). After centrifugation, 0�4 ml buffer-

urea (PUM; pH 7�1) (Rosenberg et al. 1980) and 0�8ml 0�2
mol lÿ1 ammonium sulphate (Sigma) were added, having

adjusted the suspension to an absorbance of 0�6, measured

with a spectrophotometer at 550 nm. The absorbance was

then measured in a spectrophotometer at 560 nm, following

which 200 ml p-xylene (Sigma) was added to 1�2 ml of the

bacterial suspension. The mixture was shaken vigorously

for 2min to achieve a homogeneous suspension of bacteria

and hydrocarbon. The suspension was then allowed to set-

tle for 30 min, in order for the aqueous phase to separate

completely from the hydrocarbon. A glass Pasteur pipette

was used to extract 1 ml of the aqueous phase and the

absorbance was measured by spectrophotometer at 550 nm

and 36 � 1 �C. The hydrophobicity was calculated as 1±

(Abs2/Abs1), where Abs1 is the absorbence measured

before addition of the hydrocarbon and Abs2 is the subse-

quent absorbence.

Adherence to nitrocellulose filters

We applied the technique described by Lachica and Zink

(1984) in which the organisms were incubated at 37 �C for

24 h in a culture medium and then centrifuged at 3500 rev

minÿ1 for 10 min. Following this, the supernatant ¯uid was

discarded and the cells washed three times with PBS. The

micro-organisms were then resuspended in a PUM buffer

with ammonium sulphate (1 : 2, v/v). After adjusting the

absorbance to 0�6 at 540 nm, 3ml of this suspension were

passed through a nitrocellulose ®lter of 25 mm and 8-mm

pore diameter (Millipore). The absorbance of the ®ltrate

was then determined. Results are expressed as the percen-

tage of adherence to the nitrocellulose ®lter.

Statistical methods

We ®rst performed the Kolmogorov normality study.

Having determined the absence of normality in the popula-

tion distributions, we carried out the Wilcoxon paired data

test, the Kendall agreement test and Spearman's correlation

analysis.

RESULTS

The concentration of iron in the culture medium did not

signi®cantly alter the cell surface hydrophobicity of N.
meningitidis; only when concentrations of 50 mmol lÿ1 mela-

tonin were used during incubation did we observe any dif-

ferences between the hydrophobicity of N. meningitidis in

MH and FAC-MH, and at concentrations of 1 mmol lÿ1

for differences between MH and EDDA-MH. When N.
meningitidis was incubated with melatonin at concentrations

of less than 1 mmol lÿ1, the cell surface hydrophobicity was

unaltered. However, when incubation was carried out with

a melatonin concentration of 1 mmol lÿ1, we observed a

signi®cant increase in the cell surface hydrophobicity of N.
meningitidis, irrespective of the concentration of iron in the

culture medium. Although the overall trend was towards

an increase in the cell surface hydrophobicity at higher

concentrations of melatonin, certain strains of N. meningiti-
dis, such as P000, did not evidence any variation in any of

the culture media regardless of the melatonin concentration

applied. An identical behaviour pattern was observed for

V019 in FAC-MH.

There was a slight increase in the adherence of N.
meningitidis to nitrocellulose ®lters after incubation with

melatonin at concentrations of 1 mmol lÿ1, although these

variations were only statistically signi®cant when the cul-

ture medium presented an excess of iron (Table 1).

Although the behaviour of the strains of N. meningitidis
examined in this study was fairly consistent, P391 pre-
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sented a 40% lower level of adherence to the ®lters when

incubated with melatonin at concentrations of 50 mmol lÿ1.

No signi®cant relationship was observed between cell

surface hydrophobicity and adherence to nitrocellulose ®l-

ters at any of the melatonin concentrations investigated.

The cell surface hydrophobicity of N. meningitidis incu-

bated without melatonin correlated signi®cantly (r0
Spearman) with the cell surface hydrophobicity observed

after incubation at increasing concentrations of melatonin,

from 5 nmol lÿ1 to 1 mmol lÿ1, when the culture medium

presented an iron excess (FAC-MH) or iron restriction

(EDDA-MH). When the culture medium contained a nor-

mal proportion of iron (MH), no signi®cant correlation was

observed between the melatonin-absent cell surface hydro-

phobicity and that obtained after incubation with melatonin

at the concentrations used in this study. The adherence of

N. meningitidis, incubated without melatonin, to the nitro-

cellulose ®lters did not correlate signi®cantly with that of

N. meningitidis incubated with melatonin at concentrations

of 5 nmol lÿ1 to 1 mmol lÿ1 when growth occurred in a cul-

ture medium with iron excess (FAC-MH). When the con-

centration of iron was normal or restricted, correlations

were highly variable.

DISCUSSION

The ®rst stage in the colonization of an epithelium by N.
meningitidis is determined by the ability of the bacteria to

adhere to the colonized cells, which in turn depends on the

cell surface electrical charge and the hydrophobicity of the

micro-organism (FerreiroÂs & Criado 1984). Factors such as

the formation of pili or speci®c adhesins also contribute to

the adhesion to epithelia (FerreiroÂs & Criado 1980;

Gibbons 1996). While the adhesion to cells is fundamental

for the colonization of a cell tissue, bacterial growth and

the expression of surface antigens are also key elements in

recognition and phagocytosis by the mononuclear±phago-

cyte system, which prevent the subsequent extension of the

micro-organism and limit its capacity to provoke disease.

Tests carried out previously (Ferreiros et al. 1986; Pintor et

al. 1993) have shown conclusively that various factors apart

from the micro-organism itself must intervene in the devel-

opment of invasive meningococcic disease, as the necessary

adherence of the bacteria to the pharyngeal epithelium,

determined by the adhesins, becomes a factor that prevents

the subsequent extension of the bacteria, as these very

adhesins are easily recognized by circulating phagocytes.

Furthermore, it has been observed that the presence or

absence of iron in the culture medium may be a key factor

in determining the expression of surface proteins with an

af®nity for transferrin (Pintor et al. 1993; GoÂmez et al.
1996).

Several studies have demonstrated the importance of

melatonin in activating the immune response processes of

the organism (Maestroni 1993; Lissoni et al. 1994; Di

Stefano & Paulesu 1994) and that it may be an agent lead-

ing to an improved prognosis in the treatment of endotoxic

shock (Maestroni 1996). The mechanisms by which melato-

nin is able to alter the immune system have not been

clearly identi®ed; it has been speculated that these lympho-

kines may be mediators of the observed effects of melatonin

on the immune system. Melatonin also has a potent action

of neutralizing free radicals (Reiter et al. 1995).

Several studies (RodrõÂguez et al. 1997) have revealed that

there is a reduction in chemotaxis and the release of free

radicals in the phagocytes after exposure to 100 mmol lÿ1

Table 1 Cell surface hydrophobicity and adherence to nitrocellulose ®lters of Neisseria meningitidis incubated with increasing

concentrations of melatonin, for a Mueller-Hinton broth (MH), for iron excess (FAC-MH) and for iron restriction (EDDA-MH)

Melatonin
Hydrophobicity (%) Adherence to nitrocellulose (%)

MH EDDA-MH* FAC-MH{ MH EDDA-MH* FAC-MH{

0 nmol lÿ1 57�5 (30�8) 57�3 (37�03) 52�9 (31�8) 89�9 (15�9) 87�6 (10�8) 91�7 (10�4)
5 nmol lÿ1 51�1 (30�5) 49�8 (35�6) 52�4 (33�4) 89�0 (21�1) 94�0 (3�04) 93�6 (4�6)
500 n mol lÿ1 45�6 (31�8) 60�1 (33�3) 61�3 (28�7) 88�6 (23�3) 91�6 (6�4) 89�9 (14�2)
50mmol lÿ1 50�3 (32�6) 58�8 (32�4) 60�4 (28�3){{ 89�9 (19�8) 96�2 (2�6) 89�2 (16�5)
1mmol lÿ1 71�8 (25�1){ 78�8 (27�1){x 73�5 (21�2){ 98�6 (2�5) 97�1 (3�3) 99�2 (1�9){

*MH broth � ethylene-diamino-dihydroxyphenilacetic acid.

{Ferric ammonium citrate � MH broth.

{P< 0�05, comparison with hydrophobicity, melatonin 0 nmol lÿ1.

xP< 0�05, comparison with hydrophobicity, MH and melatonin 1mmol lÿ1 (Wilcoxon test).

{P< 0�05, comparison with hydrophobicity, MH and melatonin 50 mmol lÿ1.
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melatonin, while lower doses have no apparent effect.

These results could be extrapolated to our study, as the

observed alterations in cell surface hydrophobicity were

only apparent when the micro-organism was incubated

with concentrations of 1 mmol lÿ1 melatonin, a level which

is much higher than that occurring in physiological situa-

tions. Such increases in cell surface hydrophobicity occured

irrespective of the supplementation or restriction of iron in

the culture medium. As iron restriction seems to be related

to the greater expression of proteins binding to transferrin

1 and 2 (Pintor et al. 1993; Criado et al. 1990), we deduce

that alterations in the cell surface hydrophobicity of N.
meningitidis arising from high concentrations of melatonin

and an excess of iron are not determined by these proteins.

On the other hand, iron excess does seem to provoke a

slight increase in cell surface hydrophobicity after incuba-

tion with mmol lÿ1 and mmol lÿ1 concentrations of melato-

nin. Similarly, after incubating N. meningitidis with

melatonin at a concentration of 1 mmol lÿ1, we observed a

signi®cant increase in adhesion to nitrocellulose ®lters. To

determine whether there is a relationship between observed

hydrophobic characteristics and adherence to nitrocellulose

®lters, we performed the Kendall agreement analysis. No

association was observed between the two sets of results.

Thus, the variations in the cell surface hydrophobicity and

adherence to nitrocellulose ®lters must arise from unrelated

characteristics of the bacterial cell surface.

In the presence of iron excess, the cell surface hydropho-

bicity of N. meningitidis after incubation without melatonin

was strongly correlated with that obtained after incubation

with increasing concentrations of melatonin to 1 mmol lÿ1.

This conclusion was not valid when the culture medium

contained normal or restricted concentrations of iron;

doubtless, the existence of iron in the culture medium

together with an antioxidant and eliminator of free radicals

(scavenger), i.e. melatonin, had a synergistic effect on cer-

tain surface components of N. meningitidis, which was

apparent as an increase in cell surface hydrophobicity.

On considering the above results, it is dif®cult to reach a

practical conclusion, as physiological concentrations of mel-

atonin are well below those considered useful in our study.

Nevertheless, the discovery of such effects provoked by an

endogenous antioxidant, a hormone, should provide a basis

for further investigation to clarify the relations between the

redox metabolism of the bacteria, its virulence potential

and the redox mechanisms of the host.
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