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The permanent attachment of Myxococcus xanthus V-25 and M.
xanthus 422 to the hydrophobic and hydrophilic surface was studied.
The strains attached mostly to the hydrophobic surface. Protease and
chloramphenicol did not promote the cells to detach from both surfaces,
but sodium periodate did. This suggests that exopolysaccharide may
play a role in their permanent attachment. The presence of Zn, Pb,
Cd and Cr induced the changes in the permanent attachment of the
strains to both types of the surfaces. It appeared to be reflected in the
changes to the charge and hydrophobic characteristics of the cell
surfaces measured by hydrophobic and electrostatic interaction
chromatography. There was a decline in attachment for death phase
cells compared exponential and stationary phase cells but there were
no major changes in the cell surface characteristics with growth phase.
This suggests that cell physiological activity may contribute to
irreversible adhesion for myxobacteria, however, ClCCP, a metabolic
inhibitor, did not affect the permanent attachment of the cells. The
attachment of both strains declined with increasing pH. Possible
mechanisms for the permanent attachment are discussed in the light
of these results.
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Myxobacteria are gliding bacteria which have complex life cycles involving
extensive communication and co-operation between cells e.g. in fructuation [1].
The gliding habit of myxobacteria makes contact with solid surfaces crucial [2], but
although the mechanisms for their gliding motility have been much studied, little is
known about the other surface contact interactions e.g. the permanent attachment.

Gliding motility involves temporary attachment to a solid surface. Myxococcus
xanthus Beebe, 1941 shows two distinct forms of gliding motility. The first is
movement that involves co-operation between cells and cell-cell proximity termed
S-motility. S-motility appears based on the extension pili and their adhesion to a
matrix of fibrils, composed of proteins and carbohydrates, followed by the retraction
of the pili. The second type of movement, A-motility, allows individual cell
movement and is driven by the extrusion of slime. A-motility under some conditions
may contribute to group motility. S-motility appears to dominate the movement
of M. xanthus on soft surfaces while A-motility is more important on hard surfaces
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such as hard agar. The complex developmental life-cycle of myxobacteria requires
cell-cell signaling, motility and contact with solid surfaces. In low nutrient conditions
vegetative cells aggregate and differentiate into fruiting bodies. S-motility
contributes substantially to this process [2, 3]. Other gliding bacteria, such as
Flexibacter sp., are capable of both the temporary adhesion, allowing lateral
movement, to substrata that is  prerequisite of gliding motility and permanent
(irreversible) attachment. Permanent attachment is characterized by bacterial cells
being firmly attached to one site on the surface even when exposed to the
considerable sheer forces. There are two phases in permanent attachment of
bacterial cells, reversible and irreversible adhesion. The former is controlled by
long-range forces e.g. London-van der Waals forces, while the irreversible adhesion
is driven by short-range interactions e.g. hydrophobic and charge interactions
between the solid and cell surfaces. The extent of permanent attachment to the
surfaces is determined by a number of factors including the characteristics of the
bacterial cell surface, the nature of the solid surface and liquid phase [4].

The aim of this study was to investigate the permanent (irreversible) attachment of
two M. xanthus strains to the hydrophobic and  relatively hydrophilic polystyrene surface.

Materials and Methods

Myxococcus xanthus V-25, isolated from Ukrainian soil, and M. xanthus 422
(provided by Professor J. Ma Arias-Penalver, Granada University, Spain) were
used in this study.

CT broth (100 ml) containing 2 % (w/v) casitone (Difco) and 0.2% MgSO
4
 Y

H
2
O in 0.01M potassium phosphate buffer (pH 7.6) was inoculated with 1 ml

M. xanthus from CT starter cultures. The cultures were grown under 30 oC
before harvesting (11,000 av. g, 4 oC) and suspending in 10 ml 0.2 mM maleate
buffer (pH 7). The cells were washed once and resuspended in maleate buffer
(pH 7) to  cell density of 1-2 x 109 cells ml-1. Five ml of each cell suspension
were transferred to duplicate 5 cm polystyrene petri dishes (PD) (Sterilin), a
hydrophobic surface, and duplicate tissue culture treated polystyrene dishes
(TCD) (Costar), relatively hydrophilic surface. The attachment substrata were
incubated for 2 h at 30 îC and then washed gently three times with 0.2 mM
maleate buffer (pH 7) to remove loosely attached bacteria. The attached bacteria
were then fixed and stained with crystal violet. Bacterial attachment was estimated
by measuring the A

540
 of the stained attached bacteria. Four readings of randomly

selected areas were taken from each of the duplicate dishes. The results were
expressed as A

540
 (õ 103) of the attached cells with the 95 % confidence limits of

the mean (n=8).
The adhesion assays determined the effect of growth phase on

attachment, the effect of selected heavy metals on adhesion, the effect of
the inhibitor carbonil cyanide m-chlorophenyl-hydrazone (ClCCP), the effect
of pH on adhesion.

To determine the detachment assay the substrata with the attached cells
inoculated with 5-ml volumes of one of the following: (i) 0.2 mM maleate buffer
(pH 7) (control); (ii) 5 mg chloramphenicol ml-1 (Sigma) in maleate buffer; (iii) 1
unit per 5 ml bacterial protease (Sigma) in maleate buffer; (iv) 1% (w/v) sodium
periodate (Sigma). The duplicate plates were incubated at 30 oC for further 2 hrs
before washing, staining and determining the A

540
 of attached cells. The results

were expressed as the percentage of A
540
(õ 103) detached by the treatment in

comparison with the detachment control. If the 95% confidence limits of the
mean (n=8) for treatments and control overlapped then no additional detachment
was considered to have occurred.

Cell surface characteristics were investigated by adapting the method
previously described [16]. The strains were grown in CT medium at 30 oC to
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exponential, stationary, or death phase. The cells were harvested, washed once
and resuspended in maleate buffer (pH 7) or buffer containing 1.0 mM ClCCP.
The strains were also grown for 48 h in CT medium containing 0 mM (control)
or 0.1 mM Cr(NO

3
)
3
. 9H

2
O, ZnSO

4
. 7H

2
O, CdCl

2
. H

2
O or Pb(NO

3
)
2
. The cells were

harvested by centrifugation, washed once and resuspended in maleate buffer
(pH 7) to optical density of 1 – 2 x 109 cells ml-1.

The results were expressed as the percentage of A
540
 retained in the column:

the larger percentage, the more hydrophobic, anionic, or cationic the cells.
Discrepancy of < ± 5 % between duplicate columns was considered acceptable.

All experiments were repeated at least once.

Results and discussion

Attachment of both myxobacterial strains was far greater to the hydrophobic
surface than the relatively hydrophilic surface in all the growth phases (Table 1).
There was no significant difference in permanent attachment between the late
exponential phase cells and the stationary phase cells for both strains. There was,
however, a significant reduction in the attachment for death phase cells (Table 1).
The presence of ClCCP did not inhibit attachment in any growth phase for either
strain, in fact there was a slight rise in the attachment induced by ClCCP for death
phase cells. M. xanthus 422 showed higher attachment to the relatively hydrophilic
surface (TCD) than M. xanthus V-25, but the extent of the attachment to the
hydrophobic surface was similar for both strains (Table 1).

The effect of the heavy metals on the permanent attachment of the two
strains was broadly similar, but varied with the solid surface (Table 2). The
presence of each metal, in general, significantly increased the attachment of the
strains to the relatively hydrophilic surface. There was no rise in attachment to
this surface with increasing metal concentration (0,1 and 5,0 mM). The attachment
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Table 1
The effect of growth phase and ClCCP on the attachment of M. xanthus strains
to the hydrophobic surface (PD) and relatively hydrophilic surface  (TCD)

a  95 % confidence limits of mean (n=8)
b 1 mM carbonil cyanide m-chlorophenyl-hydrazone
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to the hydrophobic surface, however, increased significantly in the presence  of
0,1 mM concentrations of all three metals but showed the marked decline at 5,0 mM
concentrations of the metals (Table 2).

As pH increased so the levels of the permanent attachment to the hydrophobic
and the hydrophilic surface declined and looks similar for both strains (Fig. 1).

PERMANENT ATTACHMENT OF MYXOBACTERIA   MYXOCOCCUS XANTHUS

Table 2
The effect of selected heavy metals on the attachment of M. xanthus strains
to the relatively hydrophilic surface (TCD) and hydrophobic surface (PD)

a 95 % confidence limits of mean (n=8)

Fig. 1. Effect of pH on the permanent attachment of M. xanthus V-25 to the
hydrophobic (PD) surface (   ) and relatively hydrophilic (TCD) surface (Y ). The
bars represent the 95% confidence limits of the mean (n=8)



22
Ì³êðîá³îëîã³ÿ ³ á³îòåõíîëîã³ÿ ¹ 1/2007

The attached cells of M. xanthus V-25 and 422 did not desorb in the
presence of either chloramphenicol, the inhibitor of protein synthesis, or protease.
The presence of sodium periodate, which denatures exopolysaccharide, resulted
in  30% and 10% detachment of M. xanthus V-25 from PD and TCD respectively.
In the case of M. xanthus 422 a 40% and 20% detachment occurred from PD and
TCD respectively after treatment with sodium periodate.

Cell surface hydrophobicity (measured by HIC) of the two myxobacterial
strains was similar and remained relatively constant with growth phase
(Table 3). There was more variation in the electrostatic interactions (measured
by EIC) for the two organisms. Both strains showed greater binding to the
EIC (A+C) exchange resin, which binds both negative and positive groups,
than to EIC (A), which binds negative groups, in all three growth phases.
This suggests that the cells of both strains tended to be electropositive. In
general, the presence of ClCCP, the metabolic inhibitor, had little effect on
the cell surface characteristics of either strains (Table 3).

The presence of Cr, Zn, Cd and Pb increased both the hydrophobic and
charge characteristics of the M. xanthus V-25 and M. xanthus 422 cell surfaces
(Table 4). The most substantial increasing was found for EIC (A) suggesting
the increase in the positive charge of the cells in the presence of the metals
(Table 4).
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Table 3
The effect of growth phase on the cell surface characteristics of M. xanthus

strains measured by electrostatic and hydrophobic interaction
chromatography

a Calculated as the percentage of A
540
 retained in the column.

b HIC, hydrophobic interaction chromatography column; EIC(A+C), mixed anion and cation
interation column; EIC(A), anion interaction column.
c 1 mM carbonil cyanide m-chlorophenyl-hydrazone
d SEM (n=3)
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This research demonstrates that M. xanthus strains not only exhibit the
temporary adhesion of gliding motility but are also capable of permanent
attachment to solid substrata. Our results suggest that the mechanism of
permanent attachment of these organisms may involve complex interactions
between several different cell characteristics.

M. xanthus 422 and M. xanthus V-25 both showed far greater permanent
adhesion to the hydrophobic surface than to the relatively hydrophilic surface
(Table 1 and Table 2, Fig. 1). Hydrophobic interactions are believed to be key
determinants of bacterial attachment [1], that is well known that cell surface
charge is only important at cell low surface hydrophobicity. The myxobacterial
strains studied both had high surface hydrophobicity and, we are sure cell
hydrophobicity might be considered largely responsible for their permanent
attachment. This is supported by the greater adhesion to the hydrophobic surface,
and by the fact that cells became more hydrophobic, as well as more highly
charged (Table 4), after accumulating all the heavy metals studied, when they
also tended to show increased adhesion (Table 2).

Hydrophobicity was not, however, the only determinant of permanent
attachment for the two M. xanthus strains. This was indicated by the findings
that death phase cells attached least (Table 1), despite these cells have similar
hydrophobicity to stationary and exponential phase cells (Table 3). Moreover,
exposure to 5 mM metal solutions resulted in reduced attachment to the
hydrophobic but not the relatively hydrophilic surface (Table 2), even though
the cell surface hydrophobicity increased after exposure to the metals (Table 3).
In their classic study Marshall et al [4] proposed  activly related adhesion process
specifically through the production of exopolymer. A role for bacterial activity
and exopolymer production in permanent attachment has subsequently been
supported by a number of studies [1, 5]. The reduced attachment of the

Table 4
The effect of heavy metal cations on the cell surface characteristics of M.xanthus

strains measured by electrostatic and hydrophobic interaction chromatography

a Calculated as the percentage of A
540
 retained in the column.

b HIC, hydrophobic interaction chromatography column; EIC(A+C), mixed anion and cation
interation column; EIC(A), anion interaction column.
c SEM (n=2)
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myxobacterial strains we observed in death phase may have been due to some
activity driven component in their permanent attachment. The metabolic inhibitor,
ClCCP, however, did not reduce their attachment (Table 1). The life-cycle of
myxobacteria requires sophisticated co-operation and aggregation of cells largely
controlled by cell-cell signaling [3]. Communication and co-operation between
cells has been suggested to be exceptionally important in the permanent
attachment of bacteria [6]. The apparent contradiction between the reduced
attachment for death phase cells but no similar reduction for ClCCP-treated
cells, may be due to different effects on the functioning of inter-cell
communication and co-operation mechanisms. The role of cell-cell communication
and co-operation in permanent attachment of these micro-organisms certainly
warrants further study.

The results of our investigation suggest that exopolymer contributes to the
irreversible attachment of M. xanthus and it is probable that a key effect of
metals on attachment was through an effect on exopolymer. Neither
chloramphenicol nor protease caused the detachment of the myxobacteria
permanently attached to the solid surfaces, but sodium periodate, which denatures
exopolysaccharide, did. Attachment of the strains to the hydrophobic surface
tended to decline with increasing pH (Fig. 1), as was found for Flexibacter sp,
another type of gliding bacterium [18]. The effects of pH are, of course,
multifaceted, but it is noteworthy that changes in pH can cause the alterations
in the viscosity of exopolymer. Similarly, binding of metal cations to exopolymer
might increase its viscosity. Cadmium bound to the exopolymer of Citrobacter
sp. changed the morphology of the exopolymer from diffuse and amorphous to
electron opaque and structured [7]. Viscosity has been suggested as one factor
that determines whether exopolymer acts as a temporary adhesive in gliding
motility or as a permanent adhesive [8]. Binding of metals to bacterial cell walls
also substantially changes the charge and hydrophobic characteristics of the
cell surface [5], which in turn may influence attachment. In the case of
myxobacteria we found that there was  increasing in both hydrophobicity and
charge interactions, particularly the positive charge interactions of the cells
(Table 4). Cadmium and zinc have previously been found to cause similar increases
in the charge and hydrophobic characteristics of the cell surface of Pseudomonas
fluorescens H2 [5]. In addition, the presence of the metals had a considerable
impact on the physiological activity of the strains, clearly demonstrated by the
reduction in respiration rate. Variations in the physiological status of bacteria
are known to induce changes in the cell surface characteristics [5]. Metal induced
changes in the cell surface characteristics of the Myxococcus strains are likely to
have impacts on the cell-surface interactions permanent adhesion influencing
the levels of attachment as observed in this study.

It is clear from our research that myxobacteria are capable permanent
attachment to solid surfaces and that a number of different cellular characteristics
contribute to this process. The life-style and gliding motility of these bacteria
makes the contact with the surfaces essential. Whether the ability to irreversibly
attach plays a role for M. xanthus in soil environments is unclear, but is worthy
of further study.
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ÄÎËÃÎÑÐÎ×ÍÎÅ ÏÐÈÊÐÅÏËÅÍÈÅ

ÌÈÊÑÎÁÀÊÒÅÐÈÉ MYXOCOCCUS XANTHUS

Ðåôåðàò

Èçó÷åíî äîëãîñðî÷íîå ïðèêðåïëåíèå áàêòåðèé Myxococcus xanthus

V-25 è M. xanthus 422  ê ãèäðîôîáíûì è ãèäðîôèëüíûì ïîâåðõíîñ-
òÿì. Ïîêàçàíî, ÷òî ìèêñîáàêòåðèè ëó÷øå ïðèêðåïëÿëèñü ê ãèäðî-
ôîáíûì ïîâåðõíîñòÿì. Ïåðèîäàò íàòðèÿ ñïîñîáñòâîâàë îòêðåïëåíèþ
îò îáîèõ òèïîâ ïîâåðõíîñòåé, â îòëè÷èå îò ïðîòåàçû è õëîðàìôåíè-
êîëà. Ïðèñóòñòâèå Zn, Pb, Cd è Cr ïðèâîäèëî ê èçìåíåíèÿì â ïðè-
êðåïëåíèè øòàììîâ ê îáîèì òèïàì ïîâåðõíîñòåé. Íàáëþäàëîñü ñíè-
æåíèå ïðèêðåïëåíèÿ â ôàçå ãèáåëè êëåòîê, ïî ñðàâíåíèþ ñ ýêñïî-
íåíöèàëüíîé è ñòàöèîíàðíîé ôàçàìè.  Ñóùåñòâåííûõ îòëè÷èé â
èçó÷åííûõ ñâîéñòâàõ êëåòî÷íîé ïîâåðõíîñòè íà ðàçëè÷íûõ ôàçàõ
ðîñòà íå âûÿâëåíî.  Ïðèêðåïëåíèå áàêòåðèé îáîèõ øòàììîâ ñíèæà-
ëîñü ñ ïîâûøåíèåì ðÍ. Â ñâåòå ïîëó÷åííûõ ðåçóëüòàòîâ îáñóæäåíû
âîçìîæíûå ìåõàíèçìû äîëãîñðî÷íîãî ïðèêðåïëåíèÿ ìèêñîáàêòåðèé.

Ê ë þ ÷ å â û å  ñ ë î â à: ìèêñîáàêòåðèè, ïðèêðåïëåíèå, ãèäðîôîá-
íûå è ãèäðîôèëüíûå ïîâåðõíîñòè.
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ÄÎÂÃÎÒÐÈÂÀËÅ ÏÐÈÊÐ²ÏËÅÍÍß

Ì²ÊÑÎÁÀÊÒÅÐÈÉ MYXOCOCCUS XANTHUS

Ðåôåðàò

Âèâ÷åíî  äîâãîòðèâàëå ïðèêð³ïëåííÿ áàêòåð³é Myxococcus xanthus V-25
³ M. xanthus 422  äî ã³äðîôîáíèõ ³ ã³äðîô³ëüíèõ ïîâåðõîíü. Ïîêàçàíî, ùî
ì³êñîáàêòåð³¿ êðàùå ïðèêð³ïëþâàëèñÿ äî ã³äðîôîáíèõ ïîâåðõîíü. Ïåð-
³îäàò íàòð³þ ñïðèÿâ â³äêð³ïëåííþ â³ä îáîõ òèï³â ïîâåðõîíü, íà â³äì³íó
â³ä  ïðîòåàçè òà õëîðàìôåí³êîëó. Ïðèñóòí³ñòü Zn, Pb, Cd ³ Cr ïðèçâîäè-
ëà äî çì³í â ïðèêð³ïëåíí³ áàêòåð³é äî îáîõ òèï³â ïîâåðõîíü. Ñïîñòåð³ãà-
ëîñü çíèæåííÿ ïðèêð³ïëåííÿ ó ôàç³ çàãèáåë³ êë³òèí, â ïîð³âíÿíí³ ç åêñ-
ïîíåíö³àëüíîþ òà ñòàö³îíàðíîþ ôàçàìè. Ñóòòºâèõ â³äì³í âèâ÷åíèõ âëà-
ñòèâîñòåé ïîâåðõí³ êë³òèí íà ð³çíèõ ôàçàõ ðîñòó íå âèÿâëåíî.  Ïðè-
êð³ïëåííÿ áàêòåð³é îáîõ øòàì³â çíèæóâàëîñü ç ï³äâèùåííÿì ðÍ. Â ñâ³òë³
îäåðæàíèõ ðåçóëüòàò³â îáãîâîðåíî ìîæëèâ³  ìåõàí³çìè  äîâãîòðèâàëî¿
àäãåç³¿  ì³êñîáàêòåð³é.

Ê ë þ ÷ î â ³  ñ ë î â à: ì³êñîáàêòåð³¿, ïðèêð³ïëåííÿ, ã³äðîôîáíà ³
ã³äðîô³ëüíà ïîâåðõí³.


