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SUMMARY

Adhesion to HEp-2 cells has been shown to correlate with enteropathogenicity
for Aeromonas species. Such adhesion is thought to reflect the ability of strains to
adhere to human intestinal enterocytes, although HEp-2 cells are not of intestinal
origin. In this study strains of Aeromonas veronii biotype sobria isolated from
various sources were investigated in parallel assays for their ability to adhere to
HEp-2 cells and to an intestinal cell line (Caco-2). Quantitative assays showed
identical adhesion values were obtained with both cell lines. Adhesion was best
when bacteria were grown at 22 °C compared with 37 °C and 7 °C. Some
environmental isolates showed greater adhesion when grown at 7 °C than when
grown at 37 °C. Filamentous structures on these strains are also optimally
expressed under the above conditions (reported elsewhere). Mechanical shearing or
trypsin treatment to remove surface structures from several adhesive strains
grown at 22 °C decreased adhesion to cell lines by 50-80% providing further
indirect evidence that filamentous adhesins may play a role in cell adhesion for
this Aeromonas species.

INTRODUCTION

Aeromonas species are increasingly implicated as important enteric pathogens in
man but the roles of putative virulence factors, such as haemolysin, cytotoxin,
enterotoxin and invasive ability, are still speculative. It is difficult to identify
strains that may pose a threat to human health among the diversity of strains
present in water and foods. Attachment to the intestinal mucosa is likely to be an
important virulence determinant for diarrhoea-causing strains, yet little is known
about aeromonas intestinal adhesive mechanisms [1]. Knowledge of these may
help to identify strains which pose a public health risk.

While there are virtually no reports of aeromonas adhesion to human intestinal
tissue or cells, a few studies have described adhesion of aeromonas to cultured cells
such as HEp-2 [2-4], mouse Yl adrenal [5] and INT407 [6]. Such cell lines have
proved useful as in vitro models of adhesion to intestinal cells for a number of
bacterial enteropathogens. Aeromonas adhesion to HEp-2 cells appears to
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correlate with enteropathogenicity [3]. Evidence from a number of investigations
identifies A. veronii biotype sobria as the most virulent species and strains of this
species are universally found to contain the highest proportion of adherent strains
and the greatest number of highly adherent strains in the cell adhesion assays
above [7-10]. We have found that 50-60% of strains of this species, irrespective
of source, adhere in high numbers to HEp-2 cells [3].

HEp-2 cells are derived from human laryngeal epithelial cell carcinoma. It
cannot be assumed that these cells possess the same receptors as human
enterocytes or that adhesion to them necessarily reflects ability to bind to human
enterocytes. Caco-2 cells, derived from a human carcinoma of the colon, exhibit
structural and differentiation patterns characteristic of mature enterocytes and
are being increasingly used as a substitute for human intestinal cells to study the
adhesion of enteric pathogens [11, 12]. The initial aim of this study was to
compare the adhesion of aeromonas strains to HEp-2 and Caco-2 cells in parallel
assays. Bacteria were also grown at different temperatures to determine conditions
under which bacterial adhesins were optimally expressed. Preliminary investi-
gations were undertaken to determine whether filamentous surface structures
played a role in mediating adhesion.

MATERIALS AND METHODS

Bacterial strains
Strains of A. veronii biotype sobria (A. sobria) (n = 21), and one of A.

hydrophila, were selected from our culture collection. The latter strain was chosen
to serve as a negative control in the adhesion assays. The other strains were chosen
as representative isolates of A. veronii biotype sobria from various sources. Most
strains were isolated in Tasmania, Australia. However, a few came from other
regions of Australia. Two clinical strains (BC88, BC96) were originally obtained
from Dr B. Chang, Perth, Western Australia. Dr K. Majeed, Brisbane, Queensland
provided two of the food isolates (AS15, AS02), and two water isolates were from
Sydney. New South Wales (S16) and Adelaide, South Australia (AS398). The A.
veronii biotype sobria strains had been isolated over the last 15 years from
diarrhoeal stools (n = 9), water (n = 6) and food (chicken and lamb) (n = 6). The
A. hydrophila strain (AH26) had been isolated from a diarrhoeal stool and was
kindly provided by Dr A. Ho [13]. Strains were maintained in minimal
maintenance media (MMM) at room temperature. They had been speciated using
the API 20E system (Analytab Products, La Balme-Les Grottes. Montalieu-
Vercieu. France) and additional biochemical tests, as previously described [10J.
Classification of strains into species was based on the criteria of Popoff [14J. All
strains had been tested for their ability to produce enterotoxin, haemolysin and
cytotoxin and to grow at 43 °C as described elsewhere [10. 15].

Epithelial cells
HEp-2 cells are routinely maintained in our laboratory. Caco-2 cells were from

the American Type Culture Collection (ATCC; HTB37). Cells were grown in Eagle
Minimal Essential Medium containing foetal bovine (calf) serum (MEM + FCS)
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(Cytosystems. Castle Hill Australia), 5% for HEp-2 cells and 10% for Caco-2
cells. Semi-confluent monolayers of these cell lines were grown for 24 h and
24-48 h respectively, on 12 mm glass coverslips (Yitromed. Basel. Switzerland) in
24-well plates (Corning. New York. USA). Cell monolayers were washed twice with
1 ml phosphate buffered saline (PBS) (Oxoid, Basingstoke, England), before the
addition of bacterial cells.

Adhesion assay
Bacterial strains were grown on tryptone soya agar supplemented with 0-6%

yeast extract (TSAY) (Oxoid) and incubated at 37 °C overnight. Several colonies
were then inoculated into 10 ml tryptone soya broth containing yeast extract
(TSBY). Broth cultures were incubated without agitation at different tempera-
tures (37 °C for 16 h, 22 °C for 2 days, 7 °C for 7 days). After these time intervals
the OD540 levels of cultures grown at the different temperatures were similar.
Bacterial concentration was adjusted to give a final suspension of c. 1 x 106 cfu/ml
in MEM+ 1 % FCS. For the adhesion assay, 1 ml volumes of these suspensions
were added to duplicate coverslip cultures of cell lines. A control adherent strain
(BC96) was included in each assay. After incubation (90 min. 37 °C, 5% CO2), non-
adherent bacteria were removed by washing four times with PBS (1-2 ml). The
monolayers were fixed with 3:1 methanol: acetic acid (1 ml, 5 min) and stained in
the wells with May-Grunwald and Giemsa stains (Gibco. Grand Island. New
York). The coverslips were mounted on glass slides, using DePex mounting
medium (BDH Gurr, Poole. England).

Adhesion was assessed by bright-field microscopy. For each monolayer, 25
infected cells were chosen at random and the number of cell-associated bacteria
counted. The proportion of a further 100 cells per monolayer which were infected
was determined. For each coverslip, the mean number of adherent bacteria was
calculated. This was multiplied by the proportion of infected cells yielding the
average number of bacteria per HEp-2 or Caco-2 cell overall. Experiments with
most strains were repeated on 2-9 occasions. Yalues from coverslip cultures in
replicate experiments were pooled and means and standard deviations determined.
A strain with a score of 0-1 bacteria per cell was considered ' non-adhesive \
Strains with scores of 1-10 bacteria per cell were defined as 'low adherers'.
> 10-20 bacteria per cell the strains as 'adherent', > 20 bacteria per cell as
highly adherent'.

Statistical analysis

Adhesion values were compared by applying analysis of variance (ANOVA)

techniques to the mean bacterial counts determined as above.

Removal of bacterial surface structures

One half (5 ml) of the broth cultures (TSBY. 22 °C. 2 days) of selected strains
were subjected to mechanical blending at high speed (4 x 45 s cycles, speed 10) in
an Omni-mixer (FSE, Co. USA). Between each cycle, the cultures were cooled for
15 s intervals in an ice bath. Bacteria were recovered by centrifugation, washed
once with PBS. diluted and assayed for adhesion to cell lines. In separate
experiments, the effect of trypsin treatment on adhesive ability was also
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Table 1. Properties of bacterial strains tested in adhesion assays

Strain no.
37
18

164
163

BC96
110

BC126
BC88
AH26

135
148
128
132

AS02
AS 15

60
49

AS398
S16

34
50

Source
Human diarrhoeal stool
Human diarrhoeal stool
Human diarrhoeal stool
Human diarrhoeal stool
Human diarrhoeal stool
Human diarrhoeal stool
Human diarrhoeal stool
Human diarrhoeal stool
Human diarrhoeal stool

Poultry carcass rinse
Poultry carcass rinse
Poultry carcass rinse
Poultry carcass rinse

Lamb meat
Lamb meat

Water
Water
Water
Water
Water
Water

Isolation
1984
1980
1993
1992
Before 1985
1985
Before 1985
1983
Before 1990

1988
1988
1988
1988

1987
1987

1984
1984
1991
1991
1984
1984

Entt Hlyi
512

1024
512

0
64

>2048
1024
512

8

512
256

0
64

256
0

16
256

1024
1024

128
64

Cyt§
Growth
43°C|1

3
1

2
2
3
2
9
2
2
4
2
2

4
4

3
0
4
2
3

* All strains were A. veronii biotype sobria. except AH26 which was an A. hydrophila [13].
t Enterotoxin, detected by suckling mouse assay; ' + ' borderline positive [10].
J Haemolysin titre vs. rabbit erythrocytes [10].
§ Cytotoxin. detected in Vero cell assay: ' + ': ^ 50% of Vero cells affected [10].
j| Growth on TSAY for 36 h; 0: no growth. 4: heavy growth [10].

determined for selected strains. Bacteria grown as above (5 ml of culture) were
incubated with trypsin (Boerhinger Mannheim, Germany) at a final concentration
of 1 mg/ml for 30 min at 37 °C. Residual trypsin was removed by washing the
bacteria once in 10 ml PBS and the resuspended bacteria adjusted to the
concentration used in the adhesion assay. Adhesion by the treated bacteria
(sheared or trypsin-treated) was assayed in parallel with untreated bacteria from
the same culture. Loss of pili was confirmed by transmission electron microscopy
(EM) and bacterial integrity confirmed by EM and culture on TSAY.

Electron microscopy
Bacteria and preparations of filamentous structures obtained from bacterial

strains by mechanical shearing were examined under a Philips 410 electron
microscope at 80 kV following staining with uranyl acetate (1%) for 30 s to
1 min as described elsewhere [16].

RESULTS

Properties of bacterial strains
Details of the source, date of isolation and virulence properties of the strains

tested in the adhesion assays are summarized in Table 1. The A. veronii biotype
sobria strains all produced two or more exotoxins and most grew at 43 °C.
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Table 2. Comparison of adhesion of aeromonas strains to HEp-2 and Caco-2 cell
lines

Source

A. veronii biotype
sobria

Human diarrhoeal stool

Food

Water

A. hydrophila

Strain no.

37
18

164
163

135
148

AS02

60
49

AS398
S16

AH26

37°
A

HEp-2t

8-9+1-8
10-3 + 0-9
12-0±l-8
11-6+1-3

11-2 + 4-9
28-0 ±6-2

1-2 + 0-7

0-8±0-3
5-1+0-4
9-6 ±0-7
l-9±01

0-6 ±0-2

Bacteria

C

Caeo-2t

4-9 ±0-5
9-1+0-4

14-2 ±0-7
16-2 ±0-6

5-5 + 0-7
20-9 + 2-6
2-5 + 0-2

0-2 + 0-1
2-2 + 0-1
3-1+0-5
1-2 + 0-3

0-9 + 0-5

per cell*

7

HEp-2J

6-3 + 0-5
1-7 ±0-4

13-1 ±1-8
—

8-5+1-3
6-0 + 2-9
8-3 + 1-7

10-4 + 0-7
2-6 ±2-7

ll-4±l-5
1-0 ±0-2

—

°C
A

Caco-2J

7-3 ±0-4
4-6 ±3-7

16-0 ±0-6
—

3-7 + 0-4
2-3 + 0-3

11-6 + 2-5

11-6+1-5
5-3+1-0

12-8 + 0-3
2-3 ±0-6

—

* Mean + standard deviation of duplicate coverslips from one experiment. Bacteria were
grown in TSBY at 37 °C for 16-18 h and at 7 °C for 7 days.

t Adhesion following bacterial growth at 37 °C was independent of the cell line. P — 0-778 by
AXOVA.

J Adhesion following bacterial growth at 7 °C was independent of the cell line. P = 0-417 by
AXOVA.

Adhesion vs. cell line

Results of adhesion by bacterial strains grown at different temperatures and
tested in parallel adhesion assays to HEp-2 and Caco-2 cells are shown in Tables
2 and 3. It was found that adhesion was independent of the cell line used for all
bacterial growth temperature (Tables 2, 3).

Effect of bacterial growth temperature on aeromonas adhesion

It was observed that some environmental strains (strains 60, AS02) showed
better adhesion when grown at 7 °C compared to 37 °C (Table 2). Adhesive ability,
however, was best overall when bacteria were grown at 22 °C (Table 3). The 37 °C
data presented in the Tables was for cultures grown for 16—18 h. Six strains were
also tested for adhesion following growth at 37 °C for 3 h according to the method
described by Carrello and colleagues [2]. Under these conditions the strains were
more adhesive than when grown for 16 h (P < 0-001) (data not shown). They were
still significantly less adherent, however, than when grown at 22 °C (P < 0-001).

Effect of removal of surface structures on adhesive ability

Table 4 compares the adhesive ability of selected strains grown at 22 °C before
and after mechanical blending to shear off surface structures. After blending,
bacteria remained intact with no visible filamentous surface appendages. They
were viable on culture. Electron microscopy of concentrates of the blended
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Table 3. Effect of bacterial growth temperature on Aeromonas veronii biotype
sobria adhesion to cell lines

Source

Human
diarrhoeal
stool

Food

Water

Strain
no.

BC96

110

BC126

128

132

AS 15

34

50

37 °C

13-6 ±1-0
(ft = 4)

120+1-5
(ft = 2)
3-1+0-1
(« = 1)

10-8 ±0-6
(« = 1)

12-3±2-6
(ft = 2)
7-4 ±2-3
(ft = 2)

6-0 ±4-6
(ft = 2)
8-4 ±2-2
(ft = 1)

HEp-2J
A

22 T t
22-8 + 4-8

(H = 9)
9-5 + 6-5
(•« = 8)

30-3+10-3
(ft = 3)

26-3 + 5-2
(n = 4)

22-5 + 5-3
(« = 9)

14-0+1-2
(ft = 2)

18-5 ±8-6
(ft = 9)

14-8 ±2-2
(ft = 1)

Bacteria
A

7°C

8-8±3-7
(ft = 4 )
8-5 ±0-6
(n = 1)

13-6 ±0-0
(ft = 1)

8-1 ±2-3
(ft = 2)
9-5 ±3-0
(ft = 3)

13-3±3-8
(ft = 2)

10-7 ±0-7
(ft = 1)

per cell*

37 V

16-7 ±4-5
(ft = 6)
6-3+1-3
(« = 1)
9-0 + 2-1
(n= 1)

14-4 ±0-2
(ft = 1)

10-8±l-4
(» = 3)

10-9 ±3-4
(n = 2)

12-2 + 3-1
(n = 2)

0aco-2$
A

22 °Ct
20-2 + 5-7

(ft = 2)
18-9 + 0-1

(ft = 1)

22-0 + 2-8

(« = 1)

18-4 + 7-5
(« = 1)

21-4 ±0-7
(ft = 1)

17-0 ±2-9
(» = 1)

18-8 + 0-2
(» = 1)

—

7 T
7-8 ±2-4
(ft = 4)
7-9 + 3-6
(» = 1)

11-5 + 2-1
(ft = 1)

3-5 ± 2 1
(n = 2)
5-5 ±3-9
(M = 2)

12-5 ±1-5
(« = 1)

—

* Mean ± standard deviation of duplicate coverslips from one or more experiments
(n = number of times adhesion assay was performed). Bacteria were grown in TSBY at 37 °C for
16-18 h. at 22 °C for 2 days and at 7 °C for 7 days.

t Greater adhesion with bacteria grown at 22 °C on both cell lines. P < 0-001 by AXOVA.
% Adhesion was independent of the cell line used at the three temperatures. P = 0-659 bv

AXOVA.

Table 4. Effect of mechanical blending cm Aeromonas veronii biotype sobria
adhesion.

Source

Human diarrhoeal stool

Food

Strain no.

BC96

110

BC88

163

128

132

Bacteria per
A

Before blending

35-2, > 30
(ft = 1)

5-4 + 2-7
(ft = 3)

14-3 + 2-9
(ft = 1)

121+31
(ft = 2)

27-4 + 2-4
(w = 2)

27-4±7-4
In = 2)

HEp-2 cell*

After blending

14-8 ±1-5
(ft = 1)

4-0 ±2-1
(« = 3)
3-1 ±0-6
(« = 1)
3-9 ±0-6
(ft = 2)

131 ±6-5
(« = 2)

121 ±6-2
(ft = 3)

Decrease in
adhesion

- 6 0

30

80$

70

50

60

* Mean + standard deviation.
t Except for strain 110. percentage reductions in bacteria are significant. P < 0001 by

AXOVA.
t Identical results were obtained on C'aco-2 cells for this strain.
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supernatant showed pili of varied morphology, including thin, flexible pili,
bundles of pili. flagella and outer membrane vesicles. Removal of these structures
decreased adhesive ability by 50-80% for the adherent strains BC96. BC88. 128.
132 and 163. Trypsin treatment similarly decreased adhesion (> 70%) for these
strains (results not shown).

DISCUSSION

This study has shown that strains of A. veronii biotype sobria show similar
adhesion characteristics to both HEp-2 and Caco-2 cells. Although it is possible
that bacteria could be binding to different receptors on the two cell lines, this
seems unlikely given the very similar adhesive values obtained with a variety of
different bacterial strains under the different conditions tested. Our results
provide further evidence that adhesion to HEp-2 cells will be useful as a screening
model in investigations of intestinal adhesion mechanisms by the species, A.
veronii biotype sobria. Validation of the cell models still requires comparative
studies of aeromonas adhesion to human intestinal tissue.

Adhesion to both cell lines was best when bacterial strains of this species were
grown at 22 °C. Several environmental strains showed better adhesion when
grown at 7 °C than when grown at 37 °C. Optimal expression of other aeromonas
virulence determinants has also been found to occur at c. 20 °C [17, 18]. This may
have implications for foodborne aeromonas infection as foods stored at room
temperature or below may provide the conditions for aeromonads to be most
virulent.

The mechanism(s) of adhesion by A. veronii biotype sobria to cell lines remain
to be elucidated. Xishikawa and colleagues have recently investigated several
aeromonas isolates for adhesion and invasion of the Caco-2 cell line [19]. They
concluded pili were unlikely to play an important role in Caco-2 cell adhesion as
they observed few filamentous structures on their adherent strains and that
bacteria were closely bound to the cell surface. However, their study only included
two A. sobria' strains which were grown at 30 °C.

We have found that pili and other filamentous structures such as bundle-
forming pili (BFP) and filamentous networks (FN) are optimally expressed at
22 °C or below [20]. This, and the fact that removal of surface structures by
shearing or trypsin treatment resulted in a significant decrease in adhesive ability
for several highly adherent strains, provides some indirect evidence that
filamentous structures may be involved in adhesion. Carrello and colleagues also
found similar percentage decreases in binding to HEp-2 cells by three strains of
this species after treatments to remove pili [2]. Pili of long, flexible morphology
have been characterized by Hokama and colleagues as intestinal colonization
factors for three strains of A. veronii biotype sobria [21-23]. Thin, flexible pili are.
however, scant (< 50 per cell on > 50% of bacteria in the culture) for most
adherent strains of this species isolated from human diarrhoeal faeces and chicken
carcasses, even when bacteria are grown at 22 °C. Moreover, BFP and FN were not
seen on all adherent strains. Therefore, non-filamentous adhesins may also be
involved.

Our sheared preparations contained some outer membrane vesicles. Several
reports have implicated lipopolysaccharide (LPS) in adhesion of aeromonas to
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HEp-2 cells [25, 26]. LPS has also been correlated with enteropathogenicity
[18, 24]. Carbohydrate-reactive OMPs (CROMPS), which may be porins for
fucose, have also been postulated as adhesins and may be intestinal adhesive
factors [27, 28], but do not appear to mediate binding to cell lines. The A.
hydrophila strain (strain A6) from which these OMPs were purified was not
adhesive in the above cell line assays [3, 16]. Indeed, we have found that most A.
hydrophila strains, even those isolated from diarrhoeal faeces as sole potential
pathogen (eg. strain AH26, this study), are much less adherent in cell line assays
than strains of A. veronii biotype sobria [3]. Clinical strains of A. caviae are
generally ( > 3 0 % of strains) adherent [3, Dickson, Kirov and Sanderson,
unpublished observations].

Further studies are required to determine the nature of aeromonas adhesins for
these cell lines and their significance in pathogenicity. This study has established
that these adhesins are optimally expressed on strains of A. veronii biotype sobria
grown under environmental conditions (liquid medium and temperatures of 22 °C
or below).
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