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BACTERIAL PATHOGENICITY

Characterisation of Hafnia alvei isolates from
human clinical extra-intestinal specimens:
haemagglutinins, serum resistance and
siderophore synthesis
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Extra-intestinal Hafnia alvei isolates are rarely considered to be pathogenic. To
investigate whether such strains are able to produce virulence factors, a total of
70 clinical H. alvei isolates was compared with clinical extra-intestinal isolates of other
members of the enterobacterial tribe Klebsiellae (Klebsiella pneumoniae, Enterobacter
cloacae, Serratia marcescens). Whereas mannose-sensitive haemagglutination (MSHA)
was less common in H. alvei (59%) than in K. pneumoniae (86%) and E. cloacae (89%)
isolates, the incidences of mannose-resistant haemagglutination indicative of type 3 pili
(MR/K-HA) and of serum resistance properties were not lower. All H. alvei strains
secreted siderophores but, unlike the other enterobacterial species examined, the
siderophore type was neither enterobactin nor aerobactin. Although the low
pathogenicity of H. alvei isolates could not be attributed to any of the factors
investigated, the mean number of factors expressed by each H. alvei isolate was
significantly lower than that expressed by K. pneumoniae and E. cloacae isolates but did
not differ significantly from that of S. marcescens. Based on these findings, the low
pathogenicity of H. alvei appears to be due to its low frequency of expression of
virulence factors as compared with clinically significant species such as K. pneumoniae

and E. cloacae.

Introduction

Hafnia alvei, a member of the family Enterobacter-
iaceae, is part of the human gastrointestinal flora and of
environmental habitats such as surface water and food.
These bacteria are rarely isolated from human clinical
specimens and they are thought to be rarely pathogenic.
Whereas H. alvei was once thought to be a simple
commensal of the gastrointestinal tract, recent findings
suggest that it is a rare but significant aetiological
agent that may contribute to opportunist infections in
man [1]. Apart from descriptions of a diarrhoeagenic
potential of this species [2—6], several cases have been
reported in which H. alvei was associated with extra-
intestinal human infections such as septicaemia, liver
abscess, peritonitis and pneumonia [1, 7, 8]). Typically,
extra-intestinal infections are nosocomial and develop
in patients with underlying diseases or predisposing
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factors. Nevertheless, case reports of human H. alvei
infections are very rare and the clinical significance of
these bacteria remains to be evaluated. The number of
case reports might be excessive because it has been
shown that diarrhoeal strains of H. alvei may actually
be members of the genus Escherichia [9].

As yet, very few data exist that are relevant to whether
extra-intestinal H. alvei isolates are able to express
virulence factors. H. alvei belongs to the enterobacter-
ial tribe Klebsiellae, together with the genera Kleb-
siella, Enterobacter and Serratia. A number of factors
have been described for the latter genera that are
thought to contribute to their pathogenicity. Among
these, fimbrial adhesins facilitate attachment to host
epithelia or mucus. Type 1 (or common) pili play an
important role in urinary tract infections and character-
istically cause mannose-sensitive haemagglutination
(MSHA) [10-13]. Type 3 fimbriae mediate mannose-
resistant and Klebsiella-like agglutination of tanned
erythrocytes (MR/K-HA) and have been reported to
correlate with catheter-associated bacteriuria caused by
Providencia stuartii [14]. Another characteristic re-



garded as a virulence factor is the ability of bacteria to
resist the bactericidal effect of human serum. Com-
mensal gram-negative bacteria are usually sensitive to
human serum but pathogenic strains are frequently
serum-resistant [15]. Furthermore, many enterobacterial
isolates have been shown to produce high-affinity iron-
chelating compounds called siderophores. While the
role of the catechol-type siderophore enterobactin in
virulence is still uncertain, the contribution of the
hydroxamate-type aerobactin has been clearly demon-
strated [16]. Aerobactin production, as well as
enterobactin uptake by the ferric enterobactin receptor,
has been reported in single strains of Hafnia [17, 18].

The present study was undertaken to investigate
whether extra-intestinal clinical isolates of H. alvei
are capable of expressing the putative virulence factors
with similar frequency to the clinically relevant genera
of the tribe Klebsiellae (S. marcescens, E. cloaceae, K.
pneumoniae).

Materials and methods
Bacterial isolates

A total of 70 H. alvei isolates from extra-intestinal
human clinical specimens (mainly from urine, respira-
tory tract or wounds) was investigated. These isolates
were compared with extra-intestinal human clinical
isolates of E. cloaceae (72), S. marcescens (35) and K.
pneumoniae (207). The K. pneumoniae isolates have
been described elsewhere [19]. All isolates were
identified by the API20E system (API bioMérieux,
Germany) and stored in brain heart infusion broth/
glycerol 30% at —80°C until used.

E. coli strains H1939, HI1887, H1886 and K311,
provided by K. Hantke (University of Tiibingen,
Germany) and E. coli F205, from P. Williams
(University of Leicester, UK), were used as controls

Haemagglutination assay

The expression of type 1 fimbriac (MSHA) and type 3
pili (MR/K-HA) was examined as described previously
[20]. MSHA was assessed on guinea-pig erythrocytes.
MR/K-HA was determined on tanned ox red blood
cells. Bacteria were grown statically for 48 h. Then
50 ul of bacterial suspensions (c. 10'! bacteria/ml) and
50 ul of erythrocytes (5 X 10%/ml) were mixed on
porcelain tiles and observed, with rocking, for 3 min at
room temperature. Agglutination was finally read after
further incubation for 10 min at 4°C.

Siderophore screening

Isolates were screened for production of siderophores
with a universal chemical assay described by Schwyn
and Neilands [21]. Briefly, this medium contains a
blue-coloured indicator complex composed of chrome
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azurol S (CAS), iron(Ill) and hexadecyltrimethylam-
monium bromide (HDTMA). Siderophores release the
iron, causing the dye complex to change colour. The
CAS agar (pH 6.8) consisted (/L) of 0.1 mMm CAS,
0.2 mM HDTMA, 0.01 mMm FeCl;, MM9 salts, 100 mM
Pipes, agar 15 g and NaOH 6 g, and was supplemented
by casamino acids 0.3%, glucose 0.2% and thiamine-
HCI1 2 mg. Clinical isolates and reference strains were
spotted on CAS agar and incubated for 20 h at 37°C.
Siderophore-producing strains showed large yellow
halos around the colonies. Each isolate was tested
twice.

Bioassay for aerobactin and enterobactin
production

For detection of enterobactin and aerobactin synthesis,
the cross-feeding bioassay of Hantke [22] was
performed as described elsewhere [23]. Nutrient agar
supplemented with (200 uM) 2,2'-dipyridyl served as
iron-restricted agar medium. E. coli H1887 (ColV~,
Aer™, Tut®, FepA~, Fiu™, Cir~, aroB) was used as the
indicator strain for aerobactin production and strain
H1939 (FepAt, Fiu~, Cir~, FhuA~, FhuB~, aroB) for
enterobactin. Aerobactin production was counter-
checked by means of E. coli strain H1886, which is
the Tut™ parent strain of H1887. Strain K311 (pColV-
K311) served as a positive control in the aerobactin
test. Each isolate was tested twice.

Ferric aerobactin receptor

The method of Carbonetti and Williams [24] was used
for detection of the aerobactin receptor. Because the
receptor for the ferric—aerobactin complex is also the
receptor for cloacin DF13, the isolates were tested for
their sensitivity to this bacteriocin. Briefly, the isolates
to be tested were grown in Nutrient Broth (Difco)
which had been rendered iron-deficient by the addition
of 200 uM 2,2'-dipyridyl to induce siderophore recep-
tor synthesis. After overnight growth the bacteria were
spread as lawns on to nutrient agar. A crude
preparation of cloacin DF13 (20 ul) was then spotted
on to each lawn. Strains expressing the ferric
aerobactin receptor were indicated by a cleared zone
in the lawn. Cloacin was prepared by adding mitomy-
cin C (0.2 ug/ml) to a growing culture in nutrient
broth of the producer strain E. coli F205
(CloDF13::Tn901). After incubation with shaking
overnight at 37°C, cells were removed by centrifugation
and the cloacin-containing supernate was sterilised by
filtration.

Serum bactericidal assay

The susceptibility of bacteria to human serum was
determined by the method of Hughes et al. [25] as
slightly modified [26]. Bacteria were diluted to 2 X 10°
cells/ml in physiological saline; 25 ul of bacterial
suspensions and 75 ul of normal human serum were
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put into microtitration trays, mixed and incubated at
37°C. Viability was determined immediately and after
incubation for 1, 2 and 3 h. After mixing, samples were
taken and serial dilutions were plated on brain heart
infusion agar for colony counts. Responses were graded
from 1 to 6 as follows (each grade is shown by an
example isolate in Fig. 1a): grade 1, viable counts (VC)
after 1 and 2 h were <10% of the inoculum, after 3 h
<0.1%; grade 2, VC after 1 h were 10—100%, after 3 h
<10%; grade 3, VC after 1 h were >100%, after 2 and
3 h <100%; grade 4, VC after 1 and 2 h were >100%,
after 3 h <100%; grade 5, VC after 1, 2 and 3 h were
>100%, but VC fell at some time during the 3-h
period; grade 6, VC after 1, 2 and 3 h were >100% of
the inoculum and rose throughout the 3-h period. Each
isolate was tested three times.

Statistical analysis

The significance of differences between groups of
bacteria was evaluated by Yates’ corrected y* test for
2 X 2 contingency tables. Comparison of medians was
performed by the non-parametric ANOVA test of
Kruskal-Wallis followed by Dunn’s post test.

Results

A total of 70 clinical extra-intestinal isolates of H.
alvei was investigated for expression of haemaggluti-
nins, serum resistance properties and the production of
siderophores. The incidences of these factors were
compared with those observed in 314 clinical isolates
of other members of the tribe Klebsiellae (S.
marcescens, E. cloaceae, K. pneumoniae).

MSHA

MSHA indicative of type 1 fimbriac was detected in
59% of the H. alvei isolates (Table 1). This frequency
was not significantly different from that of MSHA in S.
marcescens isolates (46%), but it was significantly less

(p < 0.0001) than MSHA expression in clinical isolates
of E. cloacae (89%) or K. pneumoniae (86%).

MR/K-HA

MR/K-HA indicative of type 3 pili was observed in
50% of the H. alvei isolates (Table 1). H. alvei
expressed MR/K-HA significantly (p < 0.05) more
often than did S. marcescens isolates (26%), but
significantly less often than K. pneumoniae isolates
(70%).

Serum resistance properties

The isolates were examined over a period of 3 h for
susceptibility to the bactericidal effect of human serum.
The responses were arranged into six different grades
[25] as shown in Fig. la. An isolate was classified as
being either highly sensitive (grades 1 and 2),
intermediately susceptible (grades 3 and 4) or serum
resistant (grades 5 and 6). Almost half of the H. alvei
isolates (43%) showed high serum susceptibility (Fig.
1b). Serum resistance properties (grades 5 or 6) were
observed in 34% (Table 1). The incidence of serum-
resistant isolates in H. alvei was similar to that
detected among S. marcescens (26%) and K. pneumo-
niae 1isolates (25%), but was significantly less
(p < 0.0001) than in E. cloacae isolates (92%).

Siderophore production

All the H. alvei isolates investigated produced side-
rophores (Table 1). However, these siderophores were
neither enterobactin nor aerobactin; only one of the 70
H. alvei isolates produced the catechol-type side-
rophore enterobactin. This was in striking contrast to
the incidence of enterobactin secretion observed in the
other genera investigated (99—100%). Similarly, none
of the H. alvei strains secreted the hydroxamate
siderophore aerobactin. Aerobactin production was
observed at low frequency in S. marcescens (8.6%)
and K. pneumoniae (5.3%), whereas most of the E.

Table 1. Distribution of fimbriae, serum resistance properties and siderophores among clinical isolates of different

species of Enterobacteriaceae

Number of isolates (%) positive

H. S. E. K.
alvei marcescens cloacae pneumoniae™
Characteristic (n="70) (n=35) n=72) (n=207)
MSHA (type | fimbriae) 41 (59) 16 (46) 64 (89) 177 (86)
MR/K-HA (type 3 fimbriae) 35 (50) 10 (29) 36 (50) 145 (70)
Serum resistance 24 (34) 9 (26) 66 (92) 52 (25)
CAS-positive 70 (100) 35 (100) 72 (100) 206 (99.5)
production of:
enterobactin 1 (1.4) 35 (100) 72 (100) 205 (99)
hydroxamates 0 .. 3 (8.6) 66 (92) 26 (13)
aerobactin 0 .. 3 (8.6) 66 (92) 11 (5.3)

*Data from reference [19].
fGrades 5 or 6.



1000 - a grade 6
grade 5
100 +
1S
=
3
[S]
o
£ grade 4
g 10 grade 3
(o))
8
c
Q
o
()
a
1 -
grade 1 grade 2
0.1 > + 4
0 1 2 3
Time (h)
b
301
g 20 A
>
(8]
c —_—
3]
>
[on
o
LL
10
0 T T T T T
1 2 3 4 5 6

Grade of response

Fig. 1. Susceptibility of 70 clinical H. alvei isolates to
normal human serum: (a) grades of responses; (b)
distribution of responses among isolates.

cloacae 1isolates (92%) secreted this siderophore.
Interestingly, the single H. alvei isolate that was able
to produce enterobactin also expressed the ferric
aerobactin receptor, whereas production of this receptor
was not observed in any other of the isolates (data not
shown).

Cumulative expression of virulence factors

To determine whether H. alvei isolates express fewer
virulence factors than isolates of the other genera
examined, the factors expressed by each isolate
(MSHA, MR/K-HA, serum resistance, enterobactin

PUTATIVE H. ALVEI VIRULENCE FACTORS 211

production and aerobactin synthesis) were summed to
get the cumulative number of virulence factors ex-
pressed per isolate. A box-and-whisker plot of these
data is shown in Fig. 2. The mean number of virulence
factors expressed by isolates of H. alvei (1.4) was
significantly lower (p < 0.001) than that of either K.
pneumoniae (2.9) or E. cloacae (4.2), but not
significantly different (p > 0.05) from the mean num-
ber of virulence factors expressed by S. marcescens
isolates (2.1).

Discussion

The genera within the tribe Klebsiellae (Hafnia,
Serratia, Enterobacter, Klebsiella) differ greatly with
respect to their clinical significance. Whereas Kleb-
siella and Enterobacter spp. belong to the 10 most
frequently found bacterial pathogens that cause noso-
comial infections, Serratia spp. are much less common
in human clinical specimens [27]. H. alvei, on the
other hand, has been reported in rare cases to cause
human extra-intestinal diseases, and this species is
seldom considered to be pathogenic. It is still unclear
whether the low pathogenicity of H. alvei with respect
to extra-intestinal infections is caused by a lack of
virulence factors.

Many investigators believe that type 1 pili are
important virulence factors that facilitate attachment
to mucosal surfaces, thereby enhancing the ability of
the bacteria to cause infection. Type 1 fimbriae are
primarily associated with the pathogenesis of lower
urinary tract infections caused by E. coli [28] but they
may also be involved in the pathogenesis of pyelone-
phritis [29, 30]. Although they are widespread among
enterobacteria, so far no data on the incidence of type
1 piliation of Hafnia strains exist. In the present study,
the majority (59%) of clinical H. alvei isolates
expressed type 1 fimbriae. However, this percentage
was significantly lower than that observed in clinical
isolates of E. cloacae and K. pneumoniae.

It is also not yet known whether Hafnia strains can
produce type 3 pili. This fimbrial type facilitates
attachment to endothelial cells, epithelia of the
respiratory tract and uroepithelial cells [31, 32]. More-
over, type 3 pili have been shown to bind to type V
collagen of renal basement membranes [33]. In the
present study, 50% of the H. alvei isolates observed
were type 3 fimbriate. This percentage is identical to
that detected in E. cloacae isolates and even higher
than that in S. marcescens isolates (26%). These data
suggest that type 1 and type 3 piliation is a common
feature of H. alvei, being expressed in about half of
clinical isolates. It should be mentioned that another
kind of adhesion has been observed in diarrhoeal
isolates. These isolates produced attaching-effacing
lesions in rabbit ileal loops closely resembling those
induced by enteropathogenic E. coli [34].
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Fig. 2. Box-and-whisker plot of the cumulative number of virulence factors detected in clinical isolates of H. alvei, S.

marcescens, E.

cloacae and K. prneumoniae. Boundaries of the boxes represent the 25th and 75th percentiles

(interquartile range). Whiskers represent the ranges of values lying within 1.5 of the interquartile range. Square
markers indicate values between 1.5 and 3 times the interquartile range.

Clinical isolates of enterobacteria often show resistance
to the lytic action of human serum [35]. The serum
bactericidal effect belongs to the first line of defence of
the host against invading micro-organisms, and bacter-
ial serum resistance properties have been shown to
correlate with the onset of infection [36]. In a study on
sensitivity of H. alvei isolates to normal bovine serum,
five (19%) of 26 isolates examined were found to be
serum resistant [37]. With respect to sensitivity to
human serum, 34% of clinical H. alvei isolates were
found to be resistant to normal human serum. The
incidence of serum resistance properties in H. alvei
isolates was not less than that observed in the clinical
isolates of S. marcescens or K. pneumoniae, suggesting
that these bacteria have considerable ability to resist
the host’s innate defence mechanisms.

It should be noted that Aucken and Pitt observed a
much higher percentage of serum-resistant S. marces-
cens strains (46%) than that detected in the present
study [13]. Unfortunately, the studies are difficult to
compare because Aucken and Pitt performed their test
in a final serum concentration of 50%, whereas 75%
normal human serum was used in the present study.

The secretion of high-affinity iron-chelating side-
rophores enables bacteria within the host to compete
for this essential element, which is usually unavailable
because it is bound to host proteins. In enterobacteria,
mainly two types of siderophores are synthesised under
iron-limited conditions: the phenolate-type siderophore
enterobactin and the hydroxamate-type siderophore
aerobactin. Apparently, the two siderophores comple-
ment each other as they sequester iron from different
sources. It has been suggested that enterobactin-
producing bacteria acquire iron predominantly from
transferrin whereas aerobactin production allows iron
acquisition from cells [38]. However, neither side-
rophore type seems to play any role in H. alvei
because, with the exception of a single isolate, neither
enterobactin nor aerobactin production was observed.
This finding might indicate an incapacity of this
species to acquire iron within the host. However,
screening of the isolates with CAS agar demonstrated
that all strains secrete some kind of siderophore. It has
been shown that H. alvei is able to produce the
hydroxamate siderophores ferrioxamine G and E [39].
Thus, it is possible that the siderophore production
observed in the isolates in the present study is due to



production of ferrioxamine. The significance of this
siderophore type in enterobacterial pathogenicity is not
yet clear. Interestingly, except for one isolate, H. alvei
did not produce the aerobactin receptor. Bacteria
synthesising a functional aerobactin uptake system are
able to use exogenous aerobactin even if they are not
capable of producing aerobactin. It has been speculated
that aerobactin-negative bacteria may grow in infec-
tious processes by ‘borrowing’ aerobactin secreted by
other bacteria located at such sites [40]. However, data
from the present study do not provide any evidence
that H. alvei might use this kind of iron-uptake
mechanism.

Compared with species of higher clinical significance
(K. pneumoniae, E. cloacae), H. alvei isolates showed
less frequent expression of three of the five virulence
factors investigated (MSHA, enterobactin production,
aerobactin secretion). Interestingly, the frequency of
virulence factors in H. alvei was similar to that in
S. marcescens, whose clinical importance is much
lower than that of K. pneumoniae and E. cloacae.

No single factor investigated accounted for the low
pathogenicity of H. alvei. This accords with the
purported multifactorial nature of virulence. Therefore,
the different species were compared with respect to the
cumulative number of virulence factors expressed per
strain. The mean number of factors expressed was
significantly lower in H. alvei isolates than in K.
pneumoniae and E. cloacae isolates. Again, H. alvei
more closely resembled S. marcescens than either of
these two species. This suggests that the low patho-
genicity of H. alvei is due to the low expression
frequency of the whole spectrum of virulence factors
investigated in the present study. At present, it cannot
be ruled out that other, as yet unidentified, enterobac-
terial virulence factors might contribute to the
organism’s pathogenicity.
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