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ABSTRACT Siderophore production presence of iron-regulated outer membrane proteins and  
siderophore specificity was determined among 17 isolates of Aelomonas salmonicida subsp saimonl- 
cida obtained from Spain and Scotland All grew in the presence of ethylenediamine di(o-hydroxy- 
phenylacetic acid) (EDDA) and siderophore production was detected uslng chrome azurol S (CAS) 
agar confirming the presence of a high-affinity siderophore iron-uptake mechanism The Arnow test 
confirmed that all isolates produced a catechol siderophore Cioss-feeding assays with indicator bac- 
tena  showed the absence of anguibactin, enteiobactln 2 ,3 -d~hydroxybenzo~c  acid (DHBA) and  the 
hydroxamate siderophore aerobactin, in the iron-restricted supernants of a representative isolate 
which cross fed 15/17 A salmonlcida isolates tested Sodium dodecyl sulphate polyacrylamide gel 
electrophores~s (SDS-PAGE) showed the presence of the same 2 major l ion-regulated outer membrane 
proteins (IROMPs) 111 all lsolates when grown in l ion-~estricted conditions and siderophore strain speci- 
ficity as assessed by cross-feeding expeninents was not apparent Thus,  with respect to IROMP and 
slderophore production A s a l m o n ~ c ~ d a  appears to be a homogeneous species 
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INTRODUCTION 

Aeromonas salmonicida subsp. salmonicida is the 
causative agent of furunculosis in salmonid fish and 
produces a systemic disease which results in a chronic 
or acute haemorrhagic septicaemia, often with exten- 
sive liquefaction of host tissues (Munro & Hastings 
1993). 

Aeromonas salmonicida has the ability to grow 
rapidly in fish and produce disease. The bacterium is 
known to produce a siderophore-mediated iron uptake 
system (Chart & Trust 1983, Hirst et al. 1991), which 
may be one of the ways the bacterium obtains iron for 
growth in vivo from the host iron-binding proteins. In 
many pathogenic bacteria this mechanism consists of 2 
elements, the ferric chelating siderophore itself and a 
cell-associated receptor that processes the ferrisidero- 
phore for delivering the metal to the cytoplasm. The 
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cell-associated receptor is specific for its homologous 
siderophore and is responsible for siderophore strain 
specificity. In A. salmonicida the siderophore has been 
characterised as a catechol-phenolate but, using 4 
strains of A. salmonicida, a limited ability of sidero- 
phore-containing supernatants to cross-feed other 
strains was reported to suggest a siderophore strain 
specificity (Hirst et al. 1991). When grown under iron- 
restricted conditions, the bacterium expressed iron- 
regulated outer membrane proteins with molecular 
weight (MW) ranging from 74 to 86 kDa (Neelam et  al. 
1993, Hirst & Ellis 1994). The genes coding for these 
proteins have been sequenced (Collighan et  al. 1998) 
and are homologous with siderophore binding-proteins 
characterised from Escherichia coli and Vibrio anguil- 
larum. While studies (Chart & Trust 1983, Hirst et  al. 
1991) demonstrated siderophore production in typical 
strains of A. salmonicida, the exact nature of this 
siderophore is still controversial and the question of 
strain specificity, suggested by Hirst et  al.,  requires 
further investigation. The aim of the present study, 
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using l ?  isolates from Spain and Scotland, was to de- 
termine if siderophore production is widely distributed 
among isolates of A ,  salmonicida subsp. salmonicida, 
to investigate the presence and variability of iron- 
regulated outer membrane proteins and to clarify if 
there is substantive evidence for siderophore strain 
specificity. 

MATERIAL AND METHODS 

Bacteria. Seventeen Aeromonas salnlonicida subsp. 
salmonicida isolates were used in this study (Table 1). 
Eight were isolated in the northwest of Spain and 9 
from different parts of Scotland. Bacteria were rou- 
tinely grown either in tryptone soy broth (TSB, Oxoid) 
or on tryptone soy agar (TSA, Oxoid) at 22°C for 72 h,  
and were stored frozen at -70°C in TSB with 15% 
(v/v) glycerol. Ethylenediamine di(o-hydroxy-phenyl- 
acetic acid) (EDDA, Sigma) was added to 10 FM to in- 
duce conditions of iron restriction. Contaminating iron 
was removed from EDDA by the method of Rogers 
(1973). Bacteria were subcultured 3 times on the iron- 
restricted media before use to reduce internal ferric 
iron stores. All glassware was washed in 6 M HCl 
and rinsed 10 times in deionized-distilled water ob- 
tained from a Milli-Q water purification system (Milli- 
pore). 

Growth under iron-restricted conditions. The abil- 
ity of Aeromonas salmonicida isolates to grow in the 

presence of EDDA was determined on TSA. The mini- 
mal inhibitory concentration of EDDA was obtained as 
follows. Exponential cultures obtained by growing 
single colonies in TSB were spread on TSA plates 
supplemented with increasing concentrations of EDDA. 
Growth was scored after 72 h .  The lowest EDDA con- 
centration at which no growth was detected was re- 
corded as the minimal inhibitory concentration (MIC) 
of EDDA. 

Production of siderophores. Bacteria were screened 
for the production of siderophores by the method of 
Schwyn & Neilands (1987) using chrome azurol S 
(CAS) agar. Briefly, the assay was performed by spot- 
ting 10 p1 of each exponential bacterial culture previ- 
ously grown under iron-restricted conditions in TSB 
onto CAS agar. The siderophore levels produced by 
the isolates were recorded as the diameter of the 
orange halo produced by the colony. 

The presence of catechol and/or hydroxamate sid- 
erophores in unconcentrated culture supernatants 
obtained from bacteria grown either in normal or iron- 
restricted conditions in TSB was quantitatively deter- 
mined by the calorimetric assay of Arnow (1937), using 
2,3-dihydroxybenzoic acid (DHBA, Sigma) and the 
Atkin et al. (1970) method, using desferrioxamine 
mesylate (Desferal, Ciba-Geigy) as standards respec- 
tively. 

Cross-feeding assays. Cross-feeding assays were 
carried out as previously described (Hirst et al. 1991) 
on TSA plates containing a concentration of EDDA 

Table 1. Aeromonassalmonicida. Siderophore production by isolates. MIC: minimal ~nhibltory concentration, EDDA: ethylenedi- 
arnine di(o-hydroxy-phenylacetic acid) 

P P P P P P - - 

Strain IMIC (PM) of Concentration phenolate Concentration hydroxamate 
EDDA siderophore (PM) in siderophore (PM) in 

iron normal iron-restricted iron normal iron-restricted 
supernatants supernatants 

MT 984 d. ' 558 63 149 87 78 
MT 100la , '  I l l 7  4 4 105 4 5 39 
MT 1007",' 558 24 163 NT NT 
MT 975 ". ' 838 54 63 59 53 
MT 1025 1300 150 80 64 4 0 
MT 973"' 558 34 83 67 39 
MT 961 ". ' 11 17 15 136 85 64 
MT 1027d,' 11 17 76 90 65 4 6 
MT 1038",' 1117 65 87 NT NT 
~ 0 . 1 1 . 1 " ~ ~  558 2 8 87 86 5 8 
~ ~ - 4 2 ~ * ~  558 206 193 98 107 
~ 1 1 0 3 ~ " ~  558 11 86 24 34 
SCO 4.1d,2 1117 10 7 8 107 82 
A11Z7Br :' 558 18 4 4 33 0 
N ~ - 2 1 . 3 ' . ~  1117 100 99 31 30 
~ ~ - 1 9 . 1 ~ , ~  111.7 113 98 NT NT 
PP-91 b , 2  558 126 102 hT NT 

Origin of the strains: 'Salmo salar; bOncorhynchus mykiss, 'Salmo trutta; dOncorhynchus kisutch 
Donors: 'Marine Laboratory, Aberdeen, Scotland; 2~ E Toranzo (Departamento de Microbiologia y Parasitologia, Santiago de 
Compostela, Spain), 3 ~ .  F. Fernandez (Universldad de Vigo, Lagoas-Marcosende, Vigo, Spain) 
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higher than the MIC of EDDA for each isolate. The 
plates were seeded with approximately 105 colony- 
forming units Aeromonas salmonicida. The diameter of 
a growth halo around a 3 mm diameter well containing 
30 1.11 of culture supernatant was measured after incu- 
bation for 48 h at 22°C. The value was corrected by 
subtraction of the well diameter. The samples included 
culture supernatants of A. salmonicida obtained from 
cultures grown in TSB for 48 h at 22°C either in non- 
restricted or in iron-restricted conditions. Growth stim- 
ulation was recorded as positive if the diameter of the 
halo was greater than 4 mm. TSB and TSB with EDDA 
were added to wells as negative controls. 

Production of the catechol-type siderophores enter- 
obactin and anguibactin and the hydroxamate-type 
siderophore, aerobactin, was determined by bioassays 
as previously described using iron-restricted superna- 
tant of Aeromonas salmonicida strain TO. l l .  l .  Vibrio 
anguillarum ??5::Tn/-5 was used as indicator for an- 
guibactin (Crosa et al. 1983). Escherichia coli LG1522 
was used as indicator strain to detect aerobactin 
production (Williams 1979). Salmonella typhirnurium 
mutants enb-l and enb-7 were used as indicator 
strains to detect the production of enterobactin and 
DHBA (Pollack et al. 1970). These indicator strains 
were kindly donated by Dr A. E .  Toranzo, University of 
Santiago de Compostela, Spain. 

Iron-regulated outer membrane proteins (IROMPs). 
Induction of IROMPs were examined by growing the 
bacteria in CM9 minimal medium [prepared as de- 
scribed by Schwyn & Neilands (1987)l in the presence 
of 10 pM EDDA and comparing the protein patterns 
with those obtained when bacteria were grown in 
CM9 medium supplemented with 10 PM FeC13. 

Total membrane proteins were prepared as de- 
scribed by Aznar et al. (1989), and the outer membrane 
fractions were obtained by the method of Filip et a1 
(1973) by differential solubilization of the bacterial cell 
envelopes using 1.5 % sodium lauryl sarcosinate (Sar- 
cosy], Sigma). Pellets from total and outer membrane 
fractions were suspended in sample buffer, applied 
and run in a sodium dodecyl sulfate 12.5% poly- 
acrylamide gel (SDS-PAGE) as described by Laemmli 
(1970). The seperated proteins were visualized by 
silver staining (Morrisey 1981). 

RESULTS 

Growth of Aeromonas salmonicida under conditions 
of iron restriction 

All the isolates grew under iron-restricted condi- 
tions. The growth on media supplemented with 10 pM 
EDDA was similar to that observed on TSA alone. 

The MIC for the isolates ranged from 558 to 1300 pM 
EDDA (Table 1). This feature formed the basis of the 
cross-feeding assays in which culture supernatants of 
the various isolates of Aeromonas salmonicida were 
evaluated for their ability to reverse the growth restric- 
tion imposed by the MIC of EDDA for a particular 
isolate. 

Production of siderophore 

Siderophore production by all isolates was detected 
on CAS agar. Important quantities of a phenolate 
siderophore were detected by the method of Arnow 
(1937) In non-iron-restricted culture supernatants of all 
isolates. Production of this catechol siderophore was 
enhanced in iron-restricted culture supernatants of 
12/17 isolates as shown in Table 1. The colorimetric 
assay of Atkin et al. (1970) for the detection of hy- 
droxamate siderophores was positive for both iron- 
restricted and non-iron-restricted culture supernatants, 
but the concentration of this compound decreased in 
the iron-restricted culture supernatants of 11/13 tested 
isolates (Table 1). 

Cross-feeding assays 

The ability of the siderophore(s) present in the iron- 
restricted culture supernatants of each of the 17 iso- 
lates to cross-feed the other isolates was examined 
using a siderophore bioassay. Results are presented 
in Table 2. As controls, untreated as well as iron- 
restricted medium failed to support the growth of any 
isolate. Growth of 1 isolate (MT 1038) was stimulated 
by all supernatants. Growth of 5 isolates (MT 1001, 
MT 1025, SCO 4.1, NF-19.1, PP-91) was stimulated by 
33/34 iron and non-iron-restricted culture supernatants, 
the only exception being the supernatants of isolate 

obtained in iron-restricted conditions. Growth of 
6 isolates (MT 984, MT 961, MT 1027, PP-42, AI130B, 
NF-21.3) was stimulated by most (at least 27/34) super- 
natants, but these were not always the same ones and 
the stimulating supernatants were not related by ori- 
gin of the producing isolates. Growth of the other 4 
isolates (MT 1007, MT 975, MT 973 and TO. l l .1 )  was 
stimulated by less than 20/34 supernatants. Among 
these, 2 isolates (MT 973, AI1278) were stimulated by 
several supernatants but not by their own although 
their supernatants stimulated some other isolates. All 
isolates showed growth stimulation by supernatants 
from at least some other isolates grown under iron- 
restricted conditions except for one isolate (MT loo?), 
which was stimulated only by its own normal super- 
natant. Thus, although all supernatants did not stimu- 
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Table 2. Aeromonas salmonicida. Cross-feeding assays of isolates. Fe+: supernatant produced in  iron normal medium. Fe-: super- 
natant produced in iron-restricted medium (10 p M  EDDA). +/-. positivehegative growth stimulation of ~solates cultured with 

>MIC EDDA 

Strain culture Strain supernatant 

MT984 MTlOOl MT1007 MT975 MT1025 MT973 MT961 MT1027 MT1038 
Fe+ Fe- Fe+ Fe- Fe+ Fe- Fe+ Fe- Fe+ Fe- Fe+ Fe- Fe+ Fe- Fe+ Fe- Fe+ Fe- 

MT984 
MTlOOl 
MT1007 
MT975 
MT1025 
MT973 
MT961 
MT1027 
MT1038 
TO.l l .1  
PP-42 
AInon 
SC04.1 
AI1278 
NF-21.3 
NF-19.1 
PP-91 

Total no. isolates with 
stimulated growth 

T0.11.1 PP-42 AIlpoa SC04.1 A1u27R NF-21.3 NF-19 1 PP-S1 
Fe+ Fe- Fe+ Fe- Fe+ Fe- Fe+ Fe- Fe+ Fe- Fe+ Fe- Fe+ Fe- Fe+ Fe- 

MT984 
MTlOOl 
MT 1007 
MT975 
MT1025 
MT973 
MT96 1 
MT1027 
MT1038 

AI1308 
SC04.1 
Ai127~ 
NF-21.3 
NF-19.1 
PP-91 

Total no. isolates with 
stimulated growth 

late growth of all isolates assayed, with only the excep- restricted conditions cross-fed 13 isolates while the 
tion of MT 2007, growth of all isolates was stimulated iron-restricted supernatant only cross-fed one (Table 2).  
by supernatants from several other isolates obtained in None of the indicator mutant bacteria tested in cross- 
iron or non-iron-restricted conditions. feeding assays were stimulated by the iron-restricted 

No important changes in the number of stimulated supernatant of Aeromonassalmonicida isolate TO.l l . l  
isolates in the siderophore bioassay were found be- 
tween non-iron-restricted and iron-restricted super- 
natants of any isolate though some slight increase in IROMPs analysis 
the number of heterologous isolates stimulated by 
iron-restricted supernatants (especially of TO. 11.1) Outer membrane proteins from all the isolates when 
was observed (Table 2). The only exception to this was grown with and without available iron were examined. 
isolate AI127B, whose supernatant obtained in non-iron- Growth in iron-restricted conditions was associated 
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Fig. 1. Aeromonas salmonicida. Sodium dodecyl sulfate- 
polyacrylamide gel electrophoresis (SDS-PAGE) analysis of the 
outer membrane fraction isolated from cells grown in iron- 
restricted conditions (CM9 + 10 PM EDDA medium) in lanes 1 
and non-iron-restricted conditions (CM9) in lanes 2. Proteins 
were stained wlth silver staln. A: B: NF-19.1; C: SC04.1; 

St: Pharmacla low molecular weight standard; D: PP-42 

with an inducible increment in the amount of 2 outer 
membrane bands with molecular weights of 72 and 
75 kDa. These bands were common to all 17 isolates. 
Examples are shown in Fig. 1. 

DISCUSSION 

All the isolates examined in this study were able to 
grow in the presence of the high-affinity iron chelator 
EDDA, and siderophore produrtion was detected using 
the universal chemical assay, CAS agar. This confirms 
previous reports (Hirst et al. 1991, Zywno et al. 1992) 
that typical strains of Aeromonas salmonicida possess 
a high-affinity siderophore iron-uptake mechanism. 
Previous work (Hirst et al. 1991), using 4 typical 
strains, reported that in cross-feeding assays super- 
natants of 3 strains stimulated growth of the homolo- 
gous bacteria only, suggesting strain specificity in the 
siderophore produced. However, the remaining strain 
studied produced a culture supernatant with growth- 
stimulating activity for the other typical as well as 
atypical strains of A. salmonicida (Hirst et al. 1991). 

The present results using 17 typical isolates showed 
that the siderophore present in iron-restricted and non- 
iron-restricted culture supernatants stimulated growth 
of both homologous and most heterologous isolates, 
indicating no siderophore strain specificity in Aero- 
monas salmonicida. As some isolates had a higher MIC 

for EDDA than others, the concentration of EDDA 
used in the bioassay plates was not constant and, as 
the concentration of siderophores in the test super- 
natants was variable, this may explain the variation 
with which certain supernatants stimulated the growth 
of some isolates and not others and may also be the 
explanation for the results reported by Hirst et  al. 
(1991). 

The positive results in cross-feeding assays using 
non-iron-restricted culture supernatants showed the 
production of siderophores after 48 h of growth, prob- 
ably because after logarithmic growth iron may have 
become limiting, thus stimulating some siderophore 
production. However, in general, iron-restricted con- 
ditions enhanced siderophore production as detected 
by the Arnow assay for catechol siderophore in 12/17 
isolates. These results indicated that a catechol sidero- 
phore was produced and confirmed the results of Hirst 
et  al. (1991), who found catechol siderophore in non- 
iron-restricted culture supernatants using the Rioux et 
al. (1983) method. On the other hand, while the Atkin 
assay for hydroxamate siderophores was positive, the 
decrease in concentration in iron-restricted super- 
natants in nearly all isolates tested suggested that this 
compound could not be considered as a siderophore. 

All 17 Aerornonas salmonicida isolates produced 2 
major outer membrane proteins when grown in iron- 
restricted conditions. The molecular weights were 
similar to those described by Chart & Trust (1983), 
Aoki & Holland (19853 and Hirst & Ellis (1994). Col- 
lighan et al. (1998) have demonstrated from gene 
sequencing data that the IROMPs have homology with 
the siderophore receptors of Escherichia coli and 
Vibno anguillarum. Thus, siderophore receptor IROMPs 
appear to be common to all typical A.  salmonicida 
strains. 

The exact nature of Aerornonas salmonicida sidero- 
phore is still controversial. Previous studies (Hirst et al. 
1991) found that the siderophore produced by typical 
strains behaves as a catechol-phenolate in several 
colorirnetric assays, and culture supernatants of A. hydro- 
phila 1 108 and Vibno anguillarum 2286 (775 pJM1) con- 
taining amonobactin and anguibactin were unable to 
promote the growth of typical A. salmonicida strains. 
However, culture supernatants of bacteria containing 
enterobactin (A. hydrophila Bn2 and 80-AI; Enterobacter 
cloacae, NCTC 11580 and Escherichia coli, NCTC 9001 
and NCTC 50147) promoted growth of A ,  salrnonicida to 
a small extent (Hirst et al. 1991). This suggests differ- 
ences in the chemical nature of the inducible catechol 
siderophore of A. salmonicida and enterobactin. It has 
also been reported (Zpvno et al. 1992) that 9/10 strains of 
A. salmonicida genospecies produced amonobactin, a 
phenolate siderophore containing DHBA, and only one 
produced no siderophore. 
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Our results using the Arnow assay confirmed pro- 
duction of a catechol siderophore, but cross-feeding 
assays showed that the siderophore of Aerornonas sal- 
rnonicida isolate TO. 1 l .l. failed to induce the growth of 
mutant bacteria requiring exogenous catechol sidero- 
phores including anguibactin, enterobactin, DHBA, or 
the hydroxamate siderophore, aerobactin, indicating 
that A.  salmonicida does not produce these sidero- 
phores. Further studies are necessary to confirm pro- 
duction of amonobactin by A. salmonicida. 

From the results we conclude that a catechol 
siderophore is widely produced among Aeromonas 
salmonicida isolates, that typical strains possess a com- 
mon siderophore receptor induced by iron-restricted 
culture conditions and that siderophore strain speci- 
iicity is not apparent. Thus, as with many other charac- 
teristics, the siderophores and their receptors appear to 
be homogeneous in A. salmonicida subsp. salmonicida. 
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