
BioMeta/s 1996.9. 337 344 

Proferrioxamine profiles of Erwinia herbicola and related bacteria 
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Two strains of Erwinia herbicola effective in the biocontrol of E. amylovora, the etiological agent of fire 
blight, were screened for proferrioxamine siderophores by on-line liquid chromatography-electrospray mass 
speclrnmetry (LC-MS). Type strains of E. herbicola and Pantoea species were included in this study for 
taxonomic comparisons. Proferrioxamine profiles similar to thai previously described for E. amylovora, 
including tri- and tetrameric hydroxamates and diaminopropane-containing proferrioxamines, were observed 
for P. agglomerans, but not for other E. herbicola.like species. Biocontrol activity was not correlated with 
proferrioxamine synthesis. The results of this study are consistent with the notion thai some, but not all, 
bioconlrol strains may inhibit E. amylovora via competition for iron. Further studies into the link between 
biocontrol of fire blight and siderophores are thus warranted. This study also revealed limitations of stan- 
dard nutrient utilization and fatty acid profile analyses for the differentiation of P. agglomerans, P. dispersa 
and other E. herbicola-like species from each other. Given these limitations, LC-MS may become a much 
needed additional diagnostic tool for the identification of E. herbicola-like strains at the species level. 
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Introduction 

New control agents for Erwinia amylovora, the 
causal agent of the devastating tire blight disease 
of apple and pear, are urgently needed because 
currently available antibacterial agents have become 
ineffective due to resistance of the pathogen (Burr 
et al. 1993, Chiou & Jones 1993, Johnson et al. 1993, 
McManus & Jones 1994). Restrictions on the use of 
antibiotics in agriculture also limit our ability to 
prevent fire blight. The recent serendipitous finding 
that 5-hydroxylysine inhibits growth as well as 
siderophore production of E. amylovora (Feistner 
1994, 1995a) has led to the working hypothesis that 
it may be possible to prevent fire blight via inter- 
fcrence with iron acquisition in E. arnylovora. This 

Part 14 in the series "Metabolitcs of Erwinia', for Part 13 see 
Feistncr (1995e). 
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in turn has raised the question of whether the 
inhibitory activity of known biological control strains 
is due, at least in part, to competition for iron. While 
it is known that E. amylovora produces proferriox- 
amines (pFOs) (Feistner et al. 1993a,b), there is 
no report yet on the siderophores of fire-blight- 
inhibitory strains. 

Biological control strains can readily be isolated 
from plants and many have tentatively been identi- 
tied as Erwinia herbicola (Ishimaru et al. 1988, 
Wilson et al. 1990, E1-Goorani et al. 1992, Vanneste 
et al. 1992, Johnson et al. 1993, Obrien 1993, 
Wodzinski & Paulin 1994, Wodzinski et al. 1994). 
However, the classification of E. herbicola and 
E. herbicola-like strains from plants or clinical 
sources has long been debated. Plant pathologists 
historically use the name E. herbicola, while clinical 
microbiologists use the synonym Enterobacter agglo- 
merans. More recently, Gavini et al. (1989) proposed 
reclassification of strains within the Herbicola- 
Agglomerans complex based on DNA homology and 
protein profiles. A new genus and two species, 
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Pantoea agglomerans and P. dispersa, were  pro-  
posed .  Some  strains  p rev ious ly  ident i t ied  as 
E. herbicola were  reclassif ied as P. dispersa, and 
o thers  as P. agglornerans. Whi le  the s i de roph o re s  of  
some E. herbicola (E. agglomerans) strains have 
been  r e p o r t e d  to be p r o f e r r i o x a m i n e s  (Be rne r  et al. 
1988, B e r n e r  & W i n k e l m a n n  1990), it is not  known 
whe the r  p r o f e r r i o x a m i n e  synthesis  is a genera l  
p h e n o t y p e  of  all s t rains  of  E. herbicola (Pantoea 
spp.).  It is conce ivab le  that  some b iocon t ro l  agents  
p r o d u c e  s i de ropho re s  o the r  than p r o f e r r i o x a m i n e s  
and that  these  may  p rov ide  a compe t i t i ve  edge  for 
the  b iocon t ro l  s t rains  ove r  E. arnylovora. 

The init ial  pu rpose  of  this s tudy was to d e t e r m i n e  
whe the r  Eh 198/1, a p o t e n t  b iocon t ro l  agen t  for E. 
amylovora that  was recen t ly  ident i f ied  in the  Czech 
R e p u b l i c  (Kokogkovf i  1991, 1996), would  p r o d u c e  
p ro fe r r ioxamines .  W h e n  Eh 198/1 tu rned  out  to be 
pFO- ,  an a t t e m p t  was m a d e  to t axonomica l ly  
classify this bac t e r i um by ex t end ing  the s tudy to 
severa l  type  s trains  of  E. herbicola and Pantoea 
spp,, and  by  c o m p l e m e n t i n g  the p r o f e r r i o x a m i n e  
analyses  with e s t ab l i shed  t axonomic  me thods ,  i.e. 
classical  b iochemica l  (Bio log  TM) and gas chro-  

m a t o g r a p h y - f a t t y  acid methyl  es te r  ( G C - F A M E )  
analyses .  F u r t h e r m o r e ,  in o r d e r  to eva lua te  w h e t h e r  
the  p F O -  p h e n o t y p e  was a genera l  charac te r i s t i c  of  
fire bl ight  cont ro l  s trains,  a second  biologica l  cont ro l  
s t rain,  C9-1, was also inc luded  in this s tudy.  

Materials and methods  

Bacterial strains and growth conditions 

Bacterial strains used in this study are listed and charac- 
terized in Table 1. All strains were maintained at -78~ 
in LB medium containing 15% glycerol. Siderophore 
production was stimulated on MMB minimal medium 
consisting of 2 g 1 1 K2HPO4,3H20 ' 0.1 g 1 I MgSO4.7H20 ' 
0.4 g 1 1 (NH4)2SO 4, 2 g I I sucrose, 100 txg 1 ~ nicotinic 
acid, and ferric citrate in a concentration of 10 S M. 
Cultivation was in batches of 50 ml in 250 ml Erlenmeyer 
flasks at room temperature (18-25~ and under moderate 
stirring using teflon-coated magnetic stir bars. 

the 60 rain chromatographic rnn and Ihc data anal\zed 
for the protonated molecular ions of the \arious expected 
proferrioxamincs. 

lro#l-hinding compotmds o/ Eh I?S/1 

To obtain preliminary evidence for the presence of 
siderophores in Eh 198/l, the corresponding extract was 
analyzed by RP-HPLC and diode array absorbancc detec- 
tion before and after addition of ferric citrate. A Hewlett- 
Packard 1090M workstation, an ABI ('j<~ column 
(2.1 • 220 ram) plus a 3 nnn prccolumn, a linear gradicnt 
of 0 45% acetonitrile in 0.1% TFA over 40 rain followed 
by a plateau, and an injection volume of 50 lal were used. 
Four LC peaks (with retention times of approximately 19. 
30, 37 and 43 rain) which, following the addition of 150 
nmol of ferric citrate, were shifted to apparently shorter 
retention times, were considered to be due to iron-binding 
compounds. 

Zrttow LISS[l$ 

This test for catechols was performed as described 
(Ishimaru & Loper 1993), except that only 20 ~1 each of 
sample and reagents were used. A control test with water 
as sample was negative. 

Enterohactin screening 

When the Arnow assays turned out to be positive, the LC- 
MS data that had been acquired with the intention to 
screen for proferrioxamines, were also screened for 
[M+H] + ions of cyclic (m/z 670) and linear entcrobactins 
(trimer m/z 688: dimer m/z 465: monomer m/z 242). Peaks 
h)r cyclic enterobactin and its linear trimcr, but not the 
mono- and dimer, were indeed found at elution times 
longer than those of the proferrioxamincs. The iron- 
binding ability of the compound with m/z 688 was corrob- 
orated by the fact that a corresponding strong 
[M 2H+Fe] + ion at m/z 741 could be observed h)r an 
extract of ATCC 14589 (100 Ixl) only after treatment with 
ferric citrate (775 nmol). The [M-2H+Fe] + ion was 
detected in connection with the residual free siderophorc 
LC peak, rather than in connection with a new LC peak 
for ferric enterobactin. An LC peak for fcrric enterobactin 
could not be observed, presumably because it was washcd 
out in the void volume (Berner et al. 1991). 

Proferrioxamine screening 

Bacterial culture supernatants were screened for pro- 
ferrioxamines following the method previously developed 
for E. amylovora (Feistner et al. 1993b, Feistner 1995a). 
Briefly, the culture supernatants were dried and extracted 
with methanol, and 5-10 ixl of each extract were analyzed 
by a microgradient reversed-phase chromatography sys- 
tem that was coupled to a Finnigan electrospray triple 
sector quadrupole mass spectrometer. Full scan mass 
spectra (m/z 50-2000) were continuously acquired over 

Test .[or pecto@tic activi O' 

Pectolytic activity was determined on modified crystal 
violet-pectate (CVP) medium (Schaad 1988). Pitting of the 
medium surrounding individual colonies indicated the 
presence of pectolytic activity. 

Biolog TM allalyscs 

Initial Biolog TM analyses (identified by extension -1 ) wcrc 
performed on Eh 198/1 and the two P. diaT)ersa ATCC 
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Table 1. l~;iochcmical and taxonomic characterization of the A. herhicola-like strains used in this study 

5;Ir;lhi ,~l:.llIcc IsA pF() Arnow Enicro- Primary I1) Sire l)isl Primary ID Sire Dis Primary ID Sire Dis 
mh Test bacfins by Biolog I cocf cocf bv Biolog2 coef cocf by coef coef 

GC-FAME 

F,h 198/I Koko~kovfi + - + + Cedecea 0.40 2.2 Klehsiella 0.50 4.7 E. carotovora 0.80 2.4 
lalmgei pneumoniae carolovora 

Eh 24()(~ Koko,qkovli -+ + + ND ND ND 
( '(  'M 24O6 

Eh 1Nit) Kokof;kovfi + + + NI) ND ND 

I'. diwwr.~, AT( ' ("  NI) - ++ ~ P. dispersa 0.85 2.0 P. dispersa 0.31 6.0 P. ananas 0.83 2.2 
Upc shahl 14.489 
opacjtle: 
pre~iousl> : 
f:. h e r l , c < , l a  

t'. dis/wma A I ( ' ( "  ND ND NI) NI) P. 0.63 5.6 E. 0.51 7.8 
tl-allslneelll 145S t) Og,t~lOl#l~Jl'HH5 agglomerans 

biogroup 2A 

P. ananas 0.76 2.7 

I'. ag,~,,h,- Beer NI) ~ + + ND P. 0.87 2.0 P. 0.73 3.0 
merans: old A I ( ' ( "  agg/omerans agglomerans 
Is t,'rhic<da 33234 group I Clin 
lypc Mrail l  

I'. a V,'j,- A T ( ' ( '  ND + + + ND P. 0.82 2.7 P. 0.89 1.8 
###cran ~ -lype 27155 ag<glomerans agglomeran,s 
sh ail l: old 
1:'. fI,k,~/~*I#H,IyIHV 
netHvl~c,' 

('q-I l s h i m a r u  + # ~ v NI) P. 0.77 3.4 P. 0.77 2.6 
agglomerans agglomerans 

Ni). 11ol determined:  inh. inhibitory: 11), identification: Simcoef, similarity coefficient; Dist coef, distance coefficient. 

145X9 strains by Analytical Services (Essex Junction, VT) 
using Mie:olog TM System version 3.5 and well-by-well 
(,,ipcrzHor) eva}tlaliOll of the 9B-well plates. Aflcr  growth 
on irypticasc ~oy agar (TSA),  the cultures were suspended 
in slerilc saline and aliquots loaded into the appropriate 
n l i c lo l i l c r  plales ( ( t ram-negat ive) .  When it became clear 
t l lal  f:h 198il most I ikclv was not P. d isper ,~a ,  lhc colnpar- 
ison ~ i s  cxlendcd lo oilier 1:. kerhicokl-lype sliahls. The 
P. di,wwlwa slrains wcrc again included in order to have 
all dala acquired under identical conditions. The second 
set of Biolog TM analyscs (identified bv extension 2) was 
performed by Microbe lnotech Laboratories (St. Louis, 
M()). using the same culture treatment as above and also 
Microh}g TM System version 3.5 but employing an auto- 
i l la led microphi le  leader. 

(;('-lAMA' 

(R ' - f  ,,\M[! analyses were performed by Microbe Inotech 
l~abor',itorics using Method I Standard G C - F A M E  after 

24 11 incubation on TSA. Tile results were compared 
against the Aerobe (TSBA [revision 3.90]) and the 
('linical Aerobe (('LIN [revision 3.90]) databases. 

Results and discussion 

Proferrioxamine profiles 

As  e x p e c t e d ,  production of proferrioxamines a m o n g  

strains of  the Herbico la-Agglomerans  complex 
varied, with Eh 198/1 and P. dispersa being p F O ,  
whereas all other strains investigated were pFO + 
i n c l u d i n g  the  type  s t ra ins  for E. agglomerans 
(P. agglomerans) and  E. herbicola ( T a b l e  1). T h e  

pFO' strains produced a proferrioxamine profile 
very similar to that of  E. a m y l o v o r a  (Feistner et al. 
1993a,b). The profile for the type strain of P. 
agglomerans ( A T C C  27155) is s h o w n  as an  example 
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Figure 1. Proferrioxamine profile for the type strain of 
P. agglomerans (ATCC 27155). Shown are the respective 
molecular ion chromatograms, acquired by on-line 
reversed phase LC-MS. The numbers at the left side of 
the panels refer to the respective masses of the protonated 
proferrioxamines. The numbers to the right side of the 
panels indicate the relative abundance of each profer- 
rioxamine. The peaks are labeled using the new profer- 
rioxamine nomenclature (Feistner 1995b). 

in Figure 1. Our data confirm previous reports 
by Berner  (1988, 1990) in that the major siderophore 
was found to be pFO555c (pFO E; regarding the new 
pFO nomenclature, see Feistner 1995b). Under our 
growth conditions, pFO455c (pFO D2) also was a 
major siderophorc. In addition, we identified 
tetrahydroxamates and diaminopropane-containing 
proferrioxamines that were not previously known to 
be metabolites of E. herbicola, On the other hand, 
we found no evidence for pFO555A c (pFO B) in any 
of our cultures. The qualitative differences between 
this and the previous reports may be attributed to 
the sensitivity and precision of the on-line LC-MS 
method employed in our study. 

Siderophores other than proferrioxamines 

Our hypothesis that some strains of E. herbicola 
(Pantoea spp.) rely on siderophores other than pro- 
ferrioxamines for their iron nutrition was supported 

not only indirectly through the absence of pro- 
fcrrioxamines but also more directly by a positive 
Arnow test, which is indicative of catcchol (and 
potentially of catechol siderophores), for all strains 
investigated (Table 1). The Arnow reaction was 
particularly strong for P. disT~ersa and this is con- 
sistent with the notion that P. dispersa may com- 
pensate for the lack of proferrioxamines by over- 
producing catechol siderophores. A retrospective 
analysis of the previously acquired LC-MS data 
showed that these catechols are, at least in part, 
identical to the enterobactin siderophores previously 
reported for E. herbicola by Berner et al. (1991). 
Molecular ions for both cyclic enterobactin and its 
linear trimer were observed, but evidence for enter- 
obactin mono- and dimers was lacking. Since our 
LC-MS system was not thoroughly evaluated for the 
analysis of enterobactins, we do not wish to make 
quantitative statements except for the comment that 
there appeared to be only traces of enterobactins 
for the strains obtained from the Czech Republic, 
including Eh 198/1. 

In contrast to what was found for P. dispersa, the 
Arnow test did not indicate that Eh 198/1 was 
compensating for the lack of proferrioxamines with 
the overproduction of catechol siderophores. In this 
case, evidence for major siderophorcs other than 
proferrioxamines was obtained through differential 
RP-HPLC analysis of the supernatant of Eh 198/1 
before and after the addition of ferric iron. Four 
chromatographic peaks were found to shift their 
position upon the addition of ferric citrate and 
presumably were due to iron-binding compounds 
(not shown). Studies to identify these atypical 
siderophores now seem to be warranted. We also 
propose extension of our LC-MS screening to the 
siderophores of other biocontrol strains. The corre- 
sponding siderophores may find use as novel control 
agents for fire blight and/or serve as lead compounds 
for the synthesis of such. 

Proferrioxarnines and biocontrol 

Our study provides evidence for (Eh 198/1) and 
against (C9-1) the notion that biocontrol of fire 
blight may be due to incompatible siderophores. C9- 
1 produces a pattern of proferrioxamines in vitro 
that is nearly identical to that of the pathogen. This 
may mean that for C9-1, and presumably other 
biocontrol strains, iron competition is not an im- 
portant mechanism, since organisms with similar 
iron acquisition systems would be expected to 
compete equally for iron. However,  biocontrol with 
live organisms is complex, and even for C9-1, iron 
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competition cannot be entirely ruled out. Other  
factors affecting siderophore production and uptake 
can contribute to the overall outcome of iron compe- 
tition. For example, regulation of siderophore gene 
expression might be controlled differently in the 
pathogen and in the biocontrol agent. Relative 
growth rates, location and distribution in the host 
plant, and nutrient availability in colonized tissues 
also may influence availability of iron and thus 
expression of siderophores (Loper  & Ishimaru 
1991). 

On the other hand, even when organisms produce 
differcnt siderophorcs, as seems to be the case for 
E. amvlovora and Eh 198/1, iron competition may 
or may not be important to biocontrol. For example, 
biocontrol of Pvthittm damping-off of cotton was 
found to be independent of the production of 
aerobactin or enterobactin by the biocontrol agent 
Enterohacter cloacae (Costa & Loper 1994). A 
combination of genetic and biochemical approaches 
will bc required to conclusively deline the role of 
iron competition in any biocontrol of fire blight. 
The results of our study encourage such more ambi- 
tious investigations. Provided fire blight control 
through interference with iron acquisition is princi- 
pally feasible, the complications arising from control 
with live organisms may be aw)ided by applying 
the siderophores (produced through synthesis or 
fermentation) directly. 

TaxoHomic studies 

To direct future searches for biocontrol strains that 
produce siderophores other than proferrioxamines, 
it was of interest to taxonomically classify Eh 
198/1. The results from the proferrioxamine study 
(Table 1) suggested that Eh 198/1 might be a strain 
of P. dispersa. The LC-MS studies were therefore 
complemented with fatty acid profiling (GC-FAME) 
and carbon source utilization (Biolog TM) studies. In 
connection with these studies, our stock culture of 
P. dispersa was found to consist of two strains that 
were distinguishable on grounds of their colony type: 
opaque and translucent, and hence they were 
analyzed separately. As Table 1 shows, the Biolog TM 

and the GC-FAME systems unanimously corrobo- 
rated the identity of the E. agglomerans (P. agglom- 
erans) reference strains (ATCC 33234 and 27155). 
The E. amylow~ra-inhibitory strain C9-1 also was 
unambiguously identified as P. agglomerans. How- 
ever, the GC-FAME and Biolog TM primary identi- 
fications were unfortunately inconsistent with each 
other for Eh 198/1 and the two P. dispersa strains. 
To better understand the underlying reasons for 
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these inconsistencies, the data were analyzed in 
more detail. 

GC-FAME 

Table 2 presents a summary of the fatty acid profiles 
for the two E. amylovora-inhibitory strains, Eh 198/1 
and C9-1, the two P. agglomerans ATCC reference 
strains, and the two P. dispersa strains. Considering 
the fact that there are more than 200 fatty acids and 
related lipids known, the fatty acid profiles for all 
strains in our study are quite similar. Consequently, 
the differentiation of Pantoea spp. is not straight- 
forward. The last column of Table 2 lists previous 
summary results by Wells et al. (1994) obtained on 
various E. herbicola strains. Retrospectively it is 
clear that their selection of E. herhicola strains 
comprised both P. agglomerans and P. dispersa: this 
may explain the wide percentage range given for 
some fatty acids. In contrast, Table 2 suggests that 
the E. herbicola strains investigated in this study fall 
into several clusters with narrower fatty acid distri- 
butions, and thus differentiation of Erwinia species 
beyond the stage achieved by Wells et al. may be 
possible. In particular, it appears that P. agglom- 
erans and P. dispersa might be distinguishable on 
grounds of the ratio of the GC peaks at 9.7 (16:1 + 
others) and 13.1 rain (18:1 + others). In our study, 
the ratio of the first to the second peak turned out 
to be >1 for P. agglomerans and <1 for P. disper,sa. 
This is a tentative conclusion, which will have to be 
conlirmcd with a larger number of strains. Also, the 
specific fatty acid giving rise to this difference will 
have to be identified by GC-MS studies. 

Two other conclusions could be drawn. First, the 
two strains derived from ATCC 14589 are obviously 
closely related to each other and thus we believe 
that one is a mutant of the other. Of the two strains, 
the one with the opaque colony type most closely 
resembles the Biolog TM P. dispelwa reference data 
(see below). The reason why neither strain was iden- 
tified as P. dispersa turned out to be a trivial one: 
Having only recently been introduced as a new 
species, P. dispersa was not yet in the GC-FAME 
database: P. ananas obviously was the next closest 
match. Our second conclusion is that, in contrast to 
our expectation, Eh 198/1 is not closely related to 
P. dispersa, and also differs from P. agglomerans, 
and this suggests to us that the Herbicola-  
Agglomerans complex is more diverse than previ- 
ously thought. Apparently, the species that Eh 198/1 
belongs to is also not in the GC-FAME data base: 
Eh 198/1 was ruled out to be E. carotovora on 
grounds of it being non-pectolytic. 
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T a b l e  2.  G C - F A M E  a n a l y s e s  o f  t h e  E. herbicola-like s t r a i n s  i n v e s t i g a t c d  in t h i s  s t u d y  

R T  F a t t y  3 3 2 3 4  2 7 1 5 5  C-91  1 4 5 8 9 - t  1 4 5 8 9 - 0  198/1 W e l l s  

( r a i n )  a c i d  

4 .5  12 :0  3 .3  3 .2  4 .3  3 .8  3 .8  6 .9  3 . 5 - 4 . 5  

6 .9  14:0  5 .8  4 .9  5 .7  3. l 3 .5  1.7 3 . 6 - 4 . 3  

7 .6  u n k n o w n  0 .7  0 .7  (1.6 0 .7  (1.6 0 .5  

8 .4  15 :0  0 .5  0 .3  0 .4  0 .4  0 .5  

8 .7  14 :0  2 - O H  1.9 1.5 

9 .2  14:0  3 - O H  + o t h e r s  8 .3  7 .6  8 .2  8.1 7 .6  7 .4  4 . 6 - 7 . 2  

9 .7  16:1 to7c + o t h e r s  3 3 . 7  3 3 . 8  2 9 . 4  18.1  19 .8  3 1 . 8  1 7 . 5 - 2 4 . 2  

10 .0  16:0  3 2 . 6  30 .5  29 .7  3 3 . 8  3 3 . 8  2 9 . 3  2 8 . 1 - 3 5 . 7  

l 1.5 17 :0  c y c l o  4 .3  8 .5  3 .3  3 .9  2 .9  1.6 5 . ( / - 6 . 7  

11.7  17:0 0 . 4  /).3 (1.4 0.3  0 . 9  

13.1 18:1 to7c  + o t h e r s  8 .7  13 .6  11.9  2 3 . 6  2 3 . 7  17 .4  1 3 . 9 - 3 1 . 9  

13.4 18:0  (1.3 0 .4  0 .4  0 .3  0 .3  

15 .0  19:0  c y c l o  + o t h e r s  0 .3  (1.3 

T a b l e  3 .  D i f f e r e n c e s  in  t h e  B i o l o g  TM p a t t e r n s  b e t w e e n  t h e  s t r a i n s  a n a l y z e d  

C a r b o n  Pae~ p 3 3 2 3 4  2 7 1 5 5  C 9 - 1  P d - t - I  P d - t - 2  P d - o - 1  P d - o - 2  P d ~ p  198/1-1  1 9 8 / 1 - 2  

s o u r c e  ( % )  ( % )  

A 7  2 2  . . . . . .  I) - + 

A 9  6 . . . . . .  11 + / -  + 

A 11 9 0  + + + + + + 100  + / -  + 

A I 2  3 0  - - - + + + + 100  + + 

B 1 0 - - - + + + + 100 - +/  

B 3  7 - - + - + / -  + 0 + / -  + 

B 5  7 2  + - + + + + + 100 + + 

B 8  51 - - + /  - - 100 + + 

B 9  3 0  - - + / -  - - 0 + / -  + 

C1  3 0  + / -  - + - + / -  + + 2 0  + + 

C 4  14 . . . . .  + / -  0 + + 

C 6  1 0 0  + / -  + /  + - + + 10(1 + + 

C 9  7 2  - - +/  . . . .  100  + / -  + 

D 5  7 - - + + + + 100  + + 

D 8  4 5  - - + / -  + + + + 100 + + 

E l  0 . . . .  + /  + 0 - - 

E 4  6 4  . . . . .  + + 100  + - 

E 7  6 8  + - + . . . .  0 + - 

E 9  6 6  + + + - + + + 100  - 

F 2  1 0 0  + - - + + 5 0  + 

F 4  0 - - - + + 100  + 

F I  1 5 6  + + + + + + 100  + - 

G 4  7 0  + + + - + + / -  411 + 

G 8  5 7  . . . .  + + 10(1 + / -  - 

G I 2  5 2  + + + - + + + 10/1 - 

H 1  1 0 0  + + + + + + + 100  + 

Pacx p a n d  Pdc• % of  s t ra ins  of  P. agglomerans a n d  P. dispersa, r e spec t ive ly ,  e x p e c t e d  to be  pos i t ivc  for  a p a r t i c u l a r  b i o c h e m i c a l  c h a r -  
ac ter is t ic :  Pd- t -#  a n d  Pd-o-#:  resul t s  f r o m  two  d i f f e ren t  a s says  fo r  the  t r a n s l u c e n t  a n d  o p a q u e  s t ra ins ,  r e spec t ive ly ,  which  were  d e r i v e d  
f r o m  A T C C  14589; 198/1-#: resul t s  f r o m  two  d i f f e ren t  a s says  for  the  E. amylovora-inhibitory s t ra in  E h  198/1 o b t a i n e d  f rom B. 
Koko,~kov& AT: N - a c e t y l - D - g a l a c t o s a m i n e :  A9:  adon i to l :  A l l :  D-arab i to l :  A12:  ce l lobiose ;  B l: i -c ry th i to l :  B3: l . - fucose:  B5: gen t i o -  
biose:  BS: a -D- l ac to se :  B9: lac tu lose :  CI :  D-mel ib iose ;  C4: D-raf t inose:  C6: D-sorbi to l :  C9: t u r a n o s c :  D5: D-ga l ac ton i c  acid  l ac tone :  D8: 
D - g l u c o s a m i n i c  acid;  E l :  p - h y d r o x y - p h e n y l a c e t i c  acid:  E4: a - k e t o  g lu ta r i c  acid;  E7: m a l o n i c  acid:  E9: qu in i c  acid:  F2: s u c c i n a m i c  acid:  
F4: a l a n i n a m i d c ;  F11: g lycy l -L-aspa r t i c  acid:  G 4  :L-orn i th ine ,  G8:  D-ser ine:  G I 2 :  y - a m i n o  b u t y r i c  acid:  H I :  u r o c a n i c  acid.  
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Biochemical  tmalvses 

As could be expected, the metabolic activities of the 
stratus in this study were also quite similar. The 
Biolog rv systcm monitors 95 metabolic activities and 
with regard to 69 of these, all strains, except thc 
translucent mutant  of ATCC 14589, which had lost 
several metabolic activities compared  to the parent 
strain, were indistinguishable. The other 26 meta- 
bolic activities arc listed in Table 3 together with the 
Biolog TM cxpectations (in %) for P. aggh)meran.~' 
(Pa~ I ) and P. dispersa (Pd,~p). The Biol()g T M  expec- 
tations arc based on information about several 
strains for each species (exact numbcr  proprietary 
knowledge). Out of these 26 activities, we found 
nlany to bc variable evcn between diffcrent strains 
of a given species. Thcrc secmcd to bc only one 
clear-cut difference between P. agglomerans and 
t'. disperxa, i.e. with regard to the utilization of 
i-crythritol (BI) .  This carbon source can obviously 
bc utilized by P. dispersa but apparently not bv 
P. agglomerans. As with the differentiation on 
grounds of the fatty acid profiles (sec above),  this 
seemingly discriminating feature will have to be con- 
lirmed with a larger number  of strains, but is alrcadv 
corroboratcd bv the previous report  of Gavini el a/. 
(1989). The latter report also suggestcd further dill 
fercnccs, but these are either not tested for in 
lhc Biolog TM system for Gram-negat ive  bacteria 
]salicin, amygdalin (may be evaluated, however, bv 
using the microplates for Gram-posi t ive bacteria)] or 
could not be confirmed (gentiobiose, BS). 

The Biolog TM characterization for Eh 198/1 
corroborates  our conclusion from the G C - F A M E  
analyses, i.e. that Eh 198/1 most likely is neither a 
strain of  f'. dLv~ersa nor of  1". agglomerans. How- 
cver, Table 3 also indicates that even for a given 
strain, independent Biolog TM analyses may give 
rise to different patterns and this certainly does 
not contribute to the robustness of the method. In 
addition lo differences arising lrom manual versus 
automatic readout, pattern variations may also be 
due to inducible metabolic activities that arc respon- 
sivc to subtle differences in culture conditions. 
One pertinent cxample would be that of basic amino 
acid decarboxylases, which are known to be induced 
in response to iron-deficiency (Feistner 1994) and 
low pt t  (Mcng & Bennett  1992). In light of the infor- 
mation from Table 3 (G4) and lhe knowledge that 
basic amino acid decarboxylasc activity is part of 
the profcrr ioxaminc biosvnthctic pathways (Schupp 
et al. 1987, Feistner 1994, 1995a), previous dcs- 
criptions of P, agglomerans (E. agglomerans) being 
ornilhinc and lysine decarboxylase negative (Lindh 
el al. 1991) cannot be supported. 

t'rol~'rrioxamine profiles o.f E. herbicola and related bacteria 

Conclusion 

Our overall conclusion from the above results is 
that a broader  and more in depth study of the 
siderophores of E. herbicola-like strains is warranted 
both in terms of the potential to find siderophorcs 
that may lead to new biocontrol agents for tire 
blight, and in terms of the potential for improv- 
ing the taxonomic differentiation of the various 
members  of the hetcrogenous Herbicola-Agglo-  
merans group. Since the structural genes for pro- 
fcrrioxamines in Erwinia have not yet been identi- 
fied, the possibility exists that the corresponding 
cistrons arc plasmid encoded or flanked bv IS 
elements. If so, then the feasibility of horizontal 
transfer would greatly diminish the value of profer- 
rioxamines for taxonomic typing. However,  the 
usefulness of LC-MS for taxonomic studies is not 
limited to just the characterization of siderophores. 
It might as well be extended to thc monitoring of 
othcr microbial nletabolites. 
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