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The production of peptide siderophores and the variation in siderophore production among strains of
Pseudomonas syringae and Pseudomonas viridiflava were investigated. An antibiose test was used to select a free
amino acid-containing agar medium favorable for production of fluorescent siderophores by two P. syringae
strains. A culture technique in which both liquid and solid asparagine-containing culture media were used
proved to be reproducible and highly effective for inducing production of siderophores in a liquid medium by
the fluorescent Pseudomonas strains investigated. Using asparagine as a carbon source appeared to favor
siderophore production, and relatively high levels of siderophores were produced when certain amino acids
were used as the sole carbon and energy sources. Purified chelated siderophores of strains of P. syringae pv.
syringae, P. syringae pv. aptata, P. syringae pv. morsprunorum, P. syringae pv. tomato, and P. viridiflava had the
same amino acid composition and spectral characteristics and were indiscriminately used by these strains. In
addition, nonfluorescent strains of P. syringae pv. aptata and P. syringae pv. morsprunorum were able to use
the siderophores in biological tests. Our results confirmed the proximity of P. syringae and P. viridiflava;
siderotyping between pathovars of P. syringae was not possible. We found that the spectral characteristics of
the chelated peptide siderophores were different from the spectral characteristics of typical pyoverdins. Our
results are discussed in relation to the ecology of the organisms and the conditions encountered on plant

surfaces.

The species Pseudomonas syringae contains all of the phyto-
pathogenic and oxidase-negative fluorescent pseudomonads
except Pseudomonas viridiflava (27, 38). P. syringae is divided
into 57 pathovars that are pathogenic for numerous monocot
and dicot crops (13). P. syringae strains are well adapted to
conditions on plant surfaces. A better understanding of the
ecological benefits of these pathogens is necessary if new and
efficient methods of biological control are to be developed.
One of these benefits could be the production of peptide sid-
erophores in iron-deficient environments (8, 33). In general,
the peptide siderophores produced by fluorescent Pseudomo-
nas strains are pyoverdins (2, 3). All pyoverdins contain the
same quinoline chromophore, a peptide chain, and a dicar-
boxylic acid (or the corresponding amide) connected to the
chromophore. The peptide chain is always the same for a given
strain but is different in different strains and species (2). Two
partially characterized peptide siderophores of P. syringae that
have been described (8, 33) have Fe(III)-binding constants at
pH 7.0 of about 1 X 10%. These values are 10 times higher
than the values obtained for pyoverdins produced by sapro-
phytic fluorescent Pseudomonas strains (8, 33). Therefore, it
would be interesting to know whether production of these
molecules is common in P. syringae strains and whether the
molecules are effectively produced on plant surfaces.

A global study of peptide siderophore production in P. sy-
ringae should take the heterogeneity of the species into ac-
count. P. syringae pathovars have been divided into two dis-
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tantly related genomic clusters (22). The first cluster is
homogeneous and contains P. syringae pv. tomato and related
pathovars. It is genetically more similar to P. viridiflava than to
the second genomic cluster of P. syringae pathovars. The sec-
ond cluster is less homogeneous and more distantly related to
P. viridiflava. P. syringae pv. syringae and P. syringae pv. mor-
sprunorum belong to two different subclusters in the second
cluster (22). The complexity of the group and the presence of
three different peptide siderophores in the species (4, 8, 33)
raise questions about the differences in siderophore produc-
tion by different P. syringae pathovars, particularly if they are
distantly related.

In this paper, we describe culture conditions that favor sid-
erophore production by strains of P. syringae and also describe
the amino acid compositions of siderophores produced by
pathotype and field strains of P. syringae pv. tomato, P. syringae
pv. syringae, P. syringae pv. aptata, P. syringae pv. morspruno-
rum, and P. viridiflava. The biological activities of purified
siderophores were verified for both siderophore-producing
and non-siderophore-producing strains. The spectral charac-
teristics of the siderophore molecules and of a pyoverdin pu-
rified from a culture of P. fluorescens were also compared in
this study. The results are discussed in relation to the ecology
of the organisms and the conditions encountered on plant
surfaces.

MATERIALS AND METHODS

Bacterial strains and precultures. The characteristics of the strains used in this
study are described in Table 1. All precultures were grown on medium 2, as
previously described (6).

Selection of a medium for siderophore production. P. syringae pv. syringae
LMG 5191 and LMG 5141 were used to compare the effects of the 20 amino
acids common in proteins on siderophore production. These strains are not able
to produce toxic lipodepsipeptides in culture (6). The autoclaved media used
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TABLE 1. Characteristics of strains used in this study

Growth stimulation

. RFLP RFLP  Geno- Host or Fluoresce{lce on EDDHA- Source or
Strain 5 . b o Country on King’s ¢
cluster” group® species origin . C supplemented reference
medium B . md
King’s B
P. syringae pv. tomato LMG 50937 S1 A 11T Tomato England + + LMG
P. syringae pv. morsprunorum strains  S2A K 11
LMG 2222 Cherry England + + LMG
LMG 5075 t1™ Plum Unknown + + LMG
PmC14 Cherry Belgium + + 6
PmC22 Cherry Belgium - + This study
PmC29 Cherry Belgium - + This study
PmC36 Cherry Belgium - + 6
PmCo62 Cherry Belgium - + This study
P. syringae pv. syringae strains S2B M I
B301D Pear England + + 6
PsP2 Pear Belgium + + 6
LMG 5141 Pear England + + LMG
LMG 5191 Cherry Switzerland + + LMG
LMG 12477 Lilac England + + LMG
PsM17 Corn Belgium + + This study
P. syringae pv. aptata strains S2B M I
LMG 5059" Sugar beet United States + + LMG
UPB 110 Sugar beet Belgium - + 6
UPB 165 Sugar beet France - + 6
P. syringae pv. atrofaciens strains S2B (0] I
PaBG2a Wheat Belgium + + This study
PaBF7a Wheat Belgium + + This study
P. viridiflava LMG 2352" \Y% Q IX  Bean Switzerland + + LMG
P. fluorescens strains
LMG 1794 Water England + — LMG
LMG 5822 Creamery waste Unknown + - LMG

“T = pathotype or type strain.

b Data from reference 22. S1, first P. syringae cluster; S2A, first subcluster in the second P. syringae cluster; S2B, second subcluster in the second P. syringae cluster;

V, P. viridiflava cluster. RFLP, restriction fragment length polymorphism.
¢ +, positive; —, negative.

@ Growth stimulation was observed after 18 h or less following the application of a 125-wg/ml solution of chelated siderophore of P. syringae pv. syringae B301D. +,

positive; —, negative.

¢ LMG, Laboratorium voor Microbiologie van Gent, Belgian Coordinated Collections of Microorganisms, Ghent, Belgium.
/This strain was able to grow on EDDHA-supplemented King’s medium B under the conditions used in the experiment.

contained (per liter) 4 g of an amino acid, 5 g of glucose, 0.96 g of Na,HPO,,
0.44 g of KH,PO,, 0.2 g of MgSO, - 7H,0, and 8 g of agar. All of the components
were high quality in order to ensure that the levels of contaminating iron were
low. Four cultures (6) were incubated for 24 h at 28°C. They were then sprayed
with a cell suspension of the yeast Rhodotorula pilimanae MUCL 3039 and
incubated for 4 days at 20°C. The maximal zones of inhibition between the
organisms were measured, and production of fluorescent compounds was esti-
mated by using UV light (wavelength, 360 nm). L-Aspartic acid and L-asparagine
monohydrate were subsequently tested in media to which the filter-sterilized
amino acid was added after autoclaving. The experiments were replicated three
times.

Siderophore production in a liquid medium. The agar medium containing
asparagine was modified slightly and contained (per liter) 2 g of L-asparagine
monohydrate, 7 g of glucose, 0.96 g of Na,HPO,, 0.44 g of KH,PO,, and 0.2 g
of MgSO, + 7TH,O (GASN medium). The pH was adjusted to 7.0 with HCI, and
the medium was autoclaved. Liquid cultures were started in 100-ml Erlenmeyer
flasks containing 25 ml of GASN medium. The inoculum used consisted of 1 ml
of a suspension of P. syringae pv. syringae LMG 1247 in water (approximately 10
CFU/ml). The cultures were incubated unshaken or shaken (200 rpm) at 20°C.
The two other techniques which we used involved petri dishes; each petri dish
contained either 10 ml of a liquid medium or a block of GASN agar (length, 30
mm; width, 10 mm; thickness, 5 mm) and 10 ml of a liquid medium. In each case
the inoculum consisted of a pellet of cells obtained from a preculture. The
cultures were incubated unshaken at 20°C. The experiment was conducted for 3
days, and five cultures were independently analyzed each day. Aliquots of culture
medium that were diluted three times were examined with a Lambda 5 UV-VIS
spectrophotometer (Perkin-Elmer). Bacterial growth was estimated by measur-
ing the absorbance at 610 nm. Two measurements were obtained for each culture
in a petri dish that contained an agar block; for one measurement the bacteria on
the agar block were not included, and for the other these bacteria were included.
The bacteria were removed by centrifugation (12 min, 10,000 X g), and sid-
erophore production was estimated by measuring the absorbance at 380 nm. The
preparations resulting from the five repetitions of each treatment were then

combined and filtered, and the pH was measured. After the pH was adjusted to
7.0, the absorbance at 380 nm was measured again. Some techniques were tested
by using NM medium (34) supplemented with a dilute salts solution (8) (NM-
salts medium) and modified GASN medium that contained (per liter) 6 g of
Na,HPO, and 3 g of KH,PO,; both of these media were buffered in the same
way.

Modification of GASN medium. Asparagine was replaced by 1.4 g of NH,ClI
per liter in GNH, medium. In GASN-0.5 medium, the L-asparagine monohy-
drate concentration was reduced to 0.5 g per liter, which corresponded to the
concentration used to detect the fluorescence of phytopathogenic Pseudomonas
strains (34). Asparagine was then considered as a nitrogen source (34). Aspar-
agine minimal medium (ASN-M medium) contained no glucose. The pH of each
medium was adjusted to 7.0, and the media were autoclaved; ASN-M medium
was also tested at pH 4.0 and 5.0. The experimental procedures used have been
described previously, but the measurements were obtained after 4 days.

Effects of free amino acids on siderophore production. All of the free amino
acids that favored production of fluorescent compounds on the agar medium
were used as sole nitrogen and carbon sources in modified ASN-M media. The
minimal media contained (per liter) 2 g of r-aspartic acid (ASP-M), 2 g of
L-glutamic acid (GLU-M), 2 g of L-glutamine (GLN-M), 2 g of L-proline (PRO-
M), 2 g of L-serine (SER-M), 2 g of r-alanine (ALA-M), 2 g of L-glycine, or 2 g
of L-arginine as a replacement for L-asparagine monohydrate. The filter-steril-
ized amino acids were added after autoclaving. Measurements were obtained
after 4 and 5 days because of different growth rates.

Siderophore production and purification. Twenty cultures were started in
petri dishes containing agar blocks using GASN medium or NM-salts medium
and were incubated for 72 h at 20°C. The liquid fractions were then combined,
centrifuged (22 min, 10,000 X g), and filtered through a 0.2-wm-pore-size mem-
brane filter. After the pH was adjusted to 7.0, 800 pl of a regularly renewed FeCl,
solution (1 M) was added, and the medium was stirred for 20 min. After the pH
was adjusted to 5.0, the medium was passed through an octadecylsilane column
made up in a 50 mM NaOH-acetic acid buffer (pH 5.0). The dominant product
was collected with water-methanol (1:1, vol/vol). Cation-exchange chromatogra-
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phy was carried out with a type CM C25 Sephadex column made up in a 30 mM
NaOH-formic acid buffer (pH 4.2) and eluted with the same buffer. Anion-
exchange chromatography was carried out with a DEAE-Sephadex column made
up in a 150 mM NaOH-acetic acid buffer (pH 5.0) and eluted first with 600 ml
of the same buffer and then with a linear gradient of the same buffer (0.15 to 1
M; 1.8 liters overall). The dominant product was collected at 404 nm and
desalted by using an octadecylsilane column. Purity was assessed at 214, 256, and
403 nm by performing analytical high-performance liquid chromatography
(HPLC) with a Waters model 2690 system combined with a Waters model 996
detector. The method described by Demange et al. (12) was used, but NaOH was
used instead of pyridine. Siderophores were purified in this way for strains LMG
1247, B301D, and PsP2 of P. syringae pv. syringae, strains LMG 2222, LMG
5075tl, and PmC14 of P. syringae pv. morsprunorum, strain LMG 5059 of P.
syringae pv. aptata, strain LMG 5093 of P. syringae pv. tomato, and strain LMG
2352 of P. viridiflava. In order to compare the peptide siderophores produced by
P. syringae strains with a typical pyoverdin, a slightly modified anion-exchange
chromatography method was used to purify a chelated pyoverdin of Pseudomo-
nas fluorescens LMG 1794.

Amino acid analysis. Purified ferric siderophores were hydrolyzed for 24 and
48 h at 110°C by using 6 N HCl supplemented with 1% (wt/vol) phenol and then
were analyzed by HPLC by using a Pharmacia Alpha+ amino acid analyzer.
Authentic pL-threo-hydroxyaspartic acid was used as the control.

Growth stimulation tests. The method described by Meyer et al. (23) was
modified slightly and used for growth stimulation tests. Bacteria were grown at
28°C for approximately 24 h in glass tubes containing 4 ml of nutrient broth. The
bacterial suspensions were diluted 10 times, and plates containing 10 ml of King’s
medium B agar (18) and 1 mg of ethylenediaminedihydroxyphenylacetic acid
(EDDHA) per ml were homogeneously inoculated with 100-ul portions of the
diluted cell suspensions. Sterile nonimpregnated 6-mm-diameter antibiotic discs
(Difco) were impregnated with solutions of purified ferric siderophores (250 and
125 pg/ml) and placed on the surfaces of the agar plates. Sterile blanks impreg-
nated with ultrapure water were used as controls. The plates were incubated at
28°C and observed for the following 24 h. We tested the ability of the strains
listed in Table 1 to use the purified ferric siderophore of strain B301D. The
purified siderophores of strains LMG 5075t1 and PmC14 of P. syringae pv.
morsprunorum, strain LMG 5059 of P. syringae pv. aptata, strain PsP2 of P.
syringae pv. syringae, P. syringae pv. tomato LMG 5093, and P. viridiflava LMG
2352 were also tested by using the producing strain.

Spectral analyses. The chelated siderophores of strains of P. syringae, P.
viridiflava, and P. fluorescens were purified and were dissolved (37 wg/ml) in a 100
mM NaOH-phosphonic acid buffer adjusted to pH 7.0. The solutions were
analyzed by using a model UV-2101PC UV-visible light spectrophotometer (Shi-
madzu).

RESULTS

Selection of a medium for siderophore production. The ob-
servation that several autoclaved media containing peptone
could be used for siderophore production (unpublished re-
sults) was confirmed in our experiments. The inhibition zones
observed are shown in Fig. 1. In all instances, fluorescence
under UV light was detected in the zones of inhibition. Auto-
claving aspartic acid significantly reduced the size of the inhi-
bition zones induced by both of the strains used. This was not
the case for asparagine.

Production of siderophores in liquid medium. Figure 2
shows the results of production of siderophores in liquid me-
dium. The best bacterial growth occurred in cultures in petri
dishes that contained agar blocks (Fig. 2A). Siderophore pro-
duction was also best in cultures in petri dishes that contained
agar blocks, but this was evident only after at least 2 days of
incubation (Fig. 2B). Similar results were obtained for all tech-
niques by combining the five preparations used and adjusting
the pH to 7.0 before measurements were obtained. Using
strongly buffered medium (GASN medium or NM-salts me-
dium) did not improve the results obtained in Erlenmeyer
flasks, and there was a threefold reduction in siderophore
production by the cultures in petri dishes containing agar
blocks.

Marked changes in the pH of the culture medium were
observed with cultures grown in GASN medium (Fig. 2C). In
cultures in petri dishes containing agar blocks, the pH de-
creased to 4.6 after 1 day of incubation. It then increased to 6.6
on the second day and to 7.5 on the third day. The increase in
pH visible after 2 days of incubation was accompanied by an
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FIG. 1. Maximal zones of inhibition (millimeters) between the yeast R. pili-
manae MUCL 3039 and the bacteria P. syringae pv. syringae LMG 5191 (A) and
LMG 5141 (B) in various amino acid-containing agar media and statistical
grouping. An analysis of variance was performed by using the general linear
models of SAS (SAS Institute). Means were compared by using the Newman-
Keuls test (a = 0.05).

abrupt increase in the siderophore concentration (Fig. 2B).
Continuous decreases in pH were observed with the other
techniques, and the pH values ranged from 4.25 to 4.77 after 3
days of incubation (Fig. 2C). Reducing the concentration of
asparagine or replacing asparagine with NH,CI resulted in
appreciable bacterial growth but weak siderophore production
(Fig. 3). In addition, acidification of both media used occurred,
and the final pH values were 5.35 in GASN-0.5 medium and
4.33 in GNH, medium. Asparagine was the source of carbon,
nitrogen, and energy in ASN-M medium. Weak bacterial
growth and siderophore production occurred in cultures grown
in ASN-M medium when the pH was adjusted to 5.0 or 7.0
before autoclaving. However, the level of siderophore produc-
tion was relatively high compared to the amount of bacterial
growth (Fig. 3), and alkalization of the culture medium oc-
curred. The absence of growth in cultures whose pH values
were adjusted to 4.0 probably reflected the general inability of
Pseudomonas strains to grow at pH 4.0 (26).

Considerable, reproducible siderophore production oc-
curred with all of the fluorescent strains listed in Table 1 when
we combined GASN medium and the technique involving
growth in petri dishes containing agar blocks. However, when
this technique was used, we could not induce production of
fluorescent siderophores by the three nonfluorescent strains
tested, strains PmC36, UPB 110, and UPB 165 (Table 1).

Influence of free amino acids on siderophore production.
Except for glycine and arginine, which were not used as carbon
sources by strain LMG 1247, all of the amino acids tested
induced relatively high levels of siderophore production in the
absence of glucose after 4 or 5 days (Fig. 4). Alkalization of the
culture medium occurred with all media. The final pH values
ranged from 8.28 in cultures in PRO-M to 8.83 in cultures in
GLU-M.
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FIG. 2. Absorbance (A and B) and pH (C) of GASN medium cultures of P.
syringae pv. syringae LMG 1247 in petri dishes containing () and not containing
(m) agar blocks and in shaken (A) and unshaken (OJ) Erlenmeyer flasks. The
absorbance data are means * standard deviations based on five replications for
each treatment; absorbance was measured at 610 nm (A) and, after bacteria were
eliminated, at 380 nm (B) by using thrice-diluted individual cultures. The dotted
line in panel A indicates the absorbance at 610 nm determined without the
bacteria present on the agar blocks for cultures in petri dishes that contained
agar blocks. The pH data are mean pH values based on five replications.
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FIG. 3. Means * standard deviations for absorbance of thrice-diluted 4-day
cultures of P. syringae pv. syringae LMG 1247 grown in different media. Absor-
bance was measured at 610 nm ((J) and 380 nm (m).

Siderophore production and purification. Passing the me-
dium through an octadecylsilane column was a far more
efficient way of extracting siderophores than the previously
described chloroform-phenol technique (8). The chelated
dominant siderophore stayed adsorbed on the resin at pH 5.0,
regardless of the culture medium used. Generally, GASN me-
dium was used for purification because it induced better sid-
erophore production than NM-salts medium. One dominant
siderophore was obtained after 72 h with all of the strains of P.
syringae or P. viridiflava investigated. Incubating cultures for
more than 72 h resulted in alkalinization of the medium and in
increase in the level of secondary compounds or appearance of
secondary compounds. The two ion-exchange techniques were
used separately or together to purify the dominant products up
to 98%, as determined by HPLC. No trace of unchelated
siderophores was detected in these analyses. In some cases,
more than 20 mg of purified siderophores was obtained from
200 ml of culture medium. Since P. fluorescens LMG 1794 is
identical to P. fluorescens ATCC 13525, whose pyoverdins have
been comprehensively described (19), the dicarboxylic amide
of a purified pyoverdin produced by this strain has been iden-
tified as succinamide (unpublished results).

Amino acid analyses. The siderophore produced by P. syrin-
gae pv. syringae B301D in GASN medium and NM-salts me-
dium contained two hydroxyaspartic acid residues, two serine
residues, two threonine residues, and one lysine residue. The
amino acid compositions of the siderophores produced by the
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FIG. 4. Means =* standard deviations for absorbance of thrice-diluted 4- or
5-day cultures of P. syringae pv. syringae LMG 1247 grown in different amino
acid-containing minimal media. Absorbance was measured at 610 nm () and
380 nm (m).
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FIG. 5. Differences in absorption spectra in 100 mM phosphate buffer (pH
7.0) between the Fe(IIT)-complexed peptide siderophore of P. syringae pv. mor-
sprunorum LMG 2222 (dark line) and the succinamide form of the Fe(III)-
complexed typical pyoverdin of P. fluorescens LMG 1794 (light line).

P. syringae and P. viridiflava strains investigated in this study
were identical to the amino acid composition of the sid-
erophore produced by strain B301D, regardless of the patho-
var or species considered.

Growth stimulation tests. All strains of P. syringae and P.
viridiflava were able to use the siderophore of strain B301D
and reversed iron starvation on King’s medium B supple-
mented with EDDHA (Table 1). This occurred regardless of
the ability of a strain to produce a fluorescent pigment on
King’s medium B. The purified siderophores were indiscrimi-
nately used by the strains. Identical results were obtained when
the siderophores of individual strains were tested with the
producing strains.

Spectral analyses. Figure 5 shows the spectral characteristics
at pH 7.0 of the succinamide form of the chelated pyoverdin
produced by P. fluorescens LMG 1794. Maxima occurred in the
vicinity of 230 and 399 nm, and two shoulders were present at
about 270 and 320 nm. Broad charge transfer bands occurred
at about 470 and 550 nm. These characteristics are character-
istics of pyoverdins (2, 12).

The spectral characteristics of the chelated siderophore pro-
duced by P. syringae pv. morsprunorum LMG 2222 were dif-
ferent (Fig. 5). The maximum in the vicinity of 400 nm oc-
curred at 408 nm rather than at 399 nm. Other maxima
occurred at about 234 and 267 nm, and the shoulder at about
320 nm was more pronounced. Broad charge transfer bands at
470 and 550 nm were not observed, and the molecule disap-
peared faster than pyoverdin disappeared. All of the chelated
siderophores purified from cultures of P. syringae and P. viri-
diflava in this study had identical spectral characteristics at pH
7.0.

DISCUSSION

Siderophore production in a shaken liquid medium can be
irregular or difficult to obtain with some phytopathogenic flu-
orescent Pseudomonas strains (Fig. 2B) (34; unpublished re-
sults). In addition, these growth conditions are very unlike
those encountered on plant surfaces. Indeed, P. syringae cells
grown on solid media were better able to survive on plants
immediately after inoculation than cells grown in liquid media
were (35). For these reasons, using alternative methods of
siderophore production was considered. Fe(III) has been
shown to gradually repress siderophore production by strain
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B301D at concentrations of >1 to 10 wM, but low concentra-
tions of Fe(IIl) (between 0 and 1 wM) similarly induced sid-
erophore production (8). As an absence of iron tends to sup-
press bacterial growth (2, 8), low levels of iron are generally
recommended for siderophore production (2, 30). In this
study, the culture media were not deferrated because low lev-
els of iron did not repress siderophore production (unpub-
lished results). Thus, GASN medium cultures in petri dishes
containing agar blocks were easily reproducible and adaptable
for inducing siderophore production by all of the fluorescent
strains investigated. P. syringae and P. viridiflava obtain their
nutrients in the phyllosphere. The leachates from plant foliage
contain almost all of the free amino acids common in proteins
(25). Asparagine, which was always found in such leachates
(25), is used as a source of both carbon and nitrogen by almost
all fluorescent pseudomonads (26). In this study, the decreases
in the pH values of cultures in GASN medium observed after
1 day of incubation (Fig. 2C) indicated that glucose was used
by the bacteria and acids were produced from glucose (10, 15).
However, the subsequent increases in the pH values of cultures
to more than pH 7.0 observed during the subsequent days
when bacteria were grown in petri dishes that contained agar
blocks (Fig. 2C) indicated that asparagine was used as a carbon
and energy source. This metabolism was accompanied by an
abrupt increase in the siderophore concentration (Fig. 2B and
C). The relatively high levels of siderophore production in
GASN and ASN-M media (Fig. 2 and 3) compared to GASN-
0.5 and GNH, media showed that this metabolism of aspara-
gine favored siderophore production. The weak bacterial
growth observed in ASN-M medium indicated that sid-
erophore production was activated under nutritionally poor
conditions, when bacteria had to use asparagine and other
amino acids (Fig. 4) as carbon and energy sources. There was
apparently no correspondence between these amino acids and
the constituents of the siderophore. P. syringae strains are
nutrient limited in the phyllosphere, and the carbon source is
the limiting environmental resource (36, 37). Asparagine and
the free amino acids that favored siderophore production im-
proved the growth of a P. syringae strain in the phyllosphere
because of the strain’s ability to use these amino acids as
carbon sources (36). In addition, the levels of iron on plant
surfaces allowed the expression of an iron-regulated gene in-
volved in siderophore production (21). Consequently, the find-
ings of this study suggest that siderophore production is prob-
ably activated in the phyllosphere when certain amino acids are
used as carbon sources.

The eight P. syringae strains investigated in this study, which
included carefully chosen distantly related strains (Table 1),
apparently produce the same peptide siderophore. Therefore,
this siderophore can be considered the essential peptide sid-
erophore produced in the species. As this siderophore has a
high Fe(III)-binding constant and is probably produced on
plants, this information should be noted by phytopathologists
studying biological control of P. syringae. Our results also in-
dicate that a clear-cut peptide siderophore-based classification
is not possible for the essential clusters of the species. This
observation is surprising considering that more than 20 differ-
ent pyoverdins have been found in P. fluorescens (3) and that P.
syringae pathovars differ genetically (13, 22), in their host
plants (26), and in the toxins which they produce (14). How-
ever, the descriptions of two other P. syringae siderophores (4,
33) indicate that variant strains could differ in terms of their
siderophores. One molecule is produced by a strain of an
undetermined pathovar and resembles the siderophore en-
countered in this study (33). However, a typical pyoverdin is
produced by two strains of P. syringae pv. aptata isolated from
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sugar beet (4, 31). This molecule is completely different from
the siderophore produced by the pathotype strain of this
pathovar, which is closely related to P. syringae pv. syringae (6,
22, 28). Further investigations are necessary before a conclu-
sion can be reached concerning this. Even more surprising are
the identical characteristics of siderophores produced by
strains of P. syringae and P. viridiflava. Production of identical
pyoverdins by different Pseudomonas species has been re-
ported previously for borderline species (3, 5, 7, 16). Similar
results were obtained in this study since the genomic cluster
containing P. syringae pv. tomato is more closely related to P.
viridiflava than to the second genomic cluster of P. syringae
(22). These results confirm that siderophores provide informa-
tion concerning the similarity of strains. However, the variation
in siderophore composition in fluorescent pseudomonads is
limited in the two phytopathogenic species investigated com-
pared to the saprophytic species. These results raise questions
about the ecological causes of the different evolutionary pro-
cesses.

The conservation of a siderophore in two species indicates
the importance of the molecule. This was confirmed by the
ability of nonfluorescent strains belonging to two pathovars to
use this siderophore (Table 1); normally, this would imply that
a specific iron-regulated outer membrane protein is produced
(9). The strains might be able to produce the siderophore
under certain conditions on a plant, or they could use the
siderophore produced by other P. syringae strains. However,
the siderophore’s utility remains unclear. It is not essential for
the growth and virulence of two P. syringae pv. syringae mu-
tants (9, 20). Because of its high Fe(III)-binding constant (8),
it might be useful in competition with other microorganisms (8,
9, 33) under nutritionally poor conditions. Many pyoverdins
produced by saprophytic fluorescent Pseudomonas strains have
been described, and their spectral characteristics are similar
whatever peptide chain or dicarboxylic acid is connected to the
chromophore (1, 2, 24, 29). This is due to the quinoline chro-
mophore found in all pyoverdins (2). Several pyoverdin pre-
cursors (2, 4, 16, 31, 32) or by-products (11, 16, 17) differ in
chromophore structure and spectral characteristics. The spec-
tral characteristics of the siderophore produced by P. syringae
and P. viridiflava resemble the spectral characteristics of
pyoverdins, but the siderophore differs from all of these mol-
ecules (Fig. 5). This might explain the high Fe(III)-binding
constant. The differences between siderophores produced by
phytopathogenic and saprophytic fluorescent Pseudomonas
strains are interesting at a systematic level, but they might also
help improve our understanding of the ecology of these patho-
gens.
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