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The nutritional selectivity of a siderophore-catabolizing bacterium*
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The ability of a siderophore-catabolizing bacterium to assimilate ferric ion was examined. While the bacterium
utilizes the siderophore deferrioxamine B (DFB) as a carbon source, it was incapable of using the ferric ion
analogue {ferrioxamine B) as an iron source. It did, however, assimilate the ferric ion of the chelator ferric
nitrilotriacetic acid and of the siderophore ferrirhodotorulic acid (ferriRA). Neither ferriRA nor its deferrated
analog (RA), however, were capable of functioning as carbon sources for the bacterium. The microbe thus
employs a ‘nutritional selectivity’ with respect to these two siderophores. That is, it does not use the siderophore
it employs as a carbon source (DFB) as an iron source nor does the siderophore utilized as an iron source, i.e.

ferriRA, nor its deferrated analog (RA), serve as carbon sources for the organism.
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Introduction

Siderophores are avid ferric ion chelating molecules
synthesized by a wide variety of microbes, including
many genera common to terrestrial environments
(Powell er al. 1980, Emery 1982, Castignetti &
Smarrelli 1986, Neilands & Leong 1986, Fekete er
al. 1989, Mielczarek er al. 1989). Little attention,
however, has been focused on how siderophores are
recycled into the carbon cycle. Only two microbial
isolates, one a soil pseudomonad which metabalized
ferrichrome A and ferrichrome (Warren & Neilands
1964, Villavicencio & Neilands 1965, Warren &
Neilands 1965), and the other a Gram-negative rod
of uncertain taxonomic identity which catabolized
deferrioxamine B (DFB) (Castignetti & Siddiqui
1990), have been noted to efficiently use sidero-
phores as sole sources of carbon for growth.

The latter bacterium, which was given the trivial
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name DFBC 5 (deferrioxamine B catabolizer 5), is
an obligate acrobe and grew in a medium where the
concentration of the deferrated siderophore, DFB,
greatly exceeded that of the ferrated analog, i.e.
ferrioxamine B (FB). The molar ratio of DFB/FB in
the growth medium was approximately 400/1 (Cas-
tignetti & Siddiqui 1990). While DFB functions as a
carbon source for DFBC 5, FB cannot be similarly
used by the bacterium nor can it be metabolized by
either resting cells or cell-free extracts of the
organism grown with DFB as the sole carbon source
(Castignetti & Siddiqui 1990). A pertinent question,
therefore, is how does DFBC 5 obtain the iron
required for its growth?

Although not applicable to its growth in the
DFB-containing medium, the organism may mimic
other procaryotes in that it may use the ferrisidero-
phore of another microbe as an iron source
(Neilands 1982, Neilands & Leong 1986). When
growing in the DFB medium, the microbe may solve
its nutritional iron requirements by utilizing FB or
perhaps by synthesizing its own siderophore which
would then compete for the available Fe*' with
DFB. The current study was conducted to determine
if DFBC 5 utilizes FB as an iron source and thus to
ascertain whether the same siderophore (or its
deferrated analog) functions as both a source of iron
and carbon to the bacterium.
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Materials and methods

Bacterium and growth conditions

DFBC 5 is a soil isolate. Its ability to utilize DFB as a
carbon source and the growth conditions of the bacterium
when it was cultured as a DFB catabolizer have been
previously described (Castignetti & Siddiqui 1990). Ex-
periments to determine if DFBC could grow with either
rhodotorulic acid (RA) or its ferrated analog (ferriRA)
used cells grown in DFB-mineral salts—vitamins medium
as inocula (1% v/v of a mid-logarithmic culture) and were
conducted in the vitamins—mineral salts medium as de-
scribed (Castignetti & Siddiqui 1990) except that the
siderophore RA or ferriRA was substituted for DFB. In
some experiments, 0.05% yeast extract (YE) (Difco,
Detroit, MI} was added to the RA- or ferriRA-mineral
salts—vitamin media to insure the growth of DFBC 5. RA
was dissolved in water, filter sterilized and added to the
mineral salis—vilamins or mineral salts-vitamins-YE
media to a final concentration of 2.5-3.0 mm. For those
experiments where ferriRA was the carbon source, ferri-
RA was prepared by adding an aliquot of 0.2wm
FeCl;-0.05 m HCI to a RA solution to yield a 95 mol%
mixture. The ferriRA was vigorously stirred and then
filtered through 0.8 um and then 0.45 pm filters, and the
sterilized ferriRA was then added to the mineral salts—vi-
tamins medium to yield a final concentration of
2.5-3.0 mm ferriRA. As an indication of whether DFBC 5
could synthesize its own siderophore, the organism was
inoculated from a DFB-mineral salts—vitamins plate onto
a CAS agar plate (Schwyn & Neilands 1987).

Chemicals

DFB was a gift of the Ciba-Geigy Corporation (Suffern,
NY) and was obtained as the mesylate salt. Rhodotorulic
acid was isolated as described (Atkin & Neilands 1968,
Atkin et al. 1970) from a culture of Rhodotorula pilimanae
UCD 67-64 which was a gift from J. B. Neilands.
Verification of the isolated compound as authentic RA
was performed via melting point analysis and visible
spectrum characteristics as described by Atkin & Neilands
(1968). Sodium nitrilotriacetic acid (NTA), disodium salt,
was obtained from Aldrich (Milwaukee, WI). 5*Fe was
obtained as ¥FeCl;~5 N HCI from New England Nuclear
(Boston, MA) and had a specific activity of 44 mCimg-1.
The isotope was stored as a 200 um solution of 35Fe-0.1 N
HCI as suggested by Rosenberg (1979). All other chemi-
vals were reagent grade or better,

Assays

Cells were collected from mid-logarithmic cultures by
centrifugation, washed twice in the uptake medium de-
scribed by Rosenberg (1979) and resuspended in the
uptake medium to yicld final cell densities of 0.21-0.61 mg
cell protein ml—!. To insure that Fe?t had been removed
from the uptake medium, it had been passed through a
Chelex 100 (Bio-Rad Laboratories, Richmond, CA)
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column which was prepared as described {Davey et al.
1970). Uptake assays were performed as described by
Rosenberg (1979) except that the membrane filters were
suction dried before being placed into scintillation vials
containing the water miscible scintillation fluid Scinti-
Verse Bio-HP (Fisher Scientific, Itaska, IL). At least two
experiments were performed for each of the chelating
agents studied, with two individual samples taken at each
of the specific time intervals. Magnitude of uptake was
based on the average of the replicates, with counts
determined relative to an internal standard performed in
each experimental run (Rosenberg 1979). Controls con-
sisted of uptake experiments in which the organisms were
maintained at 0 °C or where the cells had been previously
incubated (30 min at room temperature with gentle agita-
tion) with 5 mm sodium azide (NaN;). This concentration
of azide was chosen as it was sufficient to inhibit by 86%
the metabolism of DFB by resting cells of the bacterium.
These experiments were conducted as described by Castig-
netti ez ¢/. (1985) and Castignetti & Siddiqui (1990) except
that cell suspensions without NaNj; served as the control
while cell suspensions with varying concentrations of NaN;
were the experimental groups.

In either the isolation procedures for the RA or in the
growth experiments which employed RA and ferriRA as
sole carbon sources, determination of RA or ferriRA
concentrations was performed according to the assay of
Leong & Neilands (1982) and as described by Castignerti
& Siddiqui (1990) except that RA and ferriRA were
substituted for DFB and FB. Deferration of glassware was
performed when necessary by use of the method of Lodge
& Emery (1984) which employs EDTA as the iron
chelator. The use of Chelex 100 to remove Fe3* from
solutions and buffers was as described by Davey et al.
(1970).

Results

DFBC 5 grew very poorly on the CAS plates of
Schwyn & Neilands, requiring an inordinate amount
of time {(about 3 weeks) to form colonies and
displaying a very small orange halo around the
colony. As DFBC 5 grows readily in the DFB-
mineral salts medium described by Castignetti &
Siddiqui (1990) and must thus satisfy its iron
requirements within the few days of its growth,
experiments were initiated to determine if the
bacterium could use FB as a source of iron.

NTA is used as a stabilizing agent in the iron
assimilation procedure of Rosenberg (1979}, As part
of the controls of the Fe uptake experiments,
DFBC 5 was given [ Fe|ferriNTA as a Fe®* source
in the absence of any other chelator (Figure 1).
[**Fe]FB was also supplied the bacterium with NTA
as the stabilizing agent (Figure 1). DFBC 5 assimil-
ated the Fe>* of ferriNTA displaying a rate of 2.2
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Figure1. Rate of uptake of 3Fe from [*Fe]ferriNTA (O)
and [**Fe]FB (@) by DFBC 5. DFBC 5 cells used as
controls for [**Fe]ferriNTA assimilation (M) were at 0 C.
All others were at 21°C. The bacterium was grown in
DFB-vitamins—mineral salts medium described in
Materials and methods and cells were present ata
concentration of 0.3 mg cell protein ml—1. [FejferriNTA
was present at a concentration of 1 um, NTA wasata
concentration of 499 um. During the [*Fe]FB assimilation
experiment, [¥Fe]FB was at a concentration of 1 um as
was DFB.

pmol [**Fe]ferriNTA min~'mg cell protein~" while
displaying no inability to use the Fe’* of FB.

While DFBC 5 demonstrated an ability to use FB
as a Fe’™ source, the bacterium readily used
rhodotorulic acid an iron source (Figure 2). With
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Figure 2. Rate of uptake of ¥Fe from [*FelferriRA ().
DFBC 5 was grown in DFB-vitamins—mineral salts
medium described in Materials and methods and cells were
present at a concentration of 0.26 mg cell protein ml 1.
DFBC 5 cells used as controls for [*FelferriR A assimila-
tion (circles) had 5 mm sodium azide present. The assays
were performed at 21 °C and the concentrations of
[**Fe]ferriRA and RA were each 5 pum.
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5pum [PFelferriRA as the substrate, DFBC 5
assimilated the Fe’' of ferriRA at a rate of
15 pmol min~' mg cell protein~'. The apparent K,
and V,,, values for ferriRA assimilation for DFBC
5 are 4.3 uM and 27.8 pmolmin~! mg cell protein~!
which were calculated from the Lineweaver-Burk
plot of [**Fe|ferriRA uptake (Figure 3).

The use of either ferriRA or RA as a carbon
source by DFBC 5 was investigated in experiments
where the compounds served as sole sources of
carbon. Neither ferriRA nor RA supported the
growth of DFBC 5 nor did the bacterium demon-
strate any ability to metabolize the molecules as
evidenced by consumption of the compounds from
the growth medium. Attempts.to suppiement the
ferriRA— or RA-mineral salts medium with a
readily metabolizable substrate, 0.05% (w/v} YE,
resulted in growth of the DFBC 5 but did not cause
any of either the ferriRA or the RA to be metabol-
ized by the microbe.

Discussion

While DFBC 5 grows well when the siderophore
DFB is the sole carbon source, the bacterium
demonstrated no ability to use FB as a carbon source
(Castignetti & Siddiqui 1990). Not only was DFBC 5
incapable of using FB as a carbon source, cells or
cell-free extracts of cells grown with DFB as the sole
carbon source were unable to metabolize FB as the
ferrisiderophore was not consumed nor was it
degraded to a monohydroxamic acid as was DFB.
The current study demonstrates that the lack of FB
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Figure 3. Kinetics of assimilation of fermriRA by DFBC 5.
DFBC 5 was grown in the DFB medium described in
Materials and methods section and cells were present at
concentrations of 0.21-0.61 mg cell protein ml-'. The
concentrations of {¥Fe]ferriRA and RA were equimolar
for every point noted, and were 1,2, 5 and 10 pim.



use by DFBC 5 is complete in that FB also does not
serve as a Fe*™ source for the bacterium.

While bacteria such as Pseudemonas aeruginosa,
Pseudomonas fluorescens and Pseudomonas cepacia
are capable of employing ferriNTA as an iron source
(Meyer & Hohnadel 1992), whether DFBC 3 would
use ferriNTA was unknown. Even though ferriNTA
supplied Fe** to DFBC 5, it was unable to do so
when the superior Fe*" chelator DFB was present
(Figure 1). No Fe** assimilation was observed under
this circumstance as NTA is apparently unable to
remove Fe** from FB. An examination of the
formation constants (Sillen & Martell 1964) of both
NTA and FB with Fe’* (log K; values of 15.87 and
30.6, respectively) notes that DFB is some 13 orders
of magnitude greater in its ability to sequester the
cation. It is therefore not unexpected that NTA is
unable to gain Fe’* from FB and the FB assimilation
rate of 0 is consonant with the inability of DFBC 5 to
use FB as an iron source even in the presence of
NTA.

While DFBC 5 was unable to use FB as an iron
source, it readily used ferriRA. The apparent K
and V.. values of ferriRA assimilation are 4.3 um
and 27.8 pmol min~! mg cell protein!, respectively.
Other investigators (Lammers & Sanders-Loehr
1982, Ecker et al. 1986, Bachhawat and Ghosh 1987,
DeWeger et al. 1988) have generally reported lower
K, values for bacteria while V,, estimations vary
widelv, e.g. from 10 (Lammers & Sanders-Loehr
1982) to 270 (Bachhawat & Ghosh 1987) pmol min ™"
mg cell protein!. Fungi, as exemplified by Neuro-
spora crassa (Ernst & Winkelmann 1974, Huschka et
al. 1985, Bailey et al. 1986, Carrano er al. 1986),
have K., values for ferrisiderophore uptake of
0.05-29 pum and Vi, estimations of 100 to 1000
pmolmin~! mg dry weight™* of cells. DFBC 5 thus
displays a K, value for ferriRA assimilation closer
to those values noted of the fungus N. crassa while
its Vax estimation is more characteristic of those of
the bacteria. A possible explanation as to why
ferriRA use by DFBC 3 is somewhat anomalous may
be that RA is not the native siderophore of the
bacterium. Further experimentation, to determine
what siderophores, if any, the bacterium svnthesizes
is needed to resolve this point; such studies are
planned to begin in our laboratory shortly.

Rhodotorula pifimanae, the yeast which synthe-
sizes RA, is incapable of assimilating the Fe’™ of FB
(Raymond et af. 1984) while DFBC 5 readily
assimilates the iron of fermiRA but not that of FB.
The use of DFB as a carbon source, while FB was
unable to serve as either a carbon (Castignetti and
Siddiqui 1990) or as a Fe™ source, suggests that

Siderophore carabolism and ferric ion transport

DFBC 5 may discriminate with respect to whether it
employs a particular siderophore to gain carbon or
iron. That the bacterium was able to utilize ferriRA
as a Fe** source but unabie to use either ferriRA or
RA as carbon sources validates the idea of this
‘nutritional selectivity’. A microbe employing such a
strategy would thus be prevented from denying itself
a source of Fe’* due to the use of either the
ferrisiderophore or the deferrisiderophore as a
carbon source. While DFBC 5 displays the nutri-
tional selectivity of not using the same siderophore
as both a source of carbon and iron, the oniy other
organism reported as being capable of siderophore
catabolism, a bacterium termed Pseudomonas FC 1
(Warren & Neilands 1964), dissimilated both the
ferri and deferrated forms of ferrichrome and
ferrichrome A (Warren & Neilands 1964). While not
displaying an ability to metabolize siderophores or
hydroxamic acid compounds in general, Pseudo-
monas FC1 used ferrichrome, ferrichrome A, defer-
riferrichrome, deferriferrichrome A and, to a li-
mited extent, ferric coprogen as carbon sources.
Whether these siderophores served as Fe’* sources
for Pseudomonas FC 1 was not reported; such
studies would be of interest. As reports of sidero-
phore catabolizing microbes emerge, it will be
noteworthy to determine whether such organisms
also display a carbon and iron nutritional selectivity
with respect to those siderophores which they
dissimilate.
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