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Strains of Pseudomonas aeruginosa able to grow readily in serum (serum
resistant) produce siderophores in large quantity, enabling them to extract iron
from transferring. The term pyochelin has been proposed for this group of
compounds. Pyochelin extractable with ethyl acetate and designated pyochelin A
appears to be a mixture of catechols and other phenolates. The structures of
water-soluble siderophores, designated pyochelin B, have not been determined.
Pyochelins enabled growth in serum of strains of serum-sensitive P. aeruginosa
and other gram-negative bacilli. Serum-resistant strains of P. aeruginosa tended
to be more virulent than equally toxigenic strains of the serum-sensitive group.
However, incorporation of pyochelins into the inocula of serum-sensitive strains
could reduce, rather than enhance, their virulence. Utilization of pyochelins by
serum-sensitive strains of P. aeruginosa rendered some of these organisms
resistant to pyocins which were otherwise lethal to them.

Because host iron is bound to transferring and
other iron-binding proteins, most microbes are
unable to obtain sufficient iron for growth in
tissue fluids (6, 13, 23, 27). Furthermore, hosts
usually respond to microbial infections by re-
ducing the iron content of their blood (27). This
type of host resistance has been referred to as
nutritional immunity (13). Some microbes, how-
ever, produce chelating agents that enable them
to grow in vivo. These chelating agents are gen-
erally referred to as siderophores, and those
produced by mycobacteria (24), Bacillus species
(3, 4), and enteric bacilli (7, 14, 19, 20, 22) have
been studied extensively. Generally, these sid-
erophores contain either hydroxamate or phen-
olate groups which are capable of coordination
with a central ferric ion (20), and in the case of
mycobactin both groups appear to be found on
the same molecule (24).

It has been known for some time that strains
of Pseudomonas aeruginosa vary greatly in
ability to initiate growth in animal sera with
small inocula. Those able to grow readily are
referred to as serum resistant, wherease those
unable to do so are referred to as serum sensitive.
The mechanism of serum resistance probably
involves production of siderophores, because ad-
dition of iron to sera enables serum-sensitive
strains to grow, and furthermore, the injection
of iron into animals enhances the virulence of
these organisms (6).
Siderophores produced by P. aeruginosa have

never been characterized, and no name has even
been proposed for this group of compounds.
Therefore, we propose the term pyochelin for
this group of compounds. "Pyo" is derived from
the specific epithet "pyocyanea" of this orga-
nism, whereas chelin indicates the chelating na-
ture of the group. The term "aeruginochelin" is
cumbersome. Furthermore, in the description of
the bacteriocin produced by this species, the
term pyocin is more commonly used than aeru-
ginocin. Pyochelin is a more convenient term
than aeruginochelin. The present communica-
tion describes the general biological activities of
these compounds.

(Part of this work was taken from a thesis
submitted by F.S. to the University of Louisville
School of Medicine in partial fulfillment of the
requirements for the M.S. degree.)

MATERIALS AND METHODS
Organisms used. P. aeruginosa strains used in-

cluded 150 clinical isolates and an additional 50 stan-
dard strains previously used in serotyping and phage-
typing studies. Other organisms included P. pseudom-
allei, P. reptilivora, P. aureofaciens, P. chlororaphis,
P. fluorescens, P. stutzeri, several species of the genera
Escherichia, Klebsiella, Salmonella, and Shigella,
Vibrio cholerae, and aeromonads. Sources of these
organisms have been described (12, 15, 16).

Screening for ability to grow in serum. Orga-
nisms were inoculated into 2 ml of Trypticase soy
broth (TSB; Baltimore Biological Laboratory) and
incubated at either 32 or 220C (depending on their
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temperature requirements) for 24 to 48 h to achieve
maximum growth. One loopful of culture, usually con-
taining about 4 X 109 cells per ml, was diluted into 1
ml of saline. This process achieves an approximately
1/200 dilution, and the resulting cell suspension con-
tains about 2 X 107 cells per ml. One loopful of this
saline suspension contained about 105 cells, and this
was used as the standard inoculum. The standard
inoculum was spot inoculated onto a mixture of equal
volumes of Seitz-filtered animal sera (beef, horse, hu-
man, and rabbit) and 2.5% autoclaved agar (Difco).
Ten to 12 organisms were inoculated on one plate, and
the plates were incubated at either 32 or 220C accord-
ing to the temperature requirements of the organism.
After 24 h those organisms that showed good growth
were designated serum resistant; those that required
more then 48 h to give good growth were regarded as
serum sensitive. Some organisms failed to grow com-
pletely even after a prolonged incubation, and these
were designated nongrowers in serum.

Screening for ability to utilize siderophores of
other bacteria. Serum-resistant organisms were usu-
ally rapid producers of some siderophores. These or-
ganisms were first grown on a blood agar with brain
heart infusion base (Difco) at the appropriate temper-
ature. One loopful of the inoculum was taken from the
growth and streaked heavily in the center of a serum
agar plate across the whole diameter. After incubation
for 24 to 48 h, the serum-sensitive organisms were
appropriately diluted as described in the preceding
section, and one loopful of diluted inoculum was
streaked perpendicularly to the colony of the serum-
resistant organism to a distance of about 1 cm. Four
organisms could be streaked on one side of the colony
and another four could be streaked on the other side.
The plates were incubated further for 24 h at the
appropriate temperature for the growth of the test
organism. Those organisms able to utilize siderophores
formed visible colonies around the colony of the se-
rum-resistant organism, whereas the part of the inoc-
ulum far away from the latter showed no growth. The
phenomenon is a sort of satellite formation like that
usually seen with a Haemophilus influenzae growing
around the colony of a staphylococcus on a blood agar
plate. The only difference was that the agar used here
contained sera as the sole source of nutriment.

Testing the effect of pyochelin on the activity
of pyocin. The procedure used was essentially that of
Govan and Gillies (8). A preliminary selection was
made of serum-resistant strains of P. aeruginosa that
also produced pyocin. These organisms were streaked
in the center of the agar plates; after incubation for 20
h at 32°C, the colonies were scraped off with sterile
cotton swabs, and the remaining organisms were killed
by inverting the agar on the top part of a petri dish
containing chloroform and leaving it for about 20 min.
One loopful of the broth culture of the organism to

be tested without dilution in saline was streaked per-
pendicularly across the tract of the serum-resistant
strain, and the plate was incubated further at 32°C for
20 h. The media used for this purpose were Trypticase
soy agar (TSA), rabbit serum agar (RSA), and RSA
enriched with 0.01% (wt/vol) FeCl3.

Production of pyochelin in synthetic medium.
To facilitate purification and characterization of py-

ochelin, a synthetic medium must be as simple as
possible in composition. It has to support good growth
of the organism, with the final pH of growth in the
range of 7.0 to 7.4. The medium developed for this
purpose contained: saturated ammonium sulfate, 5 ml;
20% glucose, 50 ml; 20% sodium succinate, 10 ml; 10%
Na2HPO4, 10 ml; 1% CaCl2, 1 ml; 1% MgSO4, 1 ml; and
distilled water, 900 ml. The ingredients were made up
in concentrated form, Seitz-filtered, and added asep-
tically to autoclaved, distilled water. This medium was
distributed to six 1-liter shaking flasks with baffles and
shaken at 32°C for about 24 h.

After centrifugation and filtration of the superna-
tant fluid through a membrane filter (Millipore Corp.),
the titer of pyochelin was estimated by making a serial
twofold dilution in saline and placing 0.1 ml of each
dilution into a hole, about 1 cm in diameter, that was
cut in an RSA plate (about 12 ml of agar per plate). A
serum-sensitive strain of P. aeruginosa, designated
PA-1, was suspended in saline to make about 2 x 107
cells per ml, and one loopful of this suspension was
streaked near the well to a distance of about 0.5 cm.
The reciprocal of the highest dilution that gave a
barely visible growth of PA-1 after 24 h of incubation
at 32°C was taken as units of pyochelin. Most serum-
resistant strains of P. aeruginosa produced pyochelin
at 128 to 1,024 U/ml, whereas serum-sensitive strains
produced from 4 to 32 U of activity. The difference
between the serum-resistant group and the serum-
sensitive group in their production of pyochelin ap-
peared to be quantitative rather than qualitative.
The strain of P. aeruginosa selected for routine

production of pyochelin was designated PA-46. It was
selected because it has all three of the qualifications
needed for this study, i.e., serum resistance, rapid
growth in the synthetic medium with high yield of
pyochelin, and production of pyocin.

Production of pyochelins of PA-46 was also done on
a somewhat larger scale of 250 liters in a fermentor
(Grain Processing Co., Muscatine, Iowa) with the
above-mentioned synthetic medium. The supernatant
was acidified to pH 3.0 with the addition of HCl and
concentrated to about 18 liters by vacuum evaporation
before delivery to this laboratory. This material has
been the source of pyochelin in most of our study
described here.

Characterization of pyochelins. One hundred
milliliters of the crude, concentrated pyochelin prep-
aration of PA-46 was extracted with an equal volume
of ethyl acetate five times, and the extracts were
combined and evaporated in a Swissco evaporator to
about 10 ml. Pyochelin activity extracted with ethyl
acetate was only 5 to 10% of the original preparation,
and the bulk of the activity remained with the residue
in water-soluble form. The type of pyochelin extract-
able with ethyl acetate was designated group A, and
those that remained in water-soluble form were des-
ignated group B. Group A pyochelins were further
characterized with thin-layer chromatography on a
Polygram silica gel (5 by 20 cm), 0.25-mm-layer pre-
pared plate (Brinkmann), using cyclohexane and ethyl
acetate (1:1) as solvent, in an ascending chromatog-
raphy (21).

Chromatograms were examined in UV light, and
the fluorescent zones were outlined with pencil. Each
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of the zones was scraped off into a vial and extracted
with ethyl acetate for testing the pyochelin activities
with the above-mentioned technique.
The chromatograms were also stained with ferric

chloride ferrocyanide reagent according to Hathway
(11) and compared with the product of Escherichia
coli made with the same medium and extracted simi-
larly.

RESULTS
Growth of P. aeruginosa in sera. One

hundred twenty-eight of 150 stock P. aeruginosa
strains (85%) were able to grow readily with beef
serum, but only 82 strains (55%) were able to
grow with rabbit serum as the sole nutriment
(Table 1). The results with horse and human
sera were somewhat intermediate between those
with beef and rabbit sera. Most strains kept in
our laboratory for about 20 years by monthly
subcultures on TSA retained the ability to grow
in serum. About 30 (60%) of 50 strains of fresh
clinical isolates were able to grow on RSA. It
appeared that there was no significant difference
in the percentage of serum resistance among old
laboratory strains and fresh clinical isolates.
Growth of serum-sensitive strains on RSA

could be enhanced by the addition of FeCl3 (Fig.
1). This observation indicated that the factor
that was limiting the growth of these organisms
in serum was the non-availability of iron. The
serum-resistant strains were able to produce a
sufficient quantity of siderophores to enable
them to grow on serum agar, and these sidero-
phores diffused out to a considerable distance
from their colonies. When serum-sensitive
strains were streaked near the colonies ofserum-
resistant strains, the former grew well by using
the siderophores of the latter (Fig. 2).
By using different combinations of serum-re-

sistant and serum-sensitive strains of P. aerugi-
nosa, it was found that there were many differ-
ent patterns of satellite formation that could be
differentiated. In Table 2 are shown examples of

TABLE 1. Variations in the degrees ofgrowth of 150
strains of P. aeruginosa in different seraa

No. (%) of:
Serum Serum-sensitive Serum-resistant

strains strains

Beef 22 (15) 128 (85)
Human 40 (27) 110 (73)
Horse 31 (21) 119 (79)
Rabbit 68 (45) 82 (55)

a Serum sensitive means the failure of the organisms
to initiate growth within 24 h on serum agar with
about 105 cells per loopful of inoculum. Serum-resist-
ant means the ability to start growth and show visible
colonies with the same inoculum.

these patterns, using 5 serum-resistant strains as
producers of pyochelins and 32 serum-sensitive
strains as indicators. If these differences in the
abilities of serum-resistant strains to help the
growth of serum-sensitive strains on serum agar
were really due to differences in the type of
pyochelins produced by these organisms, the
number of pyochelins that could be produced by
this species would be fairly large. In the case of
mycobactin, at least nine groups with many sub-
types within each group are known (24), and
therefore it is not surprising thac a metabolically
versatile species such as P. aeruginosa can pro-
duce many types of siderophores.

Utilization of siderophores of other bac-
teria by P. aeruginosai The ability of P.
aeruginosa to utilize siderophores of other bac-
teria, such as enteric bacilli, Vibrio, Aeromonas,
and even Bacillus species, was tested on RSA.
It was found that practically all strains of P.
aeruginosa were able to utilize enterochelin pro-
duced by E. coli readily, in spite of the fact that
their utilization of pyochelins produced by other
strains of P. aeruginosa was rather inconsistent.
The failure of some strains of P. aeruginosa to
grow around the colonies of other strains of the
same species may have been due to inhibition
by pyocins rather than to inability to utilize
pyochelins.

In Fig. 3, 4, and 5 are shown some experiments
which indicate the ability of a strain of E. coli,
no. 6, to help a serum-sensitive strain of P.
aeruginosa, PA-88, to grow in serum. A saline
suspension of the E. coli, containing about 109
cells per ml, was made, and 10-fold serial dilu-
tions of this suspension were streaked with a
cotton swab in parallel lines on an RSA plate.
A similar 10-fold serial dilution of P. aerugi-

nosa suspension was made, and the dilutions
were spot inoculated on the lines of E. coli. The
plate was incubated at 320C for 20 h. The E. coli
grew only up to a dilution of 10-3, or a suspension
containing 106 cells per ml (Fig. 3). The P.
aeruginosa grew only up to a dilution of 10-2, or
a suspension containing 107 cells per ml. How-
ever, when the higher dilution of P. aeruginosa
was spot inoculated on the lines of E. coli that
grew, even a small inoculum was able to initiate
growth. In Fig. 4 and 5, this observation was
extended by streaking the E. coli lines with a
102 dilution of cell suspension, and a high dilu-
tion of P. aeruginosa was spot inoculated on
these lines. The same inocula of P. aeruginosa
were also placed on TSA as a control to compare
the number of colonies developing on both me-
dia. It was found that the number of colonies of
P. aeruginosa that developed on the lawn of E.
coli on serum agar was essentially the same as
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FIG. 1. Growth of serum-sensitive strains of P. aeruginosa on RSA around a well containing a 0.01%
solution of FeCl3.

the number that developed on TSA, indicating
that practically a single cell was able to initiate
growth on the lawn of E. coli. The same orga-
nism was able to grow on serum with a minimum
ofone loopful of cell suspension containing about
107 cells per ml, or about 105 organisms.
Most strains of P. aeruginosa were able to

utilize siderophores of V. cholerae, Aeromonas
liquefaciens, Aeromonas formicans, and Bacil-
lus megaterium. The ability to utilize sidero-
phores of Aeromonas salmonicida was limited
to about 70% of the organisms tested.
We also tested several strains each of P. rep-

tilivora, P. fluorescens, P. aureofaciens, P. chlo-
roraphis, and P. stutzeri for their abilities to
utilize siderophores of the above-mentioned
gram-negative bacilli, and they were all able to
do so.

Utilization of pyochelin by other bacte-
ria. Utilization of pyochelins by other gram-
negative bacilli was found to occur to different
degrees. Of the 50 strains of E. coli tested, 30
were able to utilize pyochelin A and 40 were able
to use pyochelin B of PA-46. Some strains of
Salmonella, Shigella, and even Alcaligenes fae-

calis were found to be able to use pyochelin.
One strain each of A. liquefaciens and A. for-
micans were found to be able to use pyochelin
B but not pyochelin A. Most other species of
pseudomonads, such as P. fluorescens, P. repti-
livora, P. aureofaciens, P. chlororaphis, and P.
stutzeri, were found to be able to use pyochelins
to varying degrees.
Preliminary characterization of pyochel-

ins of PA-46. One hundred milliliters of the
concentrated material received from the Grain
Processing Co. was extracted five times with an
equal amount of ethyl acetate, and each extract
was concentrated to 10 ml by evaporation. Ac-
tivities of these extracts were tested with a strain
of serum-sensitive P. aeruginosa, PA-1. The five
extracts showed pyochelin activity at 1:1,280, 1:
160, 1:40, 1:20, and 1:10 dilutions, respectively.

It was estimated that only about 5 to 10% of
the chelating activities were extracted with ethyl
acetate, and the bulk of activities remained in
the water residue. The pyochelins extracted with
ethyl acetate were designated group A, and those
that remained in the water residue were desig-
nated group B. The group A pyochelins were
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FIG. 2. Satellite formation of a serum-sensitive strain of P. aeruginosa around the colony of a serum-
resistant strain. The center colony is the serum-resistant strain, and the upper right side of the center colony
is the serum-sensitive strain. On the lower right side is a serum-resistant organism whose growth was not
enhanced by the center colony. On the left side is an organism that was unable to grow on its own; its growth
was not helped by the center colony.

TABLE 2. Different patterns ofgrowth of serum-
sensitive P. aeruginosa around the colonies of five

serum-resistant strains of the same species
No.' of se-
rum-sen-

Pattern Serum-resistant strains sitivePattper strains
type PA-46 PA-78 PA-86 PA-87 PA-138 showing

this pat-
tern

1 - - - - - 11
2 + + + + + 3
3 + - + + + 4
4 - + - - - 7
5 + + + + - 1
6 - - + + + 6

a+, Growth within 24 h at 370C; -, no growth at the end
of 24 h at 370C.

'Thirty-two strains tested.

analyzed by thin-layer chromatography in com-
parison with a sample of enterochelin produced
in our laboratory with E. coli strain 6 in the

same medium. An example of this chromatog-
raphy is shown in Fig. 6. The P. aeruginosa
extract separated into 12 spots and enterochelin
separated into five spots detectable by UV light.
Seven spots of P. aeruginosa extract were able
to enhance the growth of PA-1 on RSA, with
three that were quite strong and four that were
weak. After spraying the chromatograms with
ferric chloride ferrocyanide reagent, entero-
chelin yielded five distinct blue spots with Rf
values of 0.62, 0.50, 0.42, 0.31, and 0.20, respec-
tively. Of the three major spots of pyochelin, one
stained blue and two stained violet; they had Rf
values of 0.47, 0.41, and 0.26, respectively. The
blue color was characteristic of the enterochelin
type of catechol compounds, whereas the violet
color was characteristic of phenols, such as
phloracetophenone and salicylic acid, which
chelate preferentially with Fe3" ion (11). It has
been known for some time that fluorescein of P.
aeruginosa is produced only in iron-poor me-
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FIG. 3. Growth of serum-sensitive P. aeruginosa PA-88 that was helped by a serum-resistant E. coli. Ten-
fold serial dilutions of a cell suspension of E. coli containing 109 cells per ml were made, and each dilution
was streaked in parallel lines on an RSA plate. A similar dilution of P. aeruginosa was made and spot
inoculated on the lines of E. coli. After incubation at 320C for 24 h, the colonies of E. coli grew only at 10-2
and lo-3 dilutions. The colonies of P. aeruginosa grew only at a 102 dilution when they were alone. However,
the P. aeruginosa grew up to a 10' dilution when they were spot inoculated on the lines of the E. coli colonies
that grew.

dium (25), and, therefore, we suspected from the
beginning of this study that this pigment, and
possibly others, may have pyochelin activity.
However, there is no evidence so far to indicate
that any of the pigments produced by this spe-
cies can function as a siderophore.
Effect of pyochelin on pyocin activity.

During the study of pyochelin it was found that
some pyocin-sensitive strains of P. aeruginosa
that were also serum-sensitive became resistant
to pyocin when they were utilizing pyochelin to
grow on serum agar. Interaction between the
pyochelins and the pyocins could occur in sev-
eral different ways, and examples of these are
shown in Fig. 7 and 8. The serum-resistant strain
PA-46 was a producer of pyocins which killed
many other strains of P. aeruginosa. This strain
was streaked perpendicularly on TSA and RSA.

After the growth and removal of PA-46 colonies,
four strains of P. aeruginosa, designated PA-88,
PA-101, PA-103, and 117, were cross-streaked on
the tract of PA-46. After incubation for another
20 h at 320C, the results shown in Fig. 7 were
obtained. PA-88 was killed on the tract of PA-46
when it was grown on TSA. The result on RSA,
however, was exactly the opposite. This orga-
nism failed to grow alone on serum agar, but it
grew on the tract of PA-46. This observation
indicates that the pyochelin of PA-46 enabled
PA-88 to grow on serum agar and, in addition,
the utilization ofpyochelin made PA-88 resistant
to the action of pyocin. Strain PA-101 was also
killed on TSA, but it grew on the tract of PA-46
on serum agar. The growth of PA-101 was dif-
ferent from that of PA-88 in that the former
extended beyond the tract of PA-46 and was,
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FIG. 4. In an experiment similar to that shown in Fig. 3, a 10-2 dilution of E. coli was streaked in three
lines on an RSA plate. Ten-fold serial dilutions of P. aeruginosa (PA-88) were spot inoculated on these lines.
After incubation at 320C for 24 h, it was found that P. aeruginosa grew in dilutions up to lo-. The number
of the colonies of P. aeruginosa that grew on RSA within the colonies of E. coli were about the same as those
that grew on nutrient agar, indicating that a single cell of P. aeruginosa was able to initiate growth.

therefore, wider than the growth of PA-88. This
observation indicated that there were probably.
more than one type of pyochelin produced by
PA-46, and one type diffused far beyond the
tract of the producing strain whereas the other
type remained within the tract. PA-88 was able
to use only the type that remained within the
tract, but PA-101 used both for growth.
The results obtained with the third strain,

PA-103, appeared to corroborate this idea be-
cause the organisms growing on the tract of PA-
46 were mostly killed by pyocin, with only a few
surviving colonies, although the growth occurred
on both sides of the tract of PA-46. The fourth
strain, 117, was a rough, serum-resistant strain;
its growth on TSA was resistant to pyocin and
was also unaffected by PA-46 on the serum agar.
The observations on the differences of pyocin

activities on TSA and RSA did not really con-
firm the suspicion that resistance of strains PA-
88, PA-101, and PA-103 to pyocin was due to
utilization of pyochelins, because the composi-

tions of TSA and RSA were quite different and
the differences in the behaviors of the organisms
could have been due to many other nutritional
factors. Survival of a few colonies of PA-103 on
the tract of PA-46 on serum agar also raised the
question of whether there are variants within
each strain regarding their abilities to use py-
ochelin. It was decided, therefore, to repeat the
experiment with only RSA. We used one RSA
enriched with FeCl3 (0.01%) and one plain RSA
as the control. We selected several variants of
PA-103 for this purpose. When this strain was
streaked on TSA, two colonial forms, one large
and the other small, were usually obtained. We
also picked a colony of PA-103 that survived
within the tract of PA-46 on serum agar and a
subculture ofthe organism that grew just outside
the tract of PA-46 on serum agar. These four
variants of PA-103 were tested on the two types
of RSA; the results are shown in Fig. 8.
Of the two colonial forms selected on TSA the

small colony (S) actually grew better on serum

INFECT. IMMUN.



PYOCHELINS OF P. AERUGINOSA 885

FIG. 5. Part of Fig. 4 enlarged to show the individual colonies of P. aeruginosa (PA-88) growing in the
colony of E. coli no. 6.

agar than the large colony (L), and both forms
were resistant to pyocin of PA-46 when they
were growing on serum agar. Both forms were
susceptible to pyocin when they were growing
on serum agar enriched with FeCl3; PA-88 and
PA-101 behaved in the same manner. These
observations confirmed that resistance of these
organisms to pyocin when growing on the tract
of PA-46 on serum agar was due to their utili-
zation of pyochelin, because in the presence of
FeCl3 either PA-46 did not produce pyochelins
or the serum-sensitive strain did not use them
and they were just as susceptible to pyocin as
when they were growing on TSA.
A variant of PA-103 picked from the tract of

PA-46 on serum agar was found to be resistant
to pyocin even on the serum agar enriched with
FeCl3 (colony A, Fig. 8). The fourth variant
(colony B, Fig. 8), however, picked from a colony
of PA-103 growing just outside of the tract of
PA-46, was as susceptible to pyocin as the orig-
inal strain.
The mechanism of inhibition of pyocin activ-

ity by pyochelin is not known at present. It can
be due either to the blocking of the site of
attachment of pyocin by pyochelin or to some
changes in the surface receptors ofthe organisms

when they are utilizing pyochelin. Both of these
mechanisms are known to occur in the case of
enterochelin and colicin (9, 10, 26).
Correlation and noncorrelation of py-

ochelin activity with virulence ofP. aerugi-
nosam Virulence of serum-resistant and serum-
sensitive strains of P. aeruginosa were com-
pared by intraperitoneal injection into mice of
serial 10-fold dilutions of the cell suspensions.
We already had the data on the in vitro toxigen-
icities of these organisms regarding their pro-
duction of protease, phospholipase C, and exo-
toxin A (14, 16). Serum-resistant and serum-
sensitive strains of about equal toxigenicities
were matched in the comparison. It was indeed
found that serum-resistant strains tended to
show higher mortality by intraperitoneal injec-
tion than the serum-sensitive group. This obser-
vation confirmed the prevailing concept that
production of siderophores is correlated with
virulence of bacteria.
We then proceeded to see if pyochelin pro-

duced by serum-resistant strains would enhance
the virulence of serum-sensitive strains. The re-
sults, however, were not what we expected. The
effect of pyochelin A of PA-46 was tested by
evaporating the ethyl acetate-extracted prepa-
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9s ..._

FIG. 6. Comparison of group A pyochelin (lower part) with enterochelin (upper part) in thin-layer chro-
matography. Enterochelin separated into five spots that all stained blue with ferric chloride ferrocyanide
reagents. Staining ofpyochelins with this reagent varied. Of the three major spots of activity, one (1) stained
blue and the other two (2 and 3) stained violet. The band indicated by the letter Y was a yellowish-orange
pigment that did not stain with the ferrocyanide reagent and did not have pyochelin activity.

ration and redissolving the dry, oily material in
TSB. The use of TSB was necessary because
this material did not dissolve well in water or
saline. This solution was further diluted with
TSB to give about 1,000 U of pyochelin A activ-
ity per ml. Strain PA-1, which was a strain of
relatively low virulence, was used to determine
if pyochelin A would enhance its virulence as
compared with the same cell suspended in the
plain TSB. The mortality of mice injected with
cells of PA-1 suspended in TSB, with or without
the pyochelin A, was exactly the same (Table 3).
The same experiment was repeated with py-
ochelin B that had been made by dialyzing the
crude water residue in distilled water after ethyl
acetate extraction of the original material. The
low-molecular-weight materials that came out
of the dialysis bags were concentrated by lyoph-
ilization and passed through a column of dieth-
ylaminoethyl-cellulose. Pyochelin activity did
not adsorb to the column and was eluted in the
first fraction following the void volume. The
material had about 1,200 U of activity per ml.
Cells of PA-1 were suspended in this pyochelin
B solution, and its virulence to mice was com-

pared with the same cells suspended in saline.
The suspension of cells of PA-1 in pyochelin B
solution reduced, rather than enhanced, its vir-
ulence (Table 4). Since the same preparation
increased the growth of the organism in serum,
the one probable explanation for the reduction
in virulence was that the pyochelin preparation
inhibited the toxin production. This possibility
was tested with strain PA-103, which has been
the standard strain used in the production of
exotoxin A (17). However, no significant differ-
ence in the toxin production in vitro was noted
by incorporation of pyochelin B into the me-
dium. Increased availability of iron is known to
decrease production of exotoxin A of P. aerugi-
nosa (1), and this mechanism might possibly
operate in vivo, but it is not likely that the level
of iron available in vivo will be as high as that in
TSA medium used in the toxin production in
vitro even with incorporation of pyochelin B in
the inocula.

DISCUSSION
The ability of P. aeruginosa strains to grow

in serum appeared to be due to their production

INFECT. IMMUN.



PYOCHELINS OF P. AERUGINOSA 887

FIG. 7. Effect ofpyochelin utilization of P. aeruginosa on their sensitivity to pyocins. In the center of these
TSA (left) andRSA (right) plates was streaked a serum-resistant andpyocin-producing strain ofP. aeruginosa
(PA-46). After removal of the colonies and sterilization of PA-46, four other strains of P. aeruginosa were
streaked perpendicularly to the tract of this organism. The growth patterns of the three serum-sensitive P.
aeruginosa strains on RSA were the opposite of those observed on TSA. See text for details.

L

S

A

B

FIG. 8. Effect ofpyochelin utilization on the pyocin sensitivity of P. aeruginosa was tested again on RSA
with (right) and without (left) incorporation of 0.01% FeCl3. On RSA with added iron the sensitivity of the
organisms to pyocins was the same as that on TSA. See text for details.

of some siderophores that enable the organisms
to utilize iron bound to transferring. We have
been using the term pyochelins for these com-
pounds. The term indicates the name of the
species that produced it and the nature of the
compounds as chelating agents. We are aware of

the term ferribactin used by Maurer et al. (18)
for a siderochrome produced by P. fluorescens,
but this term does not indicate the name of the
organism that produced it and, also, the metals
that are chelated by it may not be limited to
iron.
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TABLE 3. Lack of influence ofpyochelin A on the virulence of a serum-sensitive P. aeruginosa (PA-I)
injected intraperitoneally into mice

Mortality of mice (no. dead/total) at day:
Cells suspended in:a Cells/ml

1 2 3 4 5

TSB with pyochelin A (1,000 U/ml) 5 x 108 5/5
5 x 107 3/5 4/5 5/5
5 x 106 1/5 3/5 3/5 3/5 3/5
5 x 105 0/5 0/5 0/5 0/5 0/5

TSB 5 x 1i0 5/5
5 x 107 4/5 5/5
5 X 106 0/5 1/5 3/5 3/5 3/5
5 x 105 0/5 0/5 0/5 0/5 0/5

aOne milliliter of cells suspended in TSB with pyochelin A or in TSB alone was injected.

TABLE 4. Reduction of virulence of a serum-sensitive P. aeruginosa strain (PA-I) by incorporation of
pyochelin B into the inoculum

Mortality of mice (no. dead/total) at day:
Cells suspended in:' Cells/ml

1 2 3 4 5

PyochelnB (1,200 U/mi) 5 x 109 3/5 4/5 4/5 4/5 4/5
5 x 10i 0/5 0/5 0/5 0/5 0/5
5 x 107 0/5 0/5 0/5 0/5 0/5

Saline 5 x 109 5/5
5 x 108 4/5 4/5 4/5 5/5
5 x 107 0/5 1/5 1/5 1/5 1/5

a One milliliter of cell suspension was injected intraperitoneally.

There appeared to be many different types of
pyochelins, some extractable with ethyl acetate
and some not extractable. Those extractable
with ethyl acetate have been designated group
A pyochelins and those remaining in water res-
idues have been designated group B pyochelins.
The group A pyochelins appeared to be pheno-
lates, and in the supernatants of the culture
fluids of strain PA-46 in the synthetic medium
described here, this group constituted only a
minor portion (5 to 10%) of the total pyochelin
activities. The structures of the compounds in
this group are probably different from those of
enterochelins produced by E. coli (19) because
the former stained violet with ferrocyanide re-
agents whereas the latter stained blue. The
structures of the group B pyochelins are not
known at present. Whether they are hydroxa-
mate compounds such as aerobactin (7) remains
to be seen. It is likely that both of these groups
contain a large variety of pyochelins because the
ethyl acetate extract of PA-46, upon thin-layer
chromatography, yielded no less than seven ac-
tive spots that were observed by UV fluores-
cence. Three of these spots were strong enough
to be stained with ferrocyanide reagent; one
stained blue and two stained violet. The violet
spots were much more intensive than the blue

one. It is also likely that different strains of P.
aeruginosa will produce different pyochelins in
different proportions, and these differences
probably accounted for the differences in the
patterns of satellite formation of serum-sensitive
strains around the colonies of serum-resistant
strains.
Most strains of P. aeruginosa appeared to be

able to utilize enterochelin, aerobactin, and the
siderophores of many other gram-negative ba-
cilli, such as V. cholerae, A. liquefaciens, A.
formicans, and A. salmonicida. They were even
able to utilize siderophores of gram-positive bac-
teria, such as Bacillus species. Most ofthe gram-
negative bacilli mentioned above appeared to be
able to utilize pyochelins, but they failed to grow
around the colonies of P. aeruginosa on serum
agar. This was probably due to production of
inhibitory substances by the latter. This obser-
vation indicated the advantages of P. aerugi-
nosa in their competition with other bacteria to
grow in vivo, and this probably accounts for, at
least in part, the common clinical observations
that infections with enteric bacilli or other bac-
teria are often superceded by those with pseu-
domonads. It was interesting, and almost scary,
to note that a strain of serum-sensitive P.
aeruginosa that required at least 100,000 cells
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to initiate growth on serum agar when it was
alone was able to initiate growth from a single
cell when it was grown together with a strain of
E. coli in a large inoculum. The outcome of this
mixed culture depended on the abilities of each
organism to overcome the other, but it was not
uncommon to see that a few hundred cells of P.
aeruginosa grown with 107 cells of E. coli per
ml in serum eventually overcame the latter and
the serum culture became a pure culture of P.
aeruginosa.

Stimulation of growth of one bacterial species
by products of other species is a phenomenon
that is opposite to the antibiosis that has been
studied extensively in the last 40 years in the
rush to produce antibiotics. In 1935, Duliscouet
(5) reported that staphylococci produced sub-
stances that either inhibited or enhanced the
growth of Corynebacterium diphtheriae. He
proposed the term probiotics for those staphy-
lococcal products that enhanced the growth of
diphtheria bacilli. This term appears to be quite
appropriate to describe the siderophores of var-
ious bacteria that enhance the growth of other
species. These compounds may be useful in clin-
ical microbiology because they enhance and ac-
celerate growth of fastidious organisms, and in-
corporation of them in special media may facil-
itate isolation of certain pathogens. These sid-
erophores can also indicate the design of anti-
biotics that would inhibit bacterial growth by
blocking the uptake of metals.

Utilization of pyochelins not only enabled se-
rum-sensitive P. aeruginosa to grow in serum,
but also some of them became resistant to pyo-
cins that ordinarily would have killed them when
they were growing in TSA. The mechanism for
this resistance is not known at present.
One of the most important aspects of pyochel-

ins, and the one that is probably the most im-
portant from the viewpoint of medical bacteri-
ology, is their effect on the virulence of P.
aeruginosa. It appeared that serum-resistant
strains were usually more virulent than serum-
sensitive strains if they were equally toxigenic.
However, there were some serum-resistant
strains that were not toxigenic, and these orga-
nisms were not particularly virulent. An unex-
pected finding during this study was that the
exogenous pyochelins did not enhance the viru-
lence of P. aeruginosa when this characteristic
was measured by intraperitoneal injection of the
organism into mice. Pyochelin A had no effect
at all in this model, and pyochelin B actually
reduced the virulence of a serum-sensitive strain
of P. aeruginosa. The mechanism for this re-
duction in virulence is unknown at present, but
it did not seem to involve inhibition of the

production of exotoxin A.
It seems quite premature even to speculate on

the mechanism by which these pyochelins affect
the virulence of P. aeruginosa because the prep-
arations used in our study were not pure and
were mixtures of many different substances.
Many more studies in the future are needed to
understand the roles played by pyochelins in the
pathogenesis of P. aeruginosa.
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