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Serratia marcescens wild-types ATCC 264 and Nima grew but did not
synthesize prodigiosin in a glycerol-alanine medium containing 10 ng of Fe per
ml. Wild-type 264 required the addition of 0.2 ug of Fe per ml for maximal growth
and prodigiosin synthesis; Nima required 0.5 ug of Fe per ml. Three percent, but
not 0.1%, sea salts inhibited prodigiosin synthesis in a complex medium
containing up to 10 ug of Fe per ml. NaCl was the inhibitory sea salt component.
The inhibition was not specific for NaCl; equimolar concentrations of Na,SO,,
KCl, and K;SO, also inhibited prodigiosin synthesis. Experiments with strains
264 and Nima and with mutant WF which cannot synthesize 4-methoxy-2-2'-
bipyrrole-5-carboxaldehyde (MBC), the bipyrrole moiety of prodigiosin, and
with mutant 9-3-3 which cannot synthesize the monopyrrole moiety 2-methyl-3-
amylpyrrole (MAP) showed that both MBC synthesis and the reaction condens-
ing MAP and MBC to form prodigiosin were relatively more sensitive to NaCl in-
hibition than the MAP-synthesizing step. The capacity of whole cells to con-
dense MAP and MBC was present, but inactive, in cells grown in NaCl; removal
of the NaCl from non-proliferating salt-grown cells restored the activity. Other
evidence suggests the existence of a common precursor to the MAP- and MBC-

synthesizing pathways.

Apollo 11 lunar material in a medium con-
taining 0.1% (wt/vol) sea salts had no detectable
effect on the growth of a number of terrestrial
microorganisms (12). However, fluorescent pig-
ment formation by Pseudomonas aeruginosa
ATCC 15422 was inhibited, whereas synthesis of
the red pigment prodigiosin by Serratia mar-
cescens ATCC 264 was stimulated. These ef-
fects were traced to iron leached from the lunar
material. It was also observed that increasing
the concentration of sea salts in the growth me-
dium from 0.1 to 3% prevented prodigiosin syn-
thesis in the presence of lunar material. Al-
though iron is required for prodigiosin synthe-
sis (1, 2, 5), only Waring and Werkman (13) have
reported quantitative data. In addition, the
literature appears devoid of any reports on salt
inhibition of prodigiosin biosynthesis.

This paper reports the results of further
studies on the iron requirements for growth and
prodigiosin synthesis in S. marcescens, identifi-
cation of NaCl as the component in sea salt
responsible for inhibition of prodigiosin synthe-
sis, and the location and apparent mechanism
of action of the NaCl block in the terminal
biosynthetic pathway of the pigment.

MATERIALS AND METHODS

Organisms. The wild-type strains of S. marcescens
used in this study were ATCC 264 (obtained from H.
S. Ginoza) and Nima (kindly supplied by R. P.
Williams). Mutants 9-3-3 and WF were also supplied
by R. P. Williams. Mutant 9-3-3 is blocked in the
synthesis of the volatile monopyrrole moiety of prodig-
iosin, 2-methyl-3-amylpyrrole (MAP), but produces
the stable bipyrrole moiety, 4-methoxy-2-2'-bipyrrole-
5-carboxaldehyde (MBC). Mutant WF is blocked in
the synthesis of MBC, but produces MAP. Both mu-
tants and the two wild types can couple MBC and
MAP to form the linear tripyrrole prodigiosin. Al-
though these reactions are presumed to be catalyzed
by enzymes, only the enzymatic nature of the terminal
condensation step has been established (8). These
relationships were reviewed by Williams and Hearn
(17) and are illustrated in Fig. 1.

Media. The organisms were maintained in stock
culture on TS slants (1.0% ion agar no. 2 [Colab],
3.0% Trypticase soy broth [BBL]) or on slants of
Brain Heart Infusion agar (Difco).

Medium ML was modified from a medium used
previously in studies with lunar samples (9, 10, 12) by
omitting the vitamins. The following stocks were
prepared. (i) AA-NAB was a dry mixture of 18 g each
of B-alanine; glycine; hydroxy-L-proline; and the bL
amino acids:alanine, arginine, aspartic acid, aspara-
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gine, cysteine-hydrochloride, cystine, glutamic acid-
hydrochloride, glutamine, histidine, isoleucine, leu-
cine, lysine-hydrochloride, methionine, phenylala-
nine, proline, serine, threonine, tryptophan, tyrosine,
and valine; and 0.98 g each of thymine, adenine,
cytosine, guanine, hypoxanthine, orotic acid, xan-
thine, and uracil. (ii) LEM was a mixture of sodium
lactate (60%), 2.5 vol; ethanol, 1.5 vol; and methanol,
1.5 vol. Medium ML contained (per liter of distilled
water) : AA-NAB, 4.68 g; LEM, 3.6 ml; sodium pyru-
vate, 1.0 g; sodium acetate, 1.0 g; (NH,),SO,, 1.0 g;
K,;HPO,, 1.0 g; KNO,, 1.0 g; glycerol, 1 ml; adjusted
to pH 7.0 with NaOH.

Quantitative studies on the requirement of iron for
growth and prodigiosin synthesis required the devel-
opment of a chemically defined medium low in iron
but capable of supporting good growth and pigment
formation when iron was added. Medium GA was
developed as a result of experiments with modifica-
tions of Bunting’s medium (2) while taking into
account observations on the induction of pigmenta-
tion by single amino acids (16) and the inhibition of
pigment synthesis by high phosphate concentrations
(3, 4, 15). Medium GA contained (per liter of distilled
water): glycerol (Mallinkrodt, AR), 5.0 ml; L-alanine
(Ajinimoto Co., Tokyo), 5.0 g; K,;HPO, (Baker, AR),
0.1 g; and MgSO, (Mann-Schwarz enzyme grade), 0.1
g. The pH was 7.2 to 7.3 after autoclaving. Iron was
added to all media as required, either as FeCl,-6H,0
or as sodium ferric diethylenetriamine pentaacetate
(Sequestrene 330, Geigy Agricultural Chemicals,
Ardsley, N.Y.). Both forms of iron seemed equally
effective. Medium GA supplemented with 1 ug of Fe
per ml is referred to as medium GAI.

Incubation. All cultures were incubated aerobi-
cally at 27 C for 72 h unless otherwise noted. Liquid
cultures were grown in 300-ml Erlenmeyer flasks
containing 50 ml of medium and were shaken on a
New Brunswick model G26 rotary shaker (2.5-cm
excursion diameter, 250 rpm).

Pigment intermediates and chemicals. DEP
(2,4-dimethyl-3-ethylpyrrole), an analogue of the
natural monopyrrole MAP, was purchased from Al-
drich Chemical Co., Milwaukee, Wis. MBC was
extracted from cultures of mutant 9-3-3 grown
aerobically at 27 C for 4 days in 10 liters of 0.5%
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peptone (Difco)-1% glycerol medium by the proce-
dures of Wasserman et al. (14). The yield was 229 mg
of crude MBC, which was used without further
recrystallization.

Instant Ocean sea salts, purchased from Aquarium
Systems, Inc., Wickliffe, Ohio, was used without the
trace elements. Synthetic 3% sea salts (SS) du-
plicated the major cations and anions in a 3% solution
of Instant Ocean sea salts. It was prepared with
reagent-grade chemicals and contained (mmoles per
liter) NaHCO,, 1.6; NaCl, 325; KCl, 6.9; CaCl,, 6.7;
MgSO0,, 18.7; MgCl,-6H,0, 17.1; and H,BO,, 0.2. SS
(0.1%) salts was prepared by appropriate dilution of
3% SS. Ultrapure NaCl was purchased from Alfa
Inorganics, Inc., Beverly, Mass.; morpholinopropane
sulfonic acid (MOPS) was from Calbiochem, Los
Angeles, Calif.; and chloramphenicol was from the
Sigma Chemical Co., St. Louis, Mo.

Analytical procedures. Medium GA and its indi-
vidual components were analyzed for iron by using a
Perkin-Elmer model 303 atomic absorption spectro-
photometer. The individual components were also
assayed for iron by the spectrophotometric pyri-
dine-2-aldehydeoxime method of Poyer and McCay
(11) with a Zeiss PMQ II spectrophotometer and 5-cm
pathlength cells.

DEP, the analogue of MAP, can condense with
MBC to form an analogue of prodigiosin. The visible
absorption spectra of prodigiosin and prodigiosin
analogues are virtually identical (R. H. Williams,
Ph.D. thesis, Iowa State University, Ames, 1965).
Therefore, the amounts prodigiosin and prodigiosin
analogue per milliliter of culture were assayed spec-
trophotometrically by the following procedure. Suita-
ble samples of culture (0.1-0.5 ml) were added to 5-ml
volumetric flasks, brought to volume with hydro-
chloric acid-methanol (4 vol of 1 N HCIl- 96 vol of
methanol) (4) and extracted for 20 min to 2 h. The
extracts were clarified by centrifugation at 5,500 x g
for 15 min, and the amount of prodigiosin or its
analogue, or both, in the extracts was determined as
the difference in absorbance at 535 and 650 nm by
using l-cm pathlength cells in a Zeiss PMQ II
spectrophotometer. The data are expressed as pro-
digiosin (Asss.650) Per ml or pigment (Ass5.450) Per ml.

Cell mass was measured turbidimetrically at 650
nm by using a Bausch & Lomb Spectronic 20 spectro-
photometer. Viable counts were determined by stan-
dard surface plate counts of decimal serial dilutions
on TS agar.

Location of the salt block. The following proce-
dures were used in experiments (see Table 3) aimed at
identifying the metabolic step affected by salt in the
terminal pathway of prodigiosin biosynthesis in the
wild types and mutants WF and 9-3-3. MBC (1.25
mg) dissolved in ethanol was added to the main
compartment of 500-ml Nephelo screw-capped flasks
(Bellco Glass Co., Vineland, N.J.), and the solvent
was removed by gentle heating in an airstream.
Medium GAI (25 ml) containing various amounts of
ultrapure NaCl was placed in the main compartment
and sterilized by autoclaving. The volatile monopyr-
role DEP (0.1 ml) was added to the side arm and
allowed to diffuse into the main compartment be-
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cause direct addition to 25 ml of GAI was inhibitory.
After inoculation, all flasks were incubated aerobi-
cally at 27 C for 69 to 71 h on the rotary shaker.
Prodigiosin or prodigiosin analogue, or both, per
milliliter of culture was determined spectrophotomet-
rically as described above. Viable counts per milliliter
of culture were used as a measure of cell mass because
a precipitate of unknown composition formed when
cultures were diluted for turbidimetric measure-
ments. The data obtained in this series of experiments
are expressed as pigment (Asss-es0) per 10° cells.

The following procedures were used in experiments
(see Table 4) to determine whether salt blocked the
monopyrrole pathway leading to MAP synthesis in
strains Nima, 264, and WF. Since no direct assay for
MAP has been developed, the syntrophic interaction
of these strains (the donors of volatile MAP) with
mutant strain 9-3-3 (the recipient capable of combin-
ing the MAP of the donors with its own bipyrrole
MBC to form prodigiosin) was used to measure
indirectly the MAP furnished by the donors (4). The
donor strains were spread in triplicate on the surface
of petri plates of GAI-1% Ionagar no. 2 supplemented
with ultrapure NaCl as required. The recipient strain
(9-3-3) was spread in triplicate on agar plates of the
same medium without added NaCl. The inoculated
halves of the donor and recipient plates were fastened
together with adhesive tape, with the recipient upper-
most, and incubated at 27 C in the dark for 5 days.
The cells of mutant 9-3-3 were washed off the surface
of the triplicate plates with 2.0 ml of water per plate,
and pooled. Turbidimetric measurement of total cell
mass and spectrophotometric measurement of the
prodigiosin synthesized were determined as described
above. The data obtained are expressed as prodigiosin
(Asss-e50) Per unit cell mass.

Nature of salt inhibition of the condensing en-
zyme. The following procedure was used in experi-
ments (see Table 5) to determine the mode of action of
NaCl in salt-blocked cell suspensions. Two sterile
buffer solutions were prepared, one composed of 0.05
M MOPS containing 1 ug of Fe per ml, the other of
identical composition but containing 3% ultrapure
NaCl (MOPS-NaCl). Both buffers were adjusted to
pH 7.17 with KOH. The two wild types and mutants
WF and 9-3-3 were grown in medium GAI containing
3% ultrapure NaCl and were harvested after 67 h.
Each culture was then divided into two equal por-
tions. One portion was washed three times in 0.05 M
MOPS, the other in 0.05 M MOPS-NaCl, and both
portions were resuspended in 25 ml of their respective
buffers. MBC (1.25 mg) was added to the main
compartment of 500-ml Nephelo flasks, followed by 14
ml of 0.05 M MOPS or 0.05 M MOPS-NaCl buffer, 1.0
ml of chloramphenicol solution, and 10 ml of cell
suspension. The final concentration of chloram-
phenicol was 50 pg/ml in all flasks. Preliminary
experiments established that this concentration com-
pletely prevented the growth of all the strains of S.
marcescens used in these experiments. DEP (0.1 ml)
was added to the side arm of all flasks. Incubation was
at 27 C on the shaker for 44 h. Zero time and 44-h
viable counts were made to confirm that no prolifera-
tion of cells had occurred. Prodigiosin and prodigiosin

PRODIGIOSIN SYNTHESIS IN S. MARCESCENS

1001

analogue per milliliter were determined at zero time
and 44 h as previously described. The data, expressed
as A pigment (Asss-650) per milliliter, represent the
change in the quantity of pigment synthesized be-
tween zero time and 44 h.

RESULTS

The inhibitory component in sea salt. We
have confirmed previous observations (12) that
S. marcescens ATCC 264 normally did not form
prodigiosin in medium ML plus Instant Ocean
sea salts, that supplemental iron ranging from
0.05 to 10 ug/ml elicited pigment production in
0.1% Instant Ocean sea salts, and that 3%
Instant Ocean sea salts prevented prodigiosin
synthesis even though iron over the same con-
centration range was added to the medium.
Identical results were obtained when 0.1 and 3%
SS were used in place of Instant Ocean sea salts.

The inhibitory component in 3% SS was
determined by omitting the major salts individ-
ually from 3% SS in tubes of ML broth supple-
mented with 2 ug of iron per ml. The data in
Table 1 show that NaCl at a concentration of
325 mM in 3% SS was responsible for pigment
inhibition.

The question of whether the inhibition by 325
mM NaCl resided in the Na* or C1- moiety of
the salt, or was indeed specific to NaCl, was
approached by testing for prodigiosin inhibition
by equimolar concentrations of NaCl, Na,SO,,
KCl, and K,SO, in 3% SS tubes of ML broth
supplemented with 2 ug of iron per ml. The data
in Table 2 show that 325 mM concentrations of
all the salts tested proved equally inhibitory to
prodigiosin synthesis. This suggests that the
inhibition was not specific to Na* or Cl- or to
any of the individual salts tested but could be
caused by nonspecific cation or anion effects or
be a function of the total ionic strength.

Iron requirements for growth and
pigmentation. Medium GA was used to test S.
marcescens wild-types Nima and ATCC 264 for
their iron requirements for growth and prodigi-

TaBLe 1. Effect of 3% synthetic sea salts on
prodigiosin synthesis in S. marcescens ATCC 264°

Component deleted ?:;;l:gx;n
None -
NaCl +
MgSO0, and MgCl,-6H,0 -
KCl -
CaCl, -

%Visual observation of prodigiosin production in
ML broth tubes; +, prodigiosin production; —, no
prodigiosin.
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TaBLE 2. Effect of 3% synthetic sea salt's and other
salts on prodigiosin synthesis in S. marcescens

CC 264
Deletion® Replacement® P:;:‘i’::::b
None None -
NaCl None +
NaCl Na,SO, -
NaCl KCl -
NaCl K,SO, -

@ At a concentration of 325 mM.

®Visual observation of prodigiosin production in
ML broth tubes; +, prodigiosin synthesis; —, no
prodigiosin.

osin synthesis. Analysis revealed that medium
GA contained approximately 6 ng of Fe per ml
in the absence of added iron. The inocula (0.1
ml) for the experiment, taken from liquid cul-
tures grown in medium GA supplemented with
2 ug of Fe per ml, contributed approximately 4
ng of Fe per ml of medium. Therefore, the
inoculated medium without added iron con-
tained approximately 10 ng of Fe per ml.

In the absence of added iron, both wild types
synthesized negligible amounts of prodigiosin
although growth was possible (Fig. 2). The two
strains differed in their iron requirements for
maximal growth and pigment synthesis. Strain
Nima required about 0.5 ug of added iron per
ml, whereas approximately 0.2 ug of added iron
per ml was sufficient for maximal growth and
pigment synthesis in strain 264. In other experi-
ments with both strains, the addition of up to 10
ug of Fe per ml did not alter these maximal
values. Therefore, medium GAI (containing 1
ug of added Fe per ml) was used in subsequent
experiments.

Effect of NaCl on growth and pigmenta-
tion. S. marcescens wild-type 264 was much
more sensitive to NaCl than wild-type Nima. A
number of experiments showed that with 264
the amount of prodigiosin synthesized per unit
cell mass began to decrease at 0.05 to 0.3%
NaCl, whereas up to 1.0% NaCl consistently
had no effect on maximal growth and prodigi-
osin synthesis in Nima. Both strains showed
further decreases in the prodigiosin synthesized
per unit of cell mass at higher NaCl concentra-
tions, often reaching complete inhibition at salt
concentrations which varied between 0.5 to
3.0% NaCl in strain 264 and 2.5 to 3.0% NaCl in
strain Nima. Inhibition of pigment synthesis in
salt-grown cultures was not the result of prefer-
ential selection of nonpigmented cells since
surface plates of these cultures on TS agar gave
uniformly pigmented clones. A representative
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experiment on the effect of NaCl on growth and
pigment synthesis in Nima and 264 is illus-
trated in Fig. 3.

Location of the salt block. An attempt was
made to determine which pathway in the termi-
nal biosynthesis of prodigiosin was blocked by
NaCl (Table 3). 1t is evident that S. marcescens
wild-type 264, when grown in 0.5% NaCl, could
not synthesize prodigiosin or prodigiosin ana-
logue when given only the monopyrrole (DEP) or
bipyrrole (MBC) moieties. However, the con-
densation step was partially functional since
simultaneous addition of both moieties resulted
in pigment synthesis equivalent to 63% of the
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Fic. 2. Effect of iron added to medium GA on
growth and prodigiosin synthesis by S. marcescens
wild-types ATCC 264 and Nima. Symbols: @, cell
mass; A, prodigiosin per milliliter; O, prodigiosin per
unit of cell mass.
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Fic. 3. Effect of NaCl added to medium GAI on
growth and prodigiosin synthesis by S. marcescens
wild-types ATCC 264 and Nima. Symbols: @, cell
mass; A, prodigiosin per milliliter; O, prodigiosin per
unit of cell mass.

pigment in the salt-free control. This suggests
that 0.5% NaCl completely blocked synthesis of
MBC and MAP (the natural monopyrrole) but
only partially blocked the terminal condensa-
tion step.

Wild-type Nima was unable to synthesize
pigment when given DEP and MBC simultane-
ously, indicating a complete salt block of the
terminal condensation step. Although Nima
also failed to synthesize pigment when given
DEP or MBC singly, it was not possible to
determine whether 2.5% NaCl blocked the mon-
opyrrole or the bipyrrole pathway, or both,
because of the complete block in the condensa-
tion step.

Mutant WF (which synthesizes MAP but not

PRODIGIOSIN SYNTHESIS IN S. MARCESCENS

1003

MBC), grown in 3% NaCl and given only MBC,
synthesized pigment equivalent to 54% of the
pigment synthesized in the salt-free control.
When given both DEP and MBC, salt-grown
strain WF produced pigment equivalent to 61%
of that synthesized by the salt-free control.
These data indicate a partial salt block in the
terminal condensation step. However, it was
impossible to determine whether MAP synthe-
sis was unaffected or was partially blocked
because of the partial block in the condensation
step.

Mutant 9-3-3 (which synthesizes MBC but
not MAP), when grown in 2% salt with both
DEP and MBC, synthesized pigment equiva-
lent to only 11% of the pigment in the salt-free
control. Therefore, there was virtually a com-
plete salt block of the terminal condensation
step, which made it impossible to determine
whether salt also blocked the bipyrrole syn-
thetic pathway. The conclusions from this series
of experiments are that NaCl, at the concentra-
tions tested, partially blocked the terminal
condensation step in wild-type 264 and mutant
WF and completely or nearly completely
blocked it in wild-type Nima and mutant 9-3-3.

Because of the uncertainties with respect to
the effect of salt on the monopyrrole and bipyr-
role pathways, recourse was had to the syn-
trophic feeding experiments. These experiments
were performed with mutant WF and wild-
types 264 and Nima as MAP donors in an
attempt to determine whether salt blocked the
monopyrrole pathway. It must be emphasized
that this technique measures indirectly only the
excess MAP produced by the donor strains. The

TasLE 3. Effect of salt and exogenous pigment
precursors on pigment synthesis in S. marcescens
wild-types 264 and Nima and in mutants

WE and 9-3-3
Pigment (A ss-¢50) Per 10° cells®
Orga-
. % NaCl

nism DEP +
None®* | DEP®* | MBC® MBC®

264 0 2.0 1.5 3.2 2.9
0.5 0.1 0.1 0.2 1.8

Nima 0 5.3 7.6 139 149
2.5 0.1 0.2 0.6 0.1

WF 0 0.1 0.1 0.9 0.9
3.0 0.1 0.1 0.5 0.5

9-3-3 0 0.0 7.5 0.0 3.9
2.0 0.0 0.1 0.0 0.5

2 Separate 0.2-ml inocula were taken from seed
cultures of each strain grown in medium GAI with and
without NaCl; other details in Materials and Methods
section.

b Additions to medium.
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data in Table 4 show that strains 264, Nima,
and WF all produced greater amounts of excess
MAP when grown in the presence of 1.5% or
more NaCl than in its absence. This suggests
that the bipyrrole pathway and the terminal
condensation step were relatively more sensitive
to NaCl than the monopyrrole-synthesizing
pathway.

Nature of salt inhibition of the condensing
enzyme. The data in Table 3 indicate that
elevated NaCl concentrations partially or com-
pletely blocked the condensing enzyme in the
wild types and mutants of S. marcescens. High
NaCl concentrations might act by (i) partially
or completely preventing synthesis of the en-
zyme or by (ii) permitting synthesis of the
enzyme but partially or completely inhibiting
its activity. If the second hypothesis were cor-
rect, then it might be possible to reverse the
inhibition by removing NaCl, thereby permit-
ting pigment synthesis to occur on addition of
the monopyrrole and bipyrrole precursors. If the
condensing enzyme were absent, as in the first
hypothesis, or if the condensing enzyme were
present but inhibited irreversibly, then NaCl
removal would not result in pigment synthesis
on addition of the appropriate precursors.

The results of an experimental test of these
hypotheses are given in Table 5. Salt-grown
cells of wild types and mutants, washed free of
salt and incubated in salt-free buffer, synthe-
sized more pigment from the precursors than
salt-grown cells washed in salt and incubated in
buffer with 3% NaCl. Therefore, high NaCl
concentrations seemed to act by inhibiting the
condensing enzyme but not its synthesis during

TasLE 4. Effect of NaCl on MAP synthesis in S.
marcescens wild-types 264 and Nima and
in mutant WF

SILVERMAN AND MUNOZ

MAP donor system Volatile donor
MAP captured
Organism System by 9-3-32
264 Sterile +0.5% NaCl 0
Inoculated, no NaCl 0.2
Inoculated +0.5% NaCl 0.3
264 Sterile +1.5% NaCl 0.1
Inoculated, no NaCl 0.2
Inoculated +1.5% NaCl 14
Nima | Sterile +2.5% NaCl 0.0
Inoculated, no NaCl 0.3
Inoculated +2.5% NaCl 3.7
WF Sterile +3.0% NaCl 0.2
Inoculated, no NaCl 4.8
Inoculated +3.0% NaCl 9.0

2 Determined as prodigiosin (Agss.e50) pPer unit of
cell mass; other details in Materials and Methods
section.
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TasLE 5. Effect of salt removal on pigment synthesis
in non-proliferating, salt-grown S. marcescens
wild-types 264 and Nima, and mutants WF and 9-3-3

A Pigment (Agss.650) per ml®
Organism
3% NaCl 0% NaCl
264 2.9 3.9
Nima -0.3° 4.6
9-3-3 0.6 0.9

2The data represent the increase in pigment (Asss.
es0) per milliliter synthesized from DEP and MBC in
44 h over the pigment (A;s5-650) per milliliter present
at zero time. Zero time pigment (A;ss-¢50) per millili-
ter for strains 264, Nima, 9-3-3, and WF were 2.0, 9.0,
0, and 0.3, respectively, in 3% NaCl, and 1.8, 8.1, 0,
and 0.3, respectively, in 0% NaCl. See Materials and
Methods section for complete experimental details.

® Decrease in pigment per milliliter.

growth in 3% NaCl. The absence of added
carbon and nitrogen sources, the presence of
inhibiting concentrations of chloramphenicol,
and the failure to find an increase in the viable
count make it improbable that synthesis of
nascent condensing enzyme occurred during the
44-h incubation period.

DISCUSSION

Medium GAI supported excellent growth of
S. marcescens wild-types ATCC 264 and Nima,
and mutants WF and 9-3-3, while promoting
intense pigmentation in the wild types. How-
ever, it may not be suitable for all wild types.
Strain HY (obtained from Anne Heuer) did not
grow in GAI unless DL-proline or peptone (Dif-
co) were substituted for the L-alanine in GAI, in
which case there was excellent growth and
pigmentation.

Goldschmitt and Williams (4) reported that
thiamine enhanced the production of prodigi-
osin by wild-type Nima. During the develop-
ment of medium GAI, we tested the effect of 100
ug of thiamine per ml on prodigiosin production
by wild-type 264 grown in medium GA supple-
mented with 2 ug of Fe per ml, but found no
increase in cell mass or the quantity of prodigi-
osin synthesized per unit cell mass.

Waring and Werkman (13) reported that S.
marcescens wild-type 2G1, grown in a glucose-
(NH)),SO mineral salts medium that had been
extracted with chloroform-8-hydroxyquinoline to
reduce the residual iron content to 0.7 to 3.0 ng
per ml, required the addition of 0.02 to 0.03 ug
of Fe per ml for maximal growth. Prodigiosin
(estimated visually) was produced within the
range 0.1 to 2.0 pug of Fe per ml, with no
prodigiosin synthesized at iron concentrations
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below and above this range. Our results with
wild-type 264 (Fig. 2) agree with those of
Waring and Werkman (13) only with respect to
the quantity of iron required for maximal prodig-
iosin synthesis. However, wild-type 264 re-
quired 10 times more iron for maximal growth
than Waring and Werkman’s strain. Wild-type
Nima required even more iron (0.5 ug per ml)
for both maximal growth and prodigiosin syn-
thesis (Fig. 2). Neither strain 264 nor Nima
showed loss of pigment synthesis when the iron
concentration was raised to as high as 10 ug per
ml. Aside from the fact that different strains
were used, the discrepancies between our results
and those of Waring and Werkman may be
explained in part by the different media used.
Medium GA with appropriate iron was capable
of supporting large populations, whereas the
medium used by Waring and Werk-
man ... “was not entirely adequate for optimal
growth” (13). Thus, it would be expected that
more iron would be required for an organism
growing in a medium that supported a large
maximal cell population as opposed to one
capable of supporting a smaller cell mass. A
specific role for iron in prodigiosin synthesis
remains to be elucidated.

The experiments on the location of the salt
block (Table 3) indicate that the activity of the
terminal condensing enzyme is completely, or
nearly completely, blocked in wild-type Nima
and mutant 9-3-3 but partially blocked in
mutant WF and wild-type 264. These same
experiments also suggest that salt completely
blocks the synthesis of MBC and MAP in strain
264. The syntrophic feeding experiments (Table
4) suggest that in mutant WF and wild-types
264 and Nima the condensing enzyme and
MBC-synthesizing pathway are relatively more
sensitive to NaCl than the MAP-synthesizing
pathway.

The effect of salt on MAP synthesis in mutant
WF is especially noteworthy because almost
twice as much MAP was synthesized in the
presence of salt than in its absence (Table 4).
Since WF is genetically blocked in the synthesis
of MBC, we can only surmise that a common
precursor must exist for both MAP and MBC,
and that salt blocks the abortive MBC pathway
at some point beyond the common precursor
but before the genetic block, making more
common precursor available for MAP synthesis.
The existence of such an early step common to
both the MAP and MBC pathways was sug-
gested by Santer (Ph.D. thesis, Yale University,
New Haven, Conn., 1958). Morrison showed
that his class X mutants, which resembled
mutants blocked at an early common step, were
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in reality blocked at two distinct early steps in
the MAP and MBC pathways (7).

The conclusions concerning the mechanism of
action of salt on the condensing enzyme, i.e.,
that NaCl reversibly inhibits its activity but not
its synthesis, are restricted to that enzyme
(Table 5). Salt may affect other steps in the
MBC and MAP pathways by the same or other
mechanisms. Further clarification must await
studies on the effect of salt on cell-free enzyme
systems.

S. marcescens wild-type 264 is consistently
much more sensitive to elevated NaCl concen-
trations than wild-type Nima (Fig. 3). One
would expect additional S. marcescens strains
to exist in nature, ranging from those in which
pigment synthesis is extremely sensitive to salt
to others that display no sensitivity to salt.
Some examples of the latter are known. Lewis
and Corpe (6) found that two marine isolates
grew in sea water media or in media with the
chlorides of Na*, K*, Mg?*, and Ca?* at the
same concentrations found in sea water and
produced a pigment apparently identical with
prodigiosin. S. marinorubra, another marine
isolate, synthesized pigment in sea water salt
concentrations. These salt-tolerant marine spe-
cies may have evolved mechanisms to exclude
salt from salt-sensitive sites or may have devel-
oped pathways resistant to high salt concentra-
tions. Whatever the mechanism may be, our
results (Table 5) show that the inhibitory action
of salt on at least one enzyme catalyzed step,
the condensation reaction, can be reversed by
removing the salt.

LITERATURE CITED

1. Bortels, H. 1927. Uber die Bedeutung von Eisen Zink und
Kupfer fur Mikroorganismen. Biochem. Z.
182:301-358.

2. Bunting, M. 1. 1940. A description of some color variants
produced by Serratia marcescens, strain 274. J. Bacte-
riol. 40:57-68.

3. Bunting, M. L, C. F. Robinow, and H. Bunting. 1949.
Factors affecting the elaboration of pigment and poly-
saccharide by Serratia marcescens. J. Bacteriol.
58:114-115.

4. Goldschmitt, M. C., and R. P. Williams. 1968. Thiamine-
induced formation of the monopyrrole moiety of pro-
digiosin. J. Bacteriol. 96:609-616.

5. Lasseur, P., E. Combe, and A. Dupaix. 1931. Influence du
fer sur la production de la prodigiosine. Trav. Lab.
Microbiol. Fac. Pharm. Nancy 4:45-55 (cited in Biol.
Abstr. 7:3922, 1933).

6. Lewis, S. M., and W. A. Corpe. 1964. Prodigiosin-produc-
ing bacteria from marine sources. Appl. Microbiol.
12:13-17.

7. Morrison, D. A. 1966. Prodigiosin synthesis in mutants of
Serratia marcescens. J. Bacteriol. 91:1599-1604.

8. Mukherjee, P. P., M. E. Goldschmitt, and R. P. Wil-
liams. 1967. Enzymic formation of prodigiosin analog
by a cell-free preparation from Serratia marcescens.
Biochim. Biophys. Acta 136:182-184.



1006

9. Oyama, V. I, E. L. Merek, and M. P. Silverman. 1970. A
search for viable organisms in a lunar sample. Science
167:773-775.

10. Oyama, V. 1, E. L. Merek, and M. P. Silverman. 1970. A
search for viable organisms in a lunar sample, p.
1921-1927. In Proc. Apollo 11 Lunar Sci. Conf., vol. 2.
Pergamon Press, New York.

11. Poyer, J. L., and P. B. McCay. 1971. Reduced triphos-
phopyridine nucleotide oxidase-catalyzed alteration of
membrane phospholipids. IV. Dependence on Fe®*. J.
Biol. Chem. 246:263-269.

12. Silverman, M. P., E. F. Munoz, and V. I. Oyama. 1971.
Effect of Apollo 11 lunar samples on terrestrial microor-
ganisms. Nature (London) 230:169-170.

13. Waring, W. S., and C. H. Werkman. 1943. Iron require-
ments of heterotrophic bacteria. Arch. Biochem.
1:425-433.

SILVERMAN AND MUNOZ

J. BACTERIOL.

14. Wasserman, H. H., J. E. McKeon, L. A. Smith, and P.
Forgione. 1966. Studies of prodigiosin and the bipyrrole
precursor. Tetrahedron Suppl. 8, Part 2: 647-662.

15. Williams, R. P., M. E. Goldschmitt, and C. L. Gott. 1965.
Inhibition by temperature of the terminal step in
biosynthesis of prodigiosin. Biochem. Biophys. Res.
Commun. 19:177-181.

16. Williams, R. P., C. L. Gott, and S. M. H. Qadri. 1971.
Induction of pigmentation in nonproliferating cells of
Serratia marcescens by addition of single amino acids.
J. Bacteriol. 106:444-448.

17. Williams, R. P., and W. R. Hearn. 1967. Prodigiosin, p.
410-430. In D. Gottlieb and P. D. Shaw (ed.), Antibiot-
ics, vol. 2. Springer-Verlag, Berlin.



