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‘ Abstract. Chelating agents produced by wicroorganisms enhance the .
diasolution of iron and increase its mobility and bioavailability. Since
there are some similarities £n the biological behavior of ferric, thorium
and uranuyl ions, microorganisms resistant to thorium and uranium and cap-
able of growing in thelir presence may produce aequestering agents for these
metals in a manner aimilar to those produced for fron. Such complexation
wvould increase the mcbility and biloavailability of thorium and uranfum in

the eu. .. onment, Pseudomonss aeruginosa species are resistant to certain

heavy metals and have also been found in thorium, uranium and plutonium con-
taninated areas. In the present work the ability of P. seruginosa to
elaborate sequestering agents in medium containing thorium or uranium salts
was tested, Addition of 10, 100, and 1000 ppm of uranium or thorium to cul-
ture medium inc?eased the lag period of the organism as the concentration of
the metal increased. At concentrations of 1000 ppm and higher, there was an .
extended lag period followed by reduction in growth, Uranium has & stronger
inhibitory effect on growth of thr. orgsnism than thorium at similar concen-
trction;. Analyses of the culture media have shown, that relative to the
control, and under the experimental conditions used, the microorganisms have
produced several new chelating agents for thorium and ursnium,

Some of the bacterially produced compounds resemble, but are not iden-
tical to the known iron chelating siderophores fsolated from microorganisms,

;

and gome of their chemical properties are also discussed.
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Introduction

Microblal transformations of toxic metals have been the subject of
aumerous investigations over the past several years. Such studies deal with
micrcdial resistance to metals, resistance to cntiblotlcs.‘detoxiflcntion
mechanisms, biomethylation, biocaccumulation, and microbial solubilization of
metals from ores (Varma et al. 1976, Marques et al. 1979, Norris and Kelly
1979, Strandberg et al. 1981)., Much is known about autotrophic microbdial
leaching of metals from coal reluse and ores in acidic environments (Summers
and Silver 1978, Wildung et al. 1979, Shumate et al., 1978). However,
little is koown of the mechanisms and the extent of heterotrophic nicrobia!
solubilization and mobilization of toxic metals in organic rich environ-
ments, including waste disposal sites.

There is now ample evidence for the existente of biochemical processes,
believed to be plasmid mediated {asee for example, Summers and Jacodby, 1978,
Nakahara et al. 1977), which govern heavy metal interactions with micro-
organisnms.

Studies have shown that heterotropl:ic -1croo;ganllnl play a significant
role in the transformation and the ttanspbrt of redionuclides by leaching
and formation of complexes with organic matter (Wildung and Garland, 1980,
Francis 1982), Organic complexing substances present in soils snd natural
vaters are known to interact with plutonium (Bondietti et al. 1976). The
orgenic substances invol;cd in such interactions are thought to de micro-~
bially or plant derived materisis (Barohart et al. 1980, Francis 1982,
Prenuzic 1983, Blevins et al. 1985). Several aerobic and anserobic dacteria
were isolated from low level radiocactive waste disposal sites. They include

Bacillus sp., Pseudomonas sp., cttropggégg sp. and Clostridium sp. (Francis,

.l.
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et al. 1980). A Pscudomonas sp. isolated from a plutonium contaminated pcol
(Johnson et al. 1974) slso biosccumulated plutonium and uranium (Shumate et
al. 1978).

It 1s well estadlished that microorganisms produce chelating agents by
which they bind iron and enhance itz solubility and bloavailability in the
environment (Neflands 1373, 1977, Vinkelmann 1982, Byers et al. 1982,
N?wtome end Wilhelm 1983, Akers 1983, Vandenbergh et al. 1983). By and
large, these chelating agents belong to & group of compounds known as
siderophores, structurally cyclic and acyclic small molecular weight com-
pounds (< 1000 daltons), possessing catechol and hydroxamate functional
groups (Neilande, 1966, 1967, 1973, 1977, 1979, Raymond 1977, Raymond «nd
Tufavo 1982).

It 1s known that the biological dbehavior of ursnium, thorium and plu-
tonfum 18 similar to» that of the ferric iron (Hodge et al. 1973), therefore,
it might be reasonable to sssume that organisms resistsnt to such metals as
thorium and urenium Qay produce chelating agents similar but not necessarily
1dentical to th;ae elaborated for iron.

Pseudomonas species already mentioned earlier ere a highly verzatile
and sdaptive group of organisms known to elaborate strains possecsing resis-
tance tc metals and antibiotics (Margues et al. 1979).

In this study we tested the ability of P. serupinosa PAO-1 and P.
seruginosa CSU, the latt;r isolated from & plutonium contaminated pond
(Jrhoaon et al; 1974), to eladorate chemical compoundas capadble of
complexation with thorium or ursnium, and thus influence their tramsport in
the environment,

- : The experiments had & twofold objective:r (1) To establish whether the

organisms produced chelating agents during the growth in the presence of

-z-
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various concentrstions of thorium or uranium, and (2) to test whether these
oganisns diffcrentiutelbetveen thorfum and uranium, nanifested {n the growth
psttern and/or the nsture and concentration of the natural products (i.e.,
eheinting agenta) produced by P. aeruginosa grown in the adsence of these
metals. Such differences would be Sndicstive of possible specific mecha-
uisas, study of whict should ultimately lead to our understanding at the
molecular level of the interactions between toxic metals and the resistant
species, and in turn, 21low us to clarify wmicrobial influencee upon the
behavior und mobilization of heavy metals such as thorium and uranium, and
by analogy, of plutonium, in the environment.
Materials snd Methods

Culture

Pseudononas seruginoss CSU, known to biocaccumulate uraniua (Strandberg

et al. 1981) was kingly provided by G. Strandberg, Osk Ridge National
Laborstory, IN. P. aeruginosa-PAO-1 obtained from American Type Culture
Collection (ATCC 15692).

Culture Medjum

_Rutrient broth (Diflo, MI) containing 1% dextrose or defined mediunm
(Alckin and Dean 1979) had the following composition per liter: 0.18 mg
FeS04°7870; 0.035 mg MgS04°7H,0: 0.67 g dfacdium glycerol-2-phosphate
hydrate, 0.85 g KNO3; 1.17 g NB4NO3; 2.0 g glucose; 27.1 g triaodium citrate
dihydrate; pBR adjusted to ;.8 by addition of citric acid (~2 g).

For ATCC 15692, the folloviug nedium vas used: 5.4 g 3o0dium succinate
hexahydrate; 214 mg NH4C1; 174 mg K3504; 81.3 mg MgClz x 6H20; 0.137 mg

ZnCly; 0.127 mg Mn Clz; all sslts were dissolved {n & aM potassium phosphate

buffered at pH 7.4.
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Growth of bacteris was noniéored by measuring the abgorbance at 600 nm
io & Spectronic-20 upectrophotom;tet. Direct counts of bacteria were
determined by acridine orange dléect counts (AODC) using epifluorescence
microscopy (Hobbie et al. 1977).%

1
Chemicals .

Reagent grade thorium nlttct§ end uranyl nictrate hexahydrate were pur-
chased froz ICN Pharmaceuticals, ﬁlclnview, NI and were used without further

purification. Arsenazo IIl was puichased from Aldrich Chemical Co.,

Milvaukee, VI,

Thorium and Uranium Assays

Thorium or uranium in culture pedium was deterwined by a spectrophoto-
metric method using Arsenazo III {Savin 1961, Premuzic et al. 1983). The

thorium- or uranium-arsenazo III complex formation s rapid (<1 min) st room

temperature, with a lower sensitivity limit of 0.05 ppm for Th andé U under .

experimental conditions used. Simce the culture vedia wvere slightly
colored, difference gpectra dbetween thorium containing and thorium free
culture media treated {u an identical msnner were taken throughout the
neasurements,

Thorium or uraniun concentrations in bacterial cell biomass were deter-
®ived in the following wanner. The cells were digested in 7N HNO4 at 80°C
for 24 hr. The acid was evaporated to dryness at 130°C, the residue redis-
adlved fn éistilled wcte; and Th or 6 congcntrntlons snalyzed by the spec-
trophotometric method using the uraeLazo 111 procedure,

Ultrafiltration

after the 1emoval of bacterial celle by cemtrifugation, all supernatant
11quids were filtered through a Millipore PTG CO 2570 filter, to Tremove sub-

stances with & molecular weight larger than 3000 daltons. This step

oo
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elivinates the larger moleculsr weight speclies, e.g3., proteins, carbo-

hydrates and polynuclear products {derived from metal ioms) which might
interfese in isoletica and sudsequent biological assays.

Characterization of Natural Products Produced by P, aserupinoss in the
presence of Thori{um and Uranium salts

The producis generated by P. aeruginosa ir the presence of Th or U,

vere derived frum the following medisa: (1) uninoculated mediue containing ==
O ppm Th or U; (2) uninoculated medium containing 100 ppm Th or U; (3)

inoculated mediue dontaining O ppm Th or U, harvested at time O and at late
logazithmic growth; (4) inoculated medium containing 100 ppm of Th or U

herveated st time O and at late logarithmic growth. The medias were all can-
trifuged at 12,000 x g; the supernatants ultrafiltered and stored in aterile
rontainers at 5°C. The chemical compositiou and properties of the ultrafil-
trates were assessed by chromatographic and spectroscopic analyses,

Absozptlivia Spectroscopy

Ultraviolet-visible apectra were obtained with a Beckman Acta-IsI spec-
trophotometer. Differences in spectral absorption between culture superma-
tants with and without metal (Th or U) were obtained from: (1) spectra of
maximum ;ro;th samples run ageinst a reference of gzero growth, and (2) spec-
trs of maximum growth samples containing Th or U azainst a creference of max-
inum growth without Th or U. Consequently, we could correct and account for
the spectral contridutions of the medium as well as that of the culture dur-

ing growth {a the ahsence of matal,

S
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Fludiescence Spectroscopy

Fluorescence spectra of the ultrafiltrates derived from cultures

containing Th and U were obtained with a Perkin-Elmer MPF4 fluorescence

spectrophotometer by excitation at 360 nm (Cox and Graham, 1979).

Colunn Chromatopraphy

The ultrafiltrates from culture n;din vere avalyzed by gel permecation
chromatography. A column (1 x JOU ¢m) wa3 packed with polyacrylamide gel
(Bio-Rad P-2 super fine grade) and calibrated with compounds of known molec-
ulqr weight: NaNj, glutathione, and blue dextrsn. Ultrafiltrates were con-
cectrated by freeze drying. Sanmples for chromatograpty were prepared by
dissolution of freeze dried materfal in a winimum amount cof water before
application to the column. Fractions from eiution with delonized water
(Mi111Q) vere sinitored at tvo abzorbances, 254 nm and 360 nm.

Thin Leyet Chromstography (TLC)

TLC was made on cellulose plates (Brinkman polygram cell 300) and the
chromatozrams were developed in a mixtaure of water sad isopropamol (1:1,
v/v) as the mobile phase. Specific visualization methods and/or reagents
(e.g. fluorescence, phenol, and aminoc groups) were used to detect compounds
on the developed chromatograms (Stahl 196%9). The colorimetric test for the
detection of thorium and uranfum, Arsenazo 111, vas sdapted to TLC, and when
used in this wanner the detectior limit was 10 ppm., Arsenazo i1l reagent

i
does not react with iron. Thorium and ursnium conplcxcl'vorc prepared from

citrate, oxalate, glucose, and glucose-2 phosphate and were used as stan-

dards concomitantly with unknown eamples in the TLC runs. The nitrates of

thorium and uranium do not migrate under the prescribed experimental condi-

tions, 3etalls for the procedures have been described elaevhere (Premuzic

at al, 1983),

Lk
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High Pressure Lijuid Chromatogrephy (HPLC)
Anslytical HPLC data were obtained on & IBX LC/9533 liquid

choomatograph equipped with an IBM C18 column (No. 8635308). Preparative
HPLC dats were obtained gn‘an Alltech (No. 6231) C18 preparative column with
50% aquecus methanol &s the modile phase.

Mass Spectroscopy

Nass spectra were obtsined on a HP5983 mass spectrometer system which
uses electron {upact 28 ion source., Solid sapples were introduced directly
inco the fon source.

Nuclesr Magnetic Resonancs (NMR)

Proton NMR spectrs vas obtained on a Varlan CFT-20 spectrometer, The
solvents used vere D0 and CDClj;.

Effect of Thorium and Uranium Concentrations on the Growth of P,

actuginoaa
One ml of & 24~h-old cultuzre of P. seruginoss was transferred to a 100

ml defined wedium containing 0, 1, 10, 100, anZ 1000 ppm. Th (as
Th(NO4),). The growth of bacteris was then followed as described earlier.
Analogous experiments have been carried cut using defined media countaining
uraniuc added ss uranyl nitrate.

Effect of Supplemental Iron on the Growth of P, aeruginosa when Grown
{in the Presence or Absence of Thozium or Uranium

P. seruginosa was grown in defined medius, {<0.C5 ppm in Fe) to which
18 ppm sipplemental iton:va- added aa FeS0,°7H30. In parallel experi-
ments, P. aeruginosa wes grown without supplesental iron. P. seruginosa was
grown in the two culturs media in the presence and the absence of 100 ppm of
Th vr U at sn initial pH of 6.9. Theoe cultures, fn duplicate, were

incubsted at 30°C or & rotary shaker st 200 zpa and the growth of the
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orgsnism monitored. At scationsry growth phsse the cells were hsrvested 9
centrifugstion at 12,0C0 x g, and the supernstants analyzed for Th or U,

The cells were dried at 80°C, weighed, digested and anslyzed for Th or U.
Under the experimental conditions uased, the cell mase sccumulated less than
one per cent {dry weight) of thorium or ursnium,

Results end Discussion

Bioavailability of thoriuas or uranium depends on the speclation of the
metal. Specistion is a function of concentration and pH and is particularly
important under conditions in which retal {ons may undergo hydrolysis snd
polynuclear formation (Ringbom 1959).

Generally, starting with a near neutrsl pH, the pH of the culture medis

became more alksline, In some cases reaching 8.5, as the growth of the

organ!sn’progrgsaed, with no eppsrent effect on the growth.

The effect of the thorium concentration on the growth of P. aerugin.
i shown in Fig, 1. As the :oncentration of Th in the medium inpcreases, the
lsg period of the orgsnism also increases., Culturec grew slowly at first
and subsequently at a rate nearly 2qusl to that o the thorium ifree con-
trol.

P. aeruginosa, when grown in presence of uranium under idemtical condi-
tions as those for thorium, behaves differently. Uranium not only increased
tke lag period, but also had a prouocunced effect on growth. For example, at
1,000 ppm of uranium the;c is a sigoificent iphibitory effect (Fig. 2) not
observed vith thorium under comparable experirental conditioms.

Nsually, sublethal concantrations of metals retard the onset of bac-

terial growth., For example, methylaercury acetate extended the lag phase of

cultures of Rhodopseudomonas capsulata, although the cultures which édid
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begin to grow reached limiting cell densities similar to that of control
(Jeffries ot al., 1975). Cadmium extended the lag phase of cultures of

Escherichia coli, however, normal proliferation uas observed at the end of

the lag phase (Mitra et al. 1975)., During the lag ghase, 95% of cells lost
viability, and variocus structural abnormalities were observed, but by the
middle of the lag pbase, cells had resuzed normal morphology. Exteusion of
the lag phase by mercuric chloride was slso sccompanied by a decrease in
viability of R, capsulata slthough the turbidity remained unchanged
(Vaituzis et al. 1975). 1In the case of E. coli (Mltra et al. 1975), it has
been suggested that the cells develop some mechanism of xmolecular accommods-
tion during this phase. This concept is supported by ti. hanges in cellu-
lac distribution observed during grouth.' .

in media contsining thorium, supplementsl irom did mot asignificantly
affect the growth of bacteria. This auggests that the trzaces (<0.05 ppm) of
iron present in the mineral salts are sufficient to support the growth of
the organism vhen grown in the thorium containing wmedium. Analogous experi-
ments with uranium have shown that there was an increase in lag period in
media without suppiemental iron. fhe addition of supplemental irom to the
vedium decressed the lag period in the growth of the organism by about
twelve hours. These results, together with concentretion effects already
descrided, further indicate that P, aeruginosa vhen grown under fdectical
conditions tehaves dlffe;ently vhen grown in the presence of thovium than
when grown in the presence of uranium. This difference is also nmoticeadle
in the gross spectral properties of the culture media. During growth of P.
aerupinosa in defined medium and in the presence of metal, the microorganism

produces fluorescent pigments. For thorium pigments, Ay,x is at 368 nm and
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for ursnium pigments, at 365 mm. The production of theae pigments increases
with time of growth, However, under identical conditiona, the oneet and
attainment of high pigment production in thorium containing medfum occurs in
s siguiffcantly shorter perfod of time than the corresponding pigments
formatfon 4n the uranfum containing medfum, as shown in Table 1. These
pigmenta are not formed in cultures grown in the abs:i:nce of thorium or
uranfum, Further, excitetion of 360 nm of the clear (at maximum growth)
culture medium yields a fluorescence spectrum with a Ap,, at 433 mm for
thoriun and & Ap,x &t 440 nm for uranium pigments (Fig. 3).

Pseudomonas sp. are known to have produced chelating agerts under a
variety of growth conditions and the production of these agents has been
expressed in terms of the changes i{n the spectral properties of centrifuged
culture media as discussed below, In addition to spectral changes, extracts
and fractions derived frocm the media st maximum growth have been teated fo.
the presence of speciffc types of compounds, such as hydroxamates and cate-
chols, known to be incorporated in the chemical structurzs of bacterial che-
lating agents (Neflands 1973). Thus Pseudomonas CH has produced an amino
group positive, fluorescent compound, L-5(2«pyridyl)-2-amino=-5-ketopentanoic
acid with a A\gyx = 558 nm (Shiman and Neilands 1955). Pseudomonas
fluorescens miguls has produced in the culture medium a A,y 435-440 nn
fraction, which was ninhydrin and hydroxamste positive (Maurer et al.

1968). The complete aolécular structure has not been alucidated,

Paecudomonas fluorescens put!dluproduccd s yellov~green fluorescent component

in an iron-limited medium with Ay,,, 400 nm, shoulders at 460 om and 540 nm,
The structure of the fluorescent component known as Pseudobactin has been

elucidated. The molecule is a linear hexapeptide containing hydroxamate aand

®
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quinoline moieties (Tclntzc et al, 1981). Another compound isolated from
the mediur was colorless and nonfluorescent, called "Pseudodactin A" and
differed only in the satuzation {no the quinoline wmofety (Teintze and Leong
1981).

Pseudomonas seruginosa grown in an iron deficient mwedium (< 0.1 uM)

yielded an ethyl acetate extractadble fluorescent compound, Ap,, at 218, 248,
and 310 nn.(Cox and Graham 1979). Excitation spectra show maxima at 235,
272, and 352 nm, troughs at 252 and 310 nm, with emission measured at 442
nm, When excited et 352 nm, the emlssion.spectrun had » single maximum at
442 nn, Excitation of the sauple at 235 or 272 nm yielded the same single
mexfmum, A structure of this compound has been reported (Cox et al. 1981).
This compound belongs to a little known group of compounds known as
Pyoéhelins which contain catechol and phenolate moleties, as well as func-
tional groups containing sulfur and mnitrogen.

A Pseudononni strain has been reported to yield "Compound S™ with a MV '
500-600 daltons (McCracken and Swinburne 1979). Aqueous solutions were pale
yellow Ag,x 384 nm, and blue-fluorescent. "Compound S was negative for
catechols and positive for hydroxsmate and sppears to be an analogue of
schizokinen and aerobactin (Mullis et al. 1977, Linke et al. 1972),

Spectral changes observed in our work indicate thet similar chelating
compounds sre generated yy P. seruginosa grovn in presence of thorium or
uranium, The dlagnostlc.uaefulncss of spectrum characteristics and thelr
sensitivity to changes in the culture medium is also reflected in the
difference spectra (see methods) of thorium and uranium cultures when grown
with supplemental iron and without it (Fig. 4). The spectroscopic

information shows that at maximum growth the production of thorium
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“pigments” (A ., 368 um, see slso Tadle 1) &3 essentially unaffected by the
iron concentration, while the production of ursnium “pigments" (Mg, 365 am)
is drastically sffected. At maximum growth cultures of P. seruginos:, grown
under identical conditions in the absence of thorium or uranium, did not
generate these products follewing the addition of these metals (as nitrates)
to the medium. Therefore the 368 nm and 365 om signals are due to compounds.
whose production was induced by the presence of thorium or uranium respec-
tively in the culture medfum during the entire growth of the orgaaisms.
These signals may be due to single compounds or a mixture of several com-
pounds, including chelators for thorium and uranium present in free and
complexed forms.

.In order to further explore the uature of substances produced in the
presence of thorium or uranium, ultrafiltrates of culture supermatants were
fractionated by column chromatography which was followed by thin layer chro- ‘
matography (see methods). Subfractions from column chromatography were
pooled according to their spproximate molecular weight ranges into three
major fractions, A = 2000-1000, B = 1000-300, and C = < 300 daltons respec-
tively. Thin layer chromatography of these fractions and controls, consist-
ing of the autoclaved media containing thorium or uranium with and without
supplemental iron, inoculated with P. seruginosa, was caisied out as
described under methods.

) Analyses of the chr;natogrcnn showed that in absence of supplemental
iron there are no thorium complexes present in fraction A and that there are
five thorium complexea present in fraction B. Ome complex was present in
the control, leaving four new complexes in the molecular weight range of

1000-300, whose formation fn the culture medium during the growth of the

.12- .!




microorgenism vas induced by the presence of thorium, Three of these com-

plexes contained fluorescent ;roup-'l.o.. fsoquinoline, phenol and/or
catechol as well es amino and/or hydroxamate components, and one lacked the
phenol and/or catechol component, The low moleculer weight fractiou C coun-
tained three complexes of which two were present in the control. The
remaining thorium complex was amino and/or hydroxemute pocitive., There was
no thoriua detected in three other samino and/or hydroxametc and phenol/
catechol positive components of the C fraction. Addition of supplemental
iron to the cultures produced a very similar pettern, possidbly differing in
two components present in trace amounts, in the lower moleculsr weight
fraction.

Identicel analyses of uranium complexes showed that in the absence of
supplemental iron, fraction A contained two complexes, one with amino and/or
hydroxamate and phenol/catechol functions end the other with the phenol/
catechol function only, Praction B contained four complexes, two qf vhich
vere fluorescent, one contained phenol/catechol functions and emino and/or
hydruxanate groups, while the other contained only the phenol/catechol funec-
tion, The remaining two complexes contained amino and/or hydroxsmate fime-
tions only., PFrection C, contained three complexes, all fluorescent, two
conteined phenol/cetechol and amino end/or hydroxamate functions and one
contained phenol/catechol functiom only.

In the presence of ;upplencntal iron, frection A contsined three con-
plexes, one present in tha control, while the othera induced by the ptiiciéi -
of uranium were fluorescent, contained amino and/or hydroxemate and phenol/
catechol functions. Ome of these based on the Ry value (see Table 2) was

different froa the complex present in cultures to which supplemental {ron

-13-
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vas not added. Traction B contained five complexes, one of v-“~h was also ‘

present in the control. The remaining complexes, induced by uranium

presence, vere all fluorescent, cootailned amino and/or hydroxamate and

phenol/catechol functions. Similarly, fraction C contained three fluores-

cent, amino and/or hydroxamste and phenol/catechol positive complexes.
The distribution of thorium and ursnium induced complexes 1is gummarized

in Teble 2. o
Bigh pressure lijuid chromatography (HPLC) of maximum growth cultures

in absence of thorium, but to which thorium was added prior to analysis

(Fig. 5a) and those which were grown in the presence of thorium (Fig. 5b)

also confirmed presence of thorfum induced microbial products. Mass

spectoscopy and nuclear magretic resonance of HPLC fractions obtained from

the max{mum growth cultures of P. aeruginosa, grown in the presence of

thorium, yielded the following information. .
Chromatography of an aci{diffed ethanol ext::Eof PAO-1 thorium culture

yielded several fractions containing compounds with molecular weights

ranging from 208 to >600 daltons. rrac£1on containing M/e 209 ia consistent

wvith pyrimine C;gN90O3H;2 (Shiman and Neilands 1965), whose identity is

further supported by the mass fragmentation pattern of M/e 209, 163, 130,

79, 75, and its PMR opectrun with signals (in ppm) at 3.8, 2.12, 2.33, 8.2,

8.4, 7.5, and 9.04. A fraction containing a compuund with molecular weight

of M+H*325 with a fragmentation pattern of M/e 325, 223, 220, 219, 191, 178,
146, 137, 120, 102, and 100, is consistent with that reported for a
pyochelin, Cy4H1gN20352 (Cox et sl. 1981). The PMR apectrum with eignals at

(in ppm) 9.18, 6.85-7.42, 4.93, 4.42, 3.78, 3.29, and 2.65 further confirms

the presence of thia compound.
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The rexmaining fractions contain snalogues of pyochelin and schizokinen
vhose structures are currently being i{dentiffied. Preliminary deta indiceate
that at least three fractions contein compounds which do not resemble those
reported to be present in Pseudomonas sp. Detailed chemical and structural
identification of the thorium induced products as well as analogous studies
vith ureniun vill be reported in & separste paper.

The experimental evidence presented in this paper shows that P,
serupinoss grows in the presence of thorium and uranium. Iucreases {n the
coocentration of thorium increased the lag phase, however the effect of
thorium on the growth was not inhibitory, as vas the case with uranium,
under identical growth conditions. Hence P, seruginosa exhibits a different
growth pattern towards thorium and ursnium., Spectroscopic and chromato-
graphic snalyses of culture supernatants shov that the organisn in the
presence of metal durtng its growth produces several induced products.
Products generated during the growth in the presence of these metals contain
phenol/cstechol fluorescent varieties as uell as smino and hydroxamate
functional groups. Some of these chelating sgents resezble those isolated
previously from several strains of P. seruginosa. Such microoially produced
natural products by virtue of their chelating capabilities may enhance the
mobility and bioavailadility of the orgenic forms of thorium and uranium and

by analogy of other toxic metals in the enviromment.
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Production of Fluorescent Pigrents by P, 5&.&“ in the Presence of Thorium and Uranhi

| | Th Pigrent i) Pigren
Tice hrs. ppn.  Cell Density (O.D. 600 m) O.D. 368m | ppn.  Cell Density (0.D. 600m) 0.D,
0 0 0 0 0 0 ]
47 0 1.3 0 ] 1.02 0
0 100 0 0 100 0 0
29 100 0 ' (] 100 0 ]
47 100 0.26 0.04 100 ] 0
53 100 0.6 0.05 100 0.12 0
Ly} 100 0.9 0.06 100 0.2 0

n 100 1.647 1.90 100 1.08 o
120 - - - 100 1.20 0.72
12 - - - 100 1.20 0.60

*Far experimental deta{ls aee text

-z 3.




B BT R e e
A O SR

MO NI
PAF A Al

SN P

G A e B |
oo
R

R Al avd .

L PRI e et g arw arel Miei Sren st

At omaaels odS ame DAL sad s sk -ag

Table 2*
Distribution of Thorium and Uranfum Induced Canplexes
Trorlum Camplexes Uranfum Canplexes
M.V Q.05 pm 18 ppn Suppl. | Rg <0.05 pp  R¢ 18 ppo Suppl.
Fraction Rarge | Ry Iren Re Iron Iron Iron
2000 7
A to - - 0.60 + 0.56 + -
1000 | - - - -
r0.78 + 0.78 +
1000 {0,53 + 0.53 + 0.53 + 0.49 +
B to
300 §0.62 + - - 0.62 + 0,57 +
0.74 + 0.74 + ro.n + 0.66 +
0.79 + - - 0.78 + 0.78 + .
- - - [0.33 + 0.55 +
c Q00 |- 0.72 + 0.62 + 0.62 +
0.78 + 0.78 + 0.78 + 0.78 +

*For eperimental dotails see text
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- Figure Captions
Effect of various concentrations of thorium on the growth of

R asruginoss.

Effect of varfous concentrations of uranium on the growth of

P. aeruginosa.

Excitation of 360 nm of thorfum medium (a) and uranium medium (b).

Effect of supplemental iron on the production of pigments in
thoriun mediua (1) supplemental iron, spectra (a) and uranium
mediue (11), supplemental firon spectrom (D).

HPL chromatograms of ultrafiltered supernatant culture media.

(2) Thorfum added to the culture medium at maximum growth.

(b) Maximum growth in the presence of thorium in the culture
medium throughout the growth.
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