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\ 20. Abstract 

)J_the information obtained in (1) - (3). If advisable in the future phases of 
the program, the most successful organisms will be subjected to genetic 
engineering manipulationi· In the initial_phase of this program, laboratory 
studies are focusing on th metal bi,>accumulation propertiP.s of whole cell, 
cell wall preparations an exo-cellular products characteristic to.several 
selected microorganisms. dhe selected microorganisms are part of A 

Brookhaven National Laboratory collection which _includes strains of metal 
resistan~ orga:iisms s-ach as Pseudomonas aeruginosa CSU, !_. aerugi;,osa PA0-1, 
Saccharomyces cerevisiae, Aspergillus niger, f.• fluorescens, Escherichia coli, 
and Thiobacillus ferroxidans. Interaction of these microorganisms with salts 
of chromiwn, tin, manganese, cobalt, platinum, uranium and thoriUDl has been 
investigate~1Cell wall accumulation ·studies have shown that .f.• aeruginosa 
CSU h~ __ a--preference for uranium while f.• aeruGinosa PA0-1, Aspergillus niger 
and-"P. fJ.uorescens exhibit:; a preference for thorium under identical experi
mental conditions. E_. aeruginosa CSU cellular biomass when. exposed. to.& 
mixture of cobalt, chromium and manganese exhibits a preference for chromium. 
Aspergillus niger under identical conditions is chtomium and manganese 
s~lective. E_. a~ruginosa when grown in th p~esence of high concentration 
uf thorium, ~roduces several chelating ag nts which can be is~lated from the 
medium. Thorium induced products are no found in the media in which the 
~icroorganisms have been grown in the abs nee of thorium. It has also been 
shown that f.• aeruginosa PA0-1 under ident 1 e~perimental conditions, when 
grown in the presence of uranium, responJs differently than when grown in the 
r~esence of thorium. Twv of the thorium induced compounds have been identi
fied as pyochelin and pyriamine. Preliminary results also indicate that some 
of tho bo.oterially prorl,.1,:-Prl PYn-,-P11111 ;1r rnmpnuncfR rP.sP.mh:a.e, but are nc:it 
identical, with the known iron chelating agents. For details of the above 
described work, see enclosed papers (Premuzic et al •• 1985; Premuzic and Lin, 
BNL 3b548, 1935; and Premuzic et al., BNL 36301R, 1985). Current trust in 
the experimental protocol is a study of the interactio~ between the same· 
organisms used in described studies, and geothennal brines and a laboratory 
prepared representative mixtur?• Results of these studies will be described 
in ~nother report. 
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Abatract. Chelatin& acenta produced by microorganiama enhance the 

diaaolution of iron and incre•ae ita aobility and bioavailability. Since 

there are aome aimilaritiea in the biological behavior of ferric, thorium 

and uranuyl iona, microorganiama reaiet.ant to thorium and uranium and cap

able of growing in their preaence uy produce aequeatering ageata for these 

aetala in a aanner aimilar to tboae produced for iron. Such c~mplexation 

would increaae the aobility and bioavailability of thorium and uranium in 

the e~.:~onment. Paeudomonaa aeruginosa apecies are reaiatant to certain 

heAvy metals and have alao been found in thorium, uranium and plutonium con

taminated areas. ln the preaent vork. the ability of!• aeruginoaa to 

elaborate aequestering agent• in medium containing thorium or uranium aalta 

was t~ated. Addition of 10, 100, and 1000 ppm of urabiwn or thorium to cul• 

ture medium increased the lag period of the organism•• the concentration of 

• 

the metal increased. At concentrations of 1000 ppm and higher, there vaa an • 

extended lag period followed by reduction in crovth. Uranium haa a atronger 

inhibf.tory effect on growth of th,. organhm than thorium at aimUar concen• 

trationa. Analyeea of tl1e cult\'.re media have ahoVtl, that relative to the 

control, and under the experimental CGnditlona uaed, the microorganiama hav~ 

produced aever•l new chelating agent• for thorium and uranium. 

Some of the bacterially produced compounda reaemble 0 but are not iden• 

tical to the knovu iron chelating aiderophorea iaolated from llicroorganiama, 

and aome of their chemical propertiea are alao di1cu1aed. 

- • 



• 

•• 

•• 

In uoduc t 1011 

Microbial tra11afonaation1 of toxic ••tall h•n bee11 the 1ubject of 

11umerou1 inve1tic•tion1 over the pa1t aeveral year1. Such 1tudie1 deal wlth 

aicrobial reai1tance to metal,, real1tance to antibiotic,, detoxlficatlon 

• echa11i1m1, biometby!atio11, bioaccumulation, and microbial aolubilization of 

aetala free ore• (Vanaa et al. 1976, Marque• et al. 1979, Norrl1 and Kelly 

1979, Strandberc et al. 1981). Kuch la bon about auto.trophic w.icrobhl 

leaching of metal• from coal .re!u1e and orea in acidic environment, (Summers 

and Silver 1978, Wildung et al. 1979, Shumate et al., 1978). However, 
I 

little 11 knOVD of the aecbani1u and tt• extent of heterotrophic microbial 

aolubilization and aobilization of toxic eetal1 in organic rich environ

ment,, includina wa1te di1poaal aite1. 

There 1• 11ow ample evidence for th• uiate11~e of biochemical proceaae1, 

~elieved to be plasmid mediated (1ee for exaaple, Summer, a11d Jacoby, 1978, 

Nakahara et at. 1977), which 1ovem heavy •tal interaction• with m!cro

orcani1ma. 

Studies ha•• 1hovn th&t beterotrop);ic mlcroorgani11111 play a aigntficant 

role in the tran1foniation and the tra111port of r1dlonuclide1 by leaching 

and foniation of complex•• with orcanic utter (Wildunc a11d Carland, 1980, 

Pra11ci1 1982). Organic complexi11& 1ub1tan~•• pre1ent ln 1oil1 and natural 

water, are knOVft to interact with plutonium (londietti et al. 1976). The 

or1a11ic aub1tance1 i11•olved 111 aucb interaction• are thou1ht to be micro

bially or plant deri•ed aateriaia (lanhart et al. 1980, rra11ci1 1982, 

Premu1ic 1983, lle•ina et al. 1985). Se•eral aerobic and anaerobic bacteria 

were iaolated froa low level radioactbe •••t• dhpoaal ai.t••• They include 

ladllu1 •P• 1 PaeudomonH •P•, Citrob~_Ct,!! •P• a11d Clo1~dd1111 •P• (rnncla, 

-



et al. 1980). A P1eudomona1 •P• l1ol1ted from a plutonium contaminated p~ol 

(John1on et el. 1974) el10 blo1ccumul1ted plutonium end uranium (Shumate et 

al. 1978). 

It la well established that mlcroorganl1ms produce chelating agents by 

which they bind Iron and enhance Its solubility and bloavall~billty in the 

environment (Nellands 1973. 1977, Winkelmann 1982, Byer& et al. 1982, 

Nev1om~ end Wilhelm 1983, Aker, 1~83, Vandenbergh et al. 1983). By end 

large, these cnelatlng agents belong to a group of compounds knovn •s 

siderophores, structurally cyclic and acyclic small 110lccular weight com

pounds(< 1000 daltons), possessing catechol and hydroxamate functional 

groups (Ne!landr., 1966• 1967, 1973, 1977, 1979. Raymond 1977, Raymond •ad 

Tufano 1982). 

It 11 known that the biological behavior of ur1nlum, thorium and plu

tonium la similar t~ that of the ferric iron (Hodge et al. 1973), therefore, 

It might be reuonable to usume that orgaohm1 reaht1nt to auch metals u 

tb.orlum and uranium may produce chelating agents dmilar but not neceaaarlly 

identical to those elAborated for iron. 

Paeudomonas specie• already mentioned eerl!er are• highly veraatile 

and adaptive group of organ11ma knovn to elaborate •trains poaae&slng reals• 

tance tc metals and antibiotic& (Marques et al. 1979). 

ln thia atudy ve t¥1ted the ability of!• aeruglnosa PA0-1 and P. 

aerugino1a CSU, the latter laolated from a plutonium contaminated pond 

(Jr.huaoa •t al. 1974), to elaborate chemical compound, upable of 

comJ>lexa tlon vl th thorium or uranium, and thua influence their tuna port ln 

the environment. 

The experlmeato had a twofold 4bjectlv•r (1) To ••tabllah whether the 

oraa~i•m• produced chelatlna •gent• durln& the arowth ln the pre1ence of -
-2-
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~•rlou• conccntratlou of thorlua or uraniu•• and (2) to test vhet~er the•e 

oaani•• diff•renttate \etveea thorium and uranlu•• aanifeated ln t.he arovth 

pettern and/or the nature and concentration of the natural product• (t.e •• 

chelating agent•) produced bJ !• aerug1noaa arova tn the abaence of theae 

aetala. Such difference• vould be indlcatl~e of poaalble apecific ucha

ai•••• atudJ of vhict ebould ulti1111tel7 lead to our underatanding at the 

aolecular level of the interaction• between toxir. aetal• and the reatetant 

apecie•, and in turn, ~llow us to clarify microbial influences upon the 

behavior Mnd mobilization of heavy metals such•• thorium and uraniWD, and 

by analogy, of plutoniU1D, in the eovirouent. 

Materials end Method• 

Culture 

Paeudoaona• aeruaino•• CSU, ~.novu to bioaccuaulate uranlu:a (Strandberg 

et al. 1981) vaa kin&ly provided by c. Strandberg, Oak Rid@~ National 

Laboretory. TN. !.• aerugtnoea-PAO-l obtained froa American 'l'ype Culture 

Collection (ATCC 15692). 

Culture Medjua 

Rutrieot broth (Dlflo. Ml) containing 11 dP.xtroee or defined medium 

(Aick.tn •Gd Dean 1979) had the follovtng ".011poatt1on per liter: 0.18 mg 

FeS04•7B20; 0.035 118 MgS04•lB2~! 0.67 g diaodlwa alycerol-2-phoaphate 

hydrate, 0.85 a IN03; 1.17 a NB.4N03; 2.0 a aluco•e; 27.1 a triaodiu11 citrate 

dihydrate; pB adjusted to 6.8 by addition of citric acid c~2 g). 

Por ATCC 15692, the follovina aediua va1 ueed: 5.4 1 aodlu• auccinate 

heubydrate; 114 118 R114Cl; 174 ag ~2S04; 81.3 118 MgCl2 s 6B20; 0.137 118 

ZnClz; 0.127 cg MD Cl2; all ••lt1 were diaaolTed la 4 11M potaa1iwa phosphate 

buffered at pl 7.4. 

-_,_ 
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Crovth cf bacteria vaa monitored by aeaauring the abaorbance at 600 nm 

in a Spectron!c-20 apectroFhotom~ter. Direct counta of bacteria were 

detel'111lned by acridine orange direct counta (AODt) uaing epifluoreacence 

' aicroscQpy (Hobbi~ et al. 1977). '. 

Chemicals 

l•agent crade thoriini nitrate and uranyl Dltrate be:ubydrate were pur• 

chaaed fro:11 ICN I'hanriaceuU.cala, P.lainvhw, NY and were uaed without further 

rurtfication. Araenazo Ill vaa purchased from Aldrich Chemical Co., 

Milwaukee, VI. 

Thorium and Uranium Aaaaya 

Thorium or uranium in cultur~ medium waa determined by a apectrophoto

metric method ualng Araenazo III {Savin 1~61, Premuzic et al. 1983). The 

thorium- or uranium-araenazo III ~omplex formation !a rapid (<l min) at room 

temperature, vit.h a lower aenaitlvity limit of 0.05 ppm for Th and U under 

experimental condition• used. Since the culture eedi• were •lightly 

colored, difference apectra between thorium containing and thorium free 

culture eedia treated iu .an identical manner v.:re taken throughout the 

meaaurementa. 

Thorium or uranlua concentratlona ·in bacterial cell biomaa• were deter

abed in the following aanner. The cell• were dlgeated la 7N HN03 at so0 c 

for 24 hr. The acid vaa evaporated to dryneaa at 130°c, the realdue redia• 

a~lved fn tlatilled water and Th or U ~oncentrationa analyzed by the apec-

1 trophotometric aethod uaiq the araeuzo III procedure. 

UltraUltratlon 

ifter. the iemoval of bacterial cell• by cent~ifu&alioo, all aupernatant 

liqutda were filtered throush a Millipor.e PTG CO 2570 filt•r, to remove aub• 

stancea with M aolecular wei&ht la2_er than 5000 daltoaa. Thia atep 
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ellalnat~• the larcer aolecular wel&ht •peel••• ••I•• protein•, carbo

hydrate• and polJ1lacle•r product• {derlYed from eetal Iona) which ml1ht 

lnterfe~• ln l1olatl~n aDd 1ub1equent biolocical 111ay1. 

Characterbat.lc,n of Natural Product• Produced by P. aeruglnoH in the 
nuence of Thor{um nd Ura~_!.!!!! 

The product• cenerated by!• aeruginoaa l~ the preaence of Th ~r D, 

were derlYecl frWl the follovlq Mdlas (l) unlnoculatcd aedlu• contalDiD& =--

0 ~P• Tb or Us (2) unlnoculated aedlua containin& 100 ppm Th or U; (3) 

inoculated mediue containing O pp11 Th or U, harvuted at tlme O and at late 

logarithmic &rovth; (4) inoculated aedium containing 100 pp~ of Th or U 

taarve11ted at tl• e O and at late logarlthlllie &rowth. The aedia vere all c•n• 

trifuged at 12,000 x &i the aupernatanta ultrafiltered and atored in aterile 

r.ontainera at s0 c. The chemical compoaitio~ and propertiea of the ultrafil• 

tratea "ere a11e1aed by chro• ato&raphic and apectro1copic analyaea • 

UltraYlolet•Yi11ble apectra vere obtained vith a Beckman Acta•l!l apec

tr~~hotometer. Difference• la apectral abaorption between culture au~eraa• 

tanta vith and vltbout metal (Th or U) ven obtained fro1111 (l) apectra of 

maximum &rovth aampl•• run ag•inat a reference of &ero cravth, and (2) apec• 

tra of 111aximU11 crovth ,ample• containinc Tb or O a:ain1t a ~•ferenee of 111ax• 

i11ua crovtb without Tb or o. Con1equently, •• could correct and account for 

th~ apectral contribution, of the aedium aa vell aa that of the cult~r• dur• 

1111 1rovth l~ the a~aence of •tal • 

... _,_ 
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Flu-HHUn<:e ~pectro1copy i:., 
Pluore,cence •p~ctra of the ultrafiltratea derived from culture• fi 

containing Th and U were obtained with a Perkin~Elmer KPF4 fJuore1cence 

apectrophotometer by ex~itatlon at 360 om (Cox and Graham, 1979). 

Column Chromatotrapt:I, 

The ultraflltrate1 from culture media vere aQalyce6 by ~~1 permeation 

chromatography. A column (1 x lO~ ~m) wa~ ~eked vith polyacrylamide gel 

(Bio-lad P-2 1uper fine grade) and calibrated vlth comp~unds of known molec-

ular weight: NaN3, glutathione, and blue dextr•n. Ultrafiltrate¥ vere con

cectrat~d ?,y freeze drying. Samples for chromatograply were prepared by 

disaolution of fr~eze dried material in a ~inimuG amount of wate~ befor~ 

application to the column~ Fractions from eiutlon with deionized water 

(HllliQ) vere •,nitored at tvo abaorbanees, 254 nm and 360 nm. 

Thin Lay~~ Chromato$raehy (TLC) 

TLC va• ude on cellulose plates (Brinkman polygram cell 300) and the 

chromato6 rams wer .. deve!oped in a mixt~re of water a~d iaopropanol (1:1, 

v/v) a• the mobll~ phaae. Sp~cific rlaualization methods and/or reagent• 

(e.g. tluoreacence, phenol, and amino ~roupa) vere used to detect compounds 

on the developed chromatogram• (Stahl 1969). The colorimetric teBt fnr the 

detection of thor!ua and uranium, Arsinazo III, vaa adapt~d to TLC, and vhen 

uaed in thia canner th~ detectioc limit vaa 10 ppm. Araenazu 111 ~eagent 

40•1• not react vith iron. '!horiUII and uranium comphxea ·were prepared from 

citrate, oxalate, slucoae, a~d &luco••-2 phoaphate •nd vere u1ed aa atan

darda concomlt.tctly with unknown eamplea in the TLC r~n,. The oitratea of 

thorium and uranium do not micrate under the preacrib•d exp~rimental cond~

tiv.i1. ueta1la for the procedure• have been deacribed el,evhere (Prcmu&ic 

et al. 1983). --
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High Pre11ure Li3uid Chr~utogrcphy (HPLC) 

Aa•lytical HPLC data were obtalae~ on a IIK LC/9533 liquid 

ch~omatocraph equipped with au lBN Cl& columa (No. 8635308). Preparative 

HPLC d8t& v~:e obtaioed oo· an Alltech (No. 6231) Cl8 prepar•tive col~mn with 

50% aqueoua saethaaol •• the aobi\e pha1e. 

M••• Spectroacopy 

~••• apectra were obtained on• HP5985 ••• ape,trC111eter ay,tem which 

uees electron !~~ect ee ion eouTce. Solid semple3 were introduce~ directly 

in~o the ion aource. 

Nuclear Magoetic Re1onanc2 (NMR) 

Protoa NKR apectra va1 obt•ined on• Variaa CFT-20 apectrometer. The 

aolventl uaed were D20 u1d CDCl3. 

Eff~~t of Tboriue and Uranium Coacentrattona on the Growth ~f P. 
aerugtnoH 

One ftl of o 24-h•old ~ulture 0£ !• oerugloooo woo tronoforred too 100 

• 1 defiDed • ediUII containing O, 1, 10, 100, an~ 1000 ppm. Tb (a1 

Th(N03)4). The growth of bacteria vu then followed •• deacrlbd earlier. 

Aoalocoua experimenta have been carried cut u1lng defined media coutaining 

uranium added a1 uraayl nitrat~. 

Effect of Suppleeental Iroa on the Growth of P. aerug!noaa when Crow~ 
iu the PreaeDC'-• or Abaence of T:-&ozlum or Uranium 

!:. aeruglnoaa ••• crovn In defined • ediua, <<O.C5 ppm In Fe) to vhlch 

18 ppm IJpplemental iron vaa _added aa reS04•7H20• In parallel e~perl• 

• enta, !• aeruglnoaa waa 1rovn without auppluental Iron. !• aeruginoaa vaa 

1rovn ~D the two cu1ture media in the pre1ence and the absence of 100 ppm of 

Tb 11,r U at an initial pH of 6.9. Thece cuttui'u, In duplicate, vere 

lncubned at 30oC " a Tota ry ahaker at 200 rpa and th• arovth of the 
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or11nl1m 110nltored. -At 1utton1ry growth ph11e the cell• vere h1ne1ted. 

centrlfug1t1on at 12,0CO x &, and the 1upen1tant1 analyced for Th or U. 

Thu c.elh ven dded at ao0c, vdghed, dii;uted and analyzed for Th or u. 

Under the experimental condi Uo111 uaed, the cell 11au accumulated leas tl,an 

on~ per cent !dry weight) of thorium or uranium. 

~e1ult1 end D11cu1sion 

8ioavall~blllt7 of thorium or uranium depends on the 1peclatlon ~f the 

metal. Specl1tl~ 11 a function of concentration and pH and la particularly 

important und~r conditions ln which metal !one may undergo hydrolyals and 

polyuuclear formation (kiugbom 1959). 

Generally, starting vi th a uear neutral pH, the pH of the culture ~db 

became more alkaline, ln 1ome c~aea reaching 8.3, aa the growth of the 

organism progreaa~d, vith uo epp,~ent effect ou the growth. 

The effect of the thorium concentra.tiou on the growth of !.• ~ 

le 1ho1111 in Fig. 1. Is the ~?ncentration of Th in the medium iucreasea, the 

lag period of lhe organism al10 increases. Culturec grew 1lovly at firat 

•nd 1ubsequently at a r•t~ nearly i2qu& 1 to that o' the thorium free con

trol. 

!.• aeruginosa, when 1rovu in presence o! uranium under ldenttcal condi

tions a1 those for thorium, behave, differently. u~anium not only increased 

the lag period, but al10 had a pro~ounced effect on growth. For example, at 

1,000 ppm of uranium ~nere 11 a algoiflc1nt luhlbltory eff•ct (tlg. 2) uot 

obaened ¥1th tboTlWII iimder comparable experimental conditions. 

Usually, 1ublethal conc~ntration1 of aetala retard the onset of bac

terial growth. For example, aethyl~ercuT1 acetate exteuded the lag phase of 

culture, of Rhodop1eudomoua1 capsulata, although che cultur•• vhlch did 

-e- • 
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be,ta to &row reached llmltlq cell deo1ltle1 almllar to that of control 

(Jeffrie, et al. 19.7'). Cadmium extended tbe la& phase of culturu of 

Eacherlchla ~• however, normal prollferatlon ua1 observed at the end of 

the lag phase (Mitra et al. 1975). During th~ la& phase, 95% of c~lla loat 

vtablllty, and ftrl~u• 1tructural aboormalltles vere observed, but by the 

alddle of the la& pbaH, cell, bad reauaed normal morphology. Extei.sloa ot· 

the lag phaae 'by aercurlc chloride va1 1110 accompanied 'by a decrea1e la 

viablllty of!• capsulata although the turbidity remained unchanged 

(Valtuzh et al. 1975). ID the CAH of!·~ (Hltra el al. 1975), lt has 

been auggested that the eella de~elop some mechaolam of ~olecular accommoda• 

tloa during thb phase. Thia concept la aupported by t.&. bangea ln cellu• 

l•T dlstrlbutloa observed during growth. 

Ia media coatalalag thorium, aupplemeotal lroa dld not algnlflcantly 

affect the growth of bacteria. Thl1 auggeata that the t~acea (<0.05 ppm) of 

iron pre1eat la the lllaeral •alt• are 1ufflclent to aupport the growth of 

the or1anl1m vhea grovn lo the thorium coutalalng medium. Analogoua experl

meota vl th uranium have ahowu that there vaa an f.ncreaae lo lag period ln 

medl• vlthout aupplemental lroo. The addltl~n of supplemental lroo to the 

medium decreaaed the lag period la the growth of the orga~l•m by about 

tveln houra. Tbeae result,, together vlth concentretloa effects already 

deacrlbed, further lodleate that!.• aeruglnoaa vhea grovn under ldentlcal 

condl tlona behavea dlffereot17 when arovn la the presence of thodum than 

when &rOll1l la the pre1eace of uranium. Tbla difference 11 alao noticeable 

la the gro11 apectral propertlea of the culture media. During growth of!• 

aeruglaosa la defined eedlua and la the presence of metal, the mlcroorganlam 

produce, fluoreaceat placenta. ror thorium pigment,, la.ax la at 368 am and 

-- _,_ 
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for uranium pl&ments, at 365 nm. The production of theae ptgmenta lncrea•e' 

vtth tlme of srovth. Hovever, under identical conditlona, the oneet and 

~ttalnment of htgh pigment production tn thorium contatnln& tnedlum occur• tn 

• etg~lfleantly shorter period of time than the correapondlng pt1ment1 

formation tn the uranium conulnlng medium,•• ahown in Table 1. Theae 

pl1menta are not formed 1u cu! turea srown In the aba,ance of thorium or 

arantum. further, excitation of 360 nm of the clear (at uxtmum growth) 

culture medium yields• fluorescence apectrum vitb • >-max at 433 nm for 

thorium and a ~ax at 440 nm for uranium pigments (Fig. 3). 

Paeudomon~s •P• are known to have produced chelating age~~• under• 

••rlety of 1rowth conditions and the production of these agent• has been 

expresaed in tens of the changes in the apectral propertlea of centrifu1ed 

culture 11edia •• dl1cu11ed below. In addition to apectral changes, extract, 

and fractions derived frc.m the media at 111&xlmum grovt~ have been teated f. 

the preaence of specific type• of compound,, auch •• hydroxamatea and cate

chola, known to be incorporated in the chemical 1tructura1 of bacterial che

lating agent, (Nellands 1973). Thua Pseudomonaa £! baa produced an amino 

croup positive, fluorescent compound, L•5(2•p1ridyl)•2•amino•5•ketopenunoic 

acid vith a ~ax• ~58 nm (Sbiman and Netland• 1965). Pseudomonas 

fluore~ceus mlguu baa produced in the culture medium• lmax 435-440 nm 

fraction, vhlch vaa nlnhydrin and hydroxaute poaitive (Maurer et al. 

1968). The ~o•plete aolecular etructure baa not been •lucldated. 

Paeudo~onaa fluoreace.2_ puttda produced• yellov•&reen fluorescent component 

In an Iron-limited medium vtth la.ax 400 nm, ehouldera at 460 1111 and 540 DIii. 

The etructure of th• fluoreacent component known•• Paeudobactin baa been 

elucidated. The aolecule l• • linear hexapeptlde containing hydroxamate aad 

-
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qulnollne •l•tl•• (Taints• et al. 1981). Another ~ompound laolated frOVI 

th• • edl~• waa colorle11 and noufluor.acent, called "P1eudobactln A" and 

differed oolr ln the 1atu.atlo11 lo the qulnollne 1DOlety (Telnt&e and Leong 

1981). 

P1eudomona1 aeruglnoaa 1rovu lo an lroo deficient medium(< 0.1 IIM) 

yielded an ethyl acetate extractable fluorucent coapouad, la.ax at 218, 248, 

and 310 ll• (Cox and Crab•• 1979). !xcltatlon 1pectra ahow uxlma at 235, 

272, and 352 nm, trougha at 252 and 310 nm, with eml11lon meaaured •t 442 

DJD. Vhen excited et 352 nm, the eml11loo 1pectrum had a 1ingle uximum at 

442 nm. Exclt.atlon of the Hmple at 235 or 272 1111 yielded the aame dngle 

• axl• um. A structure of thi1 compouod ba1 been reported (Cox et al. 1981). 

Thi• compouod belong• to• little kaovo group of compound• known•• 

Pyochelln1 which cootaln catechol aod phenolate • oletle1, •• vell •• func• 

tloul group, coutalnlng aulfur aod nUrogea. 

A P1eudomooa1 atrala baa beeo reported to yleld "Compound S" wl th a MW 

500-600 daltou1 (McCrackeo and Svlabunae 1979). Aqueou1 aolutlona v .. re pale 

yellow lmax 384 am, aod blue•fluoresceat. "Compound S" vaa oega tlve for 

ca~e~~ol• and po1i~lve for hydroxamate and appears to be ao aoalogue of 

1chizokioen ao~ aerobactio (Mulli1 et al. 1977, Linke et al. 1972). 

Spec~r•l cbange1 ob1ened la our work Indicate thct 1lmllar chelating 

compouod1 are geoerated by!• aerugi~ crovn la pre1eoce of thorium or 
I 

uranium. The diagao1tlc u1efuloe11 of apectrum characterl1tlca and tbelr 

aenaltlvlty to chaqea ln the culture Mdlua la alao reflected In the 

dlffereoce apectra (1ee aethod1) of thorlllll and uraolum culture, when grown 

vlth 1upplemental lron and vlthout lt (Fig. 4). 'l'he 1pectro1cop!c 

l11forution 1bov1 that at • axl• 1111 growth Ute production of thorium 

--
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"plcmenta" <~ax 368 _nm, aee 1110 Table l) I• eaaentlally unaffected by the 

Iron concentration, while the production of uranium "plg11enta11 <lea: 365 u) 

h draa tlcally affected. At •xlmum crovth culturea of !• aeruglnoa,~, er.own 

under Identical condition• in the abaence of t.horium or uranium, did not 

cenerate theae product• followlng the addition of these eetala (aa nitratea) 

to the medium. Therefore the 368 nm and 365 mn •i&nal• are due to compound•· 

vhoae production vaa induced by the preaence of thorium or uranium reapec

tively in the culture medium duriog the entire growth of the orga~iama. 

Theae aignala may be due to aingle compounds or a mixture of aeveral ccm

pounda, Including chelatora for thorium and uranium prea~nt in free and 

complexed forma. 

In order to further explore the uature of aubatancea produced in the 

• 

preaence of thorium or uranium, ultrafiltratea of culture aupernatant• were 

fractionated by column chroutography which vaa followed by thin layer chro- • 

matography (aee metboda). Subfractiona from colu1111l chromatography vere 

pooled according to their approximate molecular weight range• into three 

major fractiona, A• 2000-1000, B • 1000-300, and C • ! 300 daltona respec

tively. Thin layer chromatography of theae fractiona aud control•, conaiat• 

Ing of the autoclaved media containing thorium or uranium with and without 

aupplemental Iron, inoculated with!• aeruglnoaa, vaa ca~&ted out aa 

deacribed under aethodM. 

Analyaea of the cbrom.to1ra111 ahoved that in abaence of aupplemental 

Iron there are no thorium complexea preaent in fraction A and that there are 

five thorium complexea preaent In fraction J. One complex va• preaent In 

the control, leaving four nn ccaiplexea in the aolecular weight range of 

1000-300, vhoae fon,atlon in the culture ••dlum durlq the arovth of the 

-- •12-
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alcroor1enl1• wa1 Induced l,y the preaence of thorlua. Three of theae com

plex•• contalhed fluore1cent 1roup1 I.e., l1oqulDollDe, phenol and/or 

catechol ••well•• amino and/or hydroxamate component,, and one lacked the 

pheDol and/or catechol cocpoDeDt. The lov aoleculer wei&ht fractloD C c~D

tained three cocplexe1 of vhicb bro-were prcaeDt In the control. The 

reulnlq tborlua complex wa1 aalno and/or bydroxe..-.te pocltl••• There ~a• 

110 thorlua detected ID thrH other ulno aDd/or hydroxa .. te and phenol/ 

catechol po1ltin component, of the C fraction. Addition of 1upplemental 

lron to the culture, produced a Yery 1imllar patten, poaaibly ~ifferlng In 

tvo c~•ponenta pre1ent ln trace aaount1, In the lover molecular wei&ht 

fraction. 

Identical analy1e1 of uranium complexe1 1boved that In the ab1ence of 

1uppleaental lron1 fraction A contained blo eo11plexe1, one with amino and/or 

hydroxaaate and phenol/catechol functiou e1MI the other with the phenol/ 

catechol function only. Fraction I contained four C011pl••••• bro of which 

were fluoreacent, one contained phenol/catecbol fuuctlon1 and amino and/or 

bydruxamate 1roup1 1 while the other coDtalned only the phenol/catechol func

tlcna. The reuiniq tvo cocplexe1 contained amiDo and/or hydroxamate f11nc• 

tloDI only. Fraction C1 coDtained three complex••• all fluorejcent, tvo 

contained phenol/cetechol and amino end/or b7droxaute functlou and one 

contained phenol/catecbol fuuctlon only. 

In the pr•••nce of auppleaental Iron, frectlcna A contained three com• 

pl••••• one preaent In the c~ntrol, vhll• tba other• Induced by th• preaence 

of uranlaa ••r• fluoreacent, contained aalno and/or bydro•eute and phenol/ 

catechol function•• One of th••• baaed OD t~• af Yalu•<••• Table 2) vaa 

different fr• the COllpla preant la culture• to which 1uppl•••ntal lro11 

- -u-
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val not added. Praction I contained five coaplexe1, one of ..-•~h va, al10 

preeent 1n the control. The reuining complexe1, induced by uranium 

pre1ence, vere all fluorescent, contained amino and/or hydroxaute and 

phenol/catechol function,. Similarly, fraction C contained three fluore,

cent, amino and/or hydroxaute and phenol/catechol po1itive complexe,. 

The di1tribution of thorium and uranium induced complexe1 11 awmurized 

In Table 2. 

High pres1ure li~uld chromatography (HPLC) of aaximum growth cultures 

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

(Fig. 5a) and tho1e which vere grown in the presence of thorium (Fig. 5b) 

al10 confirmed presence of thori\11'1 induced aicroblal product•• Mase 

1pecto1copy and nuclear aagnetic resonance of BPLC fractions obtained from 

the aaxlmUll growth culture, of!• aeruglno1a 1 grown ln the presence of 

thorium, yielded the following information. 
ct. 

Chromatography of an acidified ethanol extra~of PA0-1 thoriWD culture 

yhlded 1everal f ractiona containing compound, with aolecular weights 

ranging from 208 to )60n dalton,. Praction containing M/e 209 ia c~nsl1tent 

with pyrimlne C10N203B12 (Shlun and Nell1nd1 1965), whose identity ia 

further eupported by the u11 fragmentation pattern of M/e 209, 163, 130, 

79, 75, and it• PMR apectnm with 1ignal1 (in ppm) at 3.8, 2.12, 2.33, 8,2, 

8.4, 7.5, and 9.04. A fraction containing a coepuund with 110lecular veight 

of M+lr"325 with a frapentation pattQrD of M/e 325, 223. 220, 219, 191, 178, 

146, 137, 120, 102, and 100, 1• col\lietent with that reported for a 

pyochelin, C14B16N203S2 (Cox et al. 1981). The PHll apectnm vith •ignale at 

(in ppm) 9.18, 6.85-7.42, 4.93, 4.42, J.78, 3.29, and 2.65 further confirms 

the preeence of thim compound. 
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The remalalq fractlou1 coatala aulo1u•1 of pyocbella and achlsoklnen 

vho•• atructur•• are currently belq ldeatlfled. Prallalaary data ladlcate 

taat at lea1t three fraction, coutala compound, vhlch do Dot reeemble tho•e 

reported to be pre1ent lD P1eudomona1 •P• Detailed chemical a~d 1tructural 

ldeatlflcatlon of the thorlu• laduced product, a, well•• aaalo&ou1 1tudle1 

vltb uranium vlll be reported lD a Hpara_t, paper. 

The uperl• eatal evidence pre1ented ID tbl1 paper 1hov1 that!• 

aerugluo1a 1rov1 tu the preeence of thorium aud uranium. lucrea,e, lD the 

couceutratiou of thorium lncrea1ed the lag pha1e, however the effect of 

thorium on the crowth va1 not lDhlbltory, •• va1 the ca•• vlth ur,nlum, 

under ldeatlcal 11ovth condltlon,. Hence!.• aeruglnoea exhlblt1 a different 

crovth pattern toward, thorium and uraulua. Spectro1coplc aDd chromato• 

araphlc anal1••• of culture 1upenataat1 1hov that the or1aDl1m la the 

pre1eace of • etal during lta 1rovth produce• 1everal induced product, • 

Product, &•aerated durla& the arovth la tbe pr11eace of th••• •tali contain 

phenol/c1techol fluore1ceut varletle1 a, vell a, a• lDo and hydroxamate 

functional 1roup1. Some of th••• chelatlq qeut1 re1emble tho•• l1olated 

prevlou1ly from ••••r•l 1trala1 of!• aerugtuo1a. Such • lcroolally produced 

natural product• by virtue of their chelatlq capabllltle1 uy enhance the 

aoblllty aud bloavallablllty of the orcaalc fon1 of thorlU111 aud uranium and 

by analosy of other toxic Mtala la th• environment. 

- -u-



~·- _ .. ,_ ... •- ._•_ ... :-. . ' .... ,--_ . .4. • ·~• ..... • .. . .. • .... • .. • ... ..• •! .... • ........ ': e1.• ._=. t _• ._o_ c_• < ,•;'ii!°,.= c.z. :a. •.•<.IC . •~ ..t.:": (.' <-•.• <-&.~ <;- C-'1.• w_ ••.• •:- u.• ,_ ». •.!.4 

ACKNOWLEDGMENTS 

Thla wort v~a aponaor•d ln part by the J>efenae Nuclear Aaency under 

Taak Code U99QAXNK and Work Unlt 00029, Brookhaven Natlonal Laboratory and 

the Department of Inergy under contract DE•AC02•7ECH00016 and ln part by the 

Office of Naval leaearch, Contract N00014•84•F•0106 and Von. Unit No. NR 

685•005. 

Ve viah to acknowledge the aa1i1tance of Helen Quinby, Brookhaven 

National Laboratory; Michael Poon, Polytechnic Institute of New York; 

Alexan~~r Jungreia, St. Ceorgea Medical School, Grenada, W.I.; Lillian Lam, 

Cornell Oniveraity; Athlene Alexia, Alcorn State Un!ver•ity; and Maki 

Hoa1hi, Long laland Oniveraity all of vhom v•~• participant• of thG viaiting 

atudent proiram at Brookhaven National Laboratory. Ve •cknowledge the 

•aluable 1ugge1tion1 and com1Hnt1 by Ina. G. Catravaa and A. DurMkovic of 

the Armed Forcea Radiobiological lnatitute (AFRI), Bethesda, MD. 

- -u-

• 

., 

• 

• 



• 

• 

• 

~--•-··-·-···· ~··· -·-'· - -

&U!RENCES 

Aickla Ill, Dean AQ (1979) Lead accuaulatlOD '1 P11udoeona1 fluoreacena 

and by a Citrorbacter •P• "icrobioa Letter• 915,•66 

Aker• HA (1983) laolation of the aiderophcr• achi&okenin frcm aoil of rice 

fitlda. Ap,1 lnwtrnn "lcrobiol 45(5)11704•1706 

lanahart IJ, Caapbell EW, Martines I, Caldwell DI, Hallett a (1980) Poten• 

tlal alcrobial l•pa~t on tranauraaic vaatea under conditlona expected 

in the waste laolatlon pilot plant (WIPP). Loa Alamo• National 

Laboratol')', LA•8297•PR, Loa Alamoa, NM. 

!levina RD, Schreiber JC, Pancorbo OC (198,) Croaa alpha and beta radlo

actlvit1ea aaaociated with aquatic •nv1ronaenta of upper-eaat Tenneaaee 

impacted by lnduatdal and ainin& ac.thitiea. Arch l11vlron Contam. 

Toxicol 14183•88 

Bondietti EA, Reynold• SA, Sbaoka KN (1976) loteractiOll of plutonium vlth 

e0iiiplsxiu1 1ubatancea in aolla and natural vatera. S:,apoalu• on 

Tranauranic Nuclldea Sn the Environment, San rranclaco, CONF 751105 

PP• 273•287 

Byeu BR, Sciortino CV, Cox P, Robinaon P (1982) lrOD uptake and intracell

ular iron diatributlon in cultured rat heart cell•s !ffecta of lron 

chelator11 Ins Dunford HB, Dolphin D, Raymond KH, Slelter L (eda) The 

lioloclcal Chealltl')' of Iron, Proceedln&• of the NATO Advanced Study 

lnacitut•, ldaositon, Albert.a, D. Reidel, _loaton, PP• 117•124 

Cox ~D, Craha• • (1979) laolatlon of lPon•blndln& COllpounda fr• ?.!.!!!~omonaa 

aerugino•.!.• J lacterlolo=7 137(1)1357•364 

Cox Cl>, &lnehard U. Jr, Moore ML, Conk JC Jr (1981) Pyochellns Novel atruc• 

ture of an lron-chelatlna ,~owth promoter for Paeudoeonap J!JY!lnoaa. 

Proc. llatloul Acad Scl, USA, 78(7)14256-4260 --
-11-



rr1ncl1 AJ (1982) Klcroblel tr1n1for1111tlon of lov•level radioactive va1te. 

!nvlronaental mlg~attCY..1 of lonc•llYed radlonucllde1. lnten1tlon1l 

Atomic Energy Ag~ncy IAIA•SH-257/72, Vienna 

Francia AJ, l>obb1 S, f.l~e ,, (1980) Mlcroblel activity of txench leachate• 

froc shgllov•land, low level, radioactive vaate di1poaal 1lte1. Appl 

!nvl%ou Microbial 401108·113. 

Hobble J!, Deley LJ, Ja1per S (197)) Uae of nuclepore flltera for counting 

bacteria by fluorescence • icro1copy. Appl Environ Hicroblol 

33: 1225-1228 

Hodge HC, S~anil&rd JN, Hurab JI (eda)(197J) Urantum, plutonium, and tran1• 

plutonic elementa: Handbook of experiment.al pharmacology XXXVl. 

Sprlnier-Verlag, Ne~ York 

Jeffrlea 1~, Butler &G (1975) Cr011tb inhibition of lhodop~eudomonaa 

cap1ul1ta by aethylmercury acetate. Appl Environ Hicrobiol 301156•150 

Jobn1on JE, Svalberg s, Peine D (1974) The 1tudy of plutonium in aqua ti~ 

1y1tem1 of the Rocky Fleta envl~~n,, final technical report. Department 

of Animal Science• end the Department of Radiology and Radiation 

Biology, Colorado State Uclyeraity, Fort Colllna, Colorado 80521, to 

Dov Chemical Co., Contract No. 41493-P 

Linke VD, Crueger A, Diekmann H (1972) Stoffvechael•produkte von 

• lkroorcanla• en. Arch Hlk~oblol 85s44•50 

M1rque1 AM, Con1regado F, Sl• on D, Pujol M (1979) Antibiotic and he~vy 

• etal rHbtance of .'nudo• on,':!. 1eruglno11 holated f::ocn 10U1. J of 

Applied l1cterlolo1y 47s341-,,o 

Maurer I, MUiler A, Keller-Scbterleln V, Zlhner H (1968) Stoffvech1el

produkte YOD Mlkroor11nl1• en. Archly fUr Mlkrobtoto1l• 60132~•339 

-
-18-



• 

• 

• 

M~Cracken AR, Swl~burne TR (1979) Slderophorea pro4uced bf aaprophytlc 

bacteria aa 1tl• ulant1 of c•nalutln of cnldla of Colletotrlchum 

.!!!!!!• Phyalolo&lcal Plant Patholo&J 151S31•340 

Mltre as, Cray RH, Chtn I, lemateln IA (1975) Molecular • echanlau of 

acco1111odat Llon ID !aeherlcbla ~ to toxic leveh of Cd. J ~cterlol 

12111180 

Mulll1 kl, Pollack ~Ill, Nelland1 JI (1977) Stncture of acblaoklnen an Iron• 

tranaport compound from Baclllua • egat.erl11111. llochomlatry 

10(26)14894-4898 

Nakahara H, Iablkava T, Saral Y, Kondo I, Kosuku• H, SllYer S (1977) 

Llnka&• of •rcury, cad• lu, •DA! oraenate and dru& real1tance ln clln• 

lcal laolate1 of Paeudomona• aeruglnosa. Applied •~d Environmental 

Mlcroblolo&J 33(4)1975-976 

Nelland1 JI (!973) Microbial iron tranapcrt C011pound1 (Slderochromea) 

v. Ina Elchbom CL (ed) Inor1anlc llocbealatry Vol 1. !laevler, 

Nev York. PP• 167•7.02 

Nellanda JI (1977) Slderopboreaa lloch~•lc•l tcology and eechanlam of iron 

tranaport in enterobacterla. Ina Raymond KN (ed) llolnorganlc 

Cbemlatry•II, AdYcncea in Chemlatry Serl•• 162, American Chemical 

Society, Vaahln&t01l 9 D.C., PP• 3•32 

Melland• JI (1966) RaturallJ occurrlna D01l•porphJrlD Iron compound•• Ina 

Structure and londln1, Vol 1 P• 59, Sprlqer•Verl•&• Rev York 

•etlaada JI (1967) Hydrou• lc Acld1. Selene• 156(3781)11"3•1448 

Helland• JI (1979) ll011edlcal and enYlron• -Dtal 1lplflcance of 

alderophor••• lna 1Cha~a1cb I (ed) Trace Metal• In Health and Di•••••• 
aayaa ,reaa, • .., York, PP• 27~41 

-•19• 

I 
t 
J 



~ew•ome AL, Wllbel• VE (1983) lDhlbltlon of Nac11er1a fovlerl by alcroblal 

lron-chelatln& a1ent11 Eco1oclca1 lmpllc1tlon1. Appl !n,lrcn ~lcroblol 

45(2)1665-668 

Norrie PR, Kelly DP (1979) Accumulttlo~ of met,1• by bacteria and y~aata. 

Developments In Induatrlal Microbiology 20:299-308 

Premudc ET (1983) A rf'!vlev of the 1eo•bloorc,aclc chemistry of plutonh~~. 

BNL•l2643 Brookhaven National L•boratory, Opton, )l 

Premuzic ET, Fran:11 AJ, Lin M, Schubert J, Quinby H (1983) IaolatiDn of 

natural che!ate• for radionuclldt·de~orporation. BNL 32972 Brookhaven 

Natlon•l Laboratory. Upton, NY 

Raymond KN, Tufano TP (!982) Coordination chem!atry of the aiJerophoree 

and recent atudiea of aynthetlc analogues. In: Dunford HB, Dolphin D, 

Raymond KN, Siekar I (ed,) The Biological Chemistry of Iron, Pro

ceeding• of the NATO Advanced Study Institute Alberta, Canada, 

D. Reidel loaton, PP• 85•105 

Raymond, KN (1977) Kinetically lne~t comp!exee of the alderopho=~• In 

1tudiQ1 of microbial Iron transport. Ina Raymond KN (ed) Bioinorganic 

Cbeml1try--II Advances In Chemi1try Serie • 162 American Chemical 

Soelety, Washington, DC, PP• 33•54 

Ringbom A (1959) Complexatlon reactions. In: Kolthoff IN, Elving PJ, 

Sandell EB (ed1), Treat!ae on Analytical Chemlat,:y, Vol. 1 The 

Inter1clenc- Encyclopedia Inc., Nev York, 543 p 

Savin Sa (1961) Analytical u1e of Ar1enaao 111 determination of Th, Zr, U 

and rara earth element•• Talanta e,673-685 

-20-



. · .. _. 

• 

• 

• 

.· .. ,..• _ ... - ·"" " .. •. • .. •.•. . . : .. ... .. - . . .. 

ShlmaD lt llelland1 JI (1965) I1olatloP ch•recterl&atloQ and 1yn~h11l1 of 

pyrlDe, end Iron (11) b1Ddlq •~•Dt froa P11udomona1 ~- llochemlatry 

4(10) I 2233•2236 

Shumate SE 11, Hancher CW, Str•ndberc CW, Sc~tt CD (1978) Biological 

proce11e1 for eDvlronmental control of ~fflueDt 1treams In the Duclear 

fuel cycle. lD: Poat RC, Wack• KE (ed1) Proc•edlD&• of Va1te Manaca:eDt 

and Puel Cyclea '78. U1llv1r1lty of ·Arlsou Pr111 Tuc10D, Arl10Da, PP• 

347-355 

Shumate SE 11, StraDdberg CW, Parrott JP. Jr (1978) Blolor,ical removal of 

aetal loD1 frOII aqueou1 proc111 1tre1m1. llotechDology aDd 11oengl• 

Dearing Sya~ No 8, John Wiley aDd Sona New York, pp. 13•20 

Stahl E, (1969) Thin layer chromatography. Spri11&er•V•rla&, Nev York 

lO<tl PP 

Strandberg CW, Shumate SE II, Parrott JR Jr (1981) Microbial cell• aa blc• 

1orbaDt• for heavy metal11 Accu• ulatlOD of uraDlum by Saccharomycea 

cerevl1lae and P1eudomonaa aeruglnoaa. Applied aDd Environmental 

Microbiology 41(1):237•245 

Summer• AO, Jacoby CA (1978) Pla1mld-•deteniln1d r11l1taDc1 to boron and 

chromium c01Dpcund1 ID Paeudomona1 aeruglno1a. Antimlcrobi•l Age~t• and 

Chemotherapy 13(4)1637•640 

Su"mer1 AO, Silver S (1978) Microbial tranaforaatlODI of Mtal1. AnD Rev 

Mlcroblol 32,637•672 

TeiDtae M, Ho11aln MB, lam11 Q. 1 t.eoq J, TaD der Kela D (1981) Stnicture 

of ferric p11udobactlD, a aldero~hore fro• a plant 1rovth promotln& 

P1tudomonaa. liochemlatry 2016446•6457 

- -21-



\ 

~ I 
-~.-.,.,.~~_ •. •.~-.II'!_.•. _".:" .. "".~-.IJI!!_ .... -~-.•-~-;""-_•.~ --;..~'t! .. 4. ... _ .. _ .. ~<•. -.' .--. .23.? .. tf.• ... •_ ..... e_s_c_4!' :.4 (Cs.• .... _. ( .... ,_".!f,;»i a o_u:_ a_ :. z..cz.4 (~ .._c .. c '·' 1_e».9 a. l~ 

Lt 
''. ·· .. :.• 

·h--~ ;-, ... 
···J"· 

. >~1£ :~ 

::,.·.:::a 

':it; 
·] 

·•.t 
F~ 
, .. \i=~ 

it~ 
.•· ·y<.:. 
" -,~.-
<···:·i~ 

·>:::~~ 
·\>~ \:_:~.:l 
.: .•· \t'-• 
;,.,:yi~~ 

·:.::-

• Telat&e M, Leong J (1981) Structure of p1eudobactla A. a 1ecood etderophore 

for plant arovtb promotlq P1eudomona1110. lloch2ml1tr1 20:6457-6462 

Valt~&la z, Nel1on JD Jr, Van LV. Colwell lk (1975) !ff•ct1 of 111ercuric 

chloride oo crovth and aorpholo&Y of aehcted •trdn• of aercury

re1l1tant bacteria. Appl !nvlrc-n M1crobiol 29:275-286 

Vandenber&h PA. Goniales er. Vrlcht AM, Ku~u IS (1983) Iron chelating com

pound• produceo by eoil p1eudoaonad11 C,.,rrelatlon vltb fungal arowth 

1nhlb1tlon. Appl Environ Mi,robl~l 461128-132 

Vandenb~rgh PA, Goaiale& CF, Vri&ht AM, Kunka BS (1983) Iron-chelating 

compound• produced by aoil paeudoaonada1 Correlation vlth fungal &rovth 

lnhiHUon. Appl Envh'on Microblol 461128-132 

Varma MK, Thomae WA, Proaad C (1976) Realatance to inorganic aalta and anti• 

blotic1 uiong aevace•borne Enterobacterlaceae and Achromobacteriaceae • 

J Applied Bacteriology 41:347-349 

Vildung kE, Garland TR (1980) The relatiooahip of 'ldcrobial proceaaea to 

the fau and behavior of tranauranlc elementa in 10111. plants and 

• 
animala. In: Hanson VC (ed) Transuranic Elements in the Envlroament, 

DOE/NTIS2280O~ National Technic*l Information Senlce, U.S. Department 

of Commerce, Springfl .. ld, VA, pp. 300•335 

! 

I.. \dung RE, Garland TR, Drucker H (1979) Nickel complexes vith aoll 

aicrobial metabolltea••110billt)' and apeclatlon lo 1011a. Chemical 

Modeling in Aqueo~• Syatem1, Aaerlcan Chemical Soclet)', Monocraph No 93 

pp. 181-200 

Vlakelmann G (1982) Speclflclt)' of alderophore Iron uptake bJ fun&l. In: 

'Dunford HB, Dolphin De 'Raymond KN• Sl•ker L (ed1) The Biological 

Chemiatry of Iron. Proceediq1 of the RA'l'O AdYanced Stud1 Iaatltute, 

Edmonton, Alberta, D. leldel• loatou• PP• 107•116 - • -22-



. .. . . - ....... ~ ....... .. . . ... -...... _ .. · .... _ • ..... · .............. . . . ~- ... ~. _ .. ·.·~ . . . ~ .... · .. -........ 

• Table 1• 
Production of Pluorucent Piptnta by!• _!!rudilou Grom in the Pruence of 'l'h>rtun and Urarum 

'lb Pip!Dt u Plgnri 
TS- hn. ppn. r.ell Densl tJ (O.D. 600 1111) O.D. lEaln ppia. Cell Denaltt (O.D. 60<na) O.?>. 

0 0 0 0 0 0 0 

47 0 1.3 0 0 1.02 0 

0 100 0 0 100 0 0 

29 100 0 0 100 0 0 

47 100 O • .l6 0.04 100 0 0 

53 100 0.6 0.05 100 0.12 0 

57 100 0.9 0.06 100 0.2 0 

7l 100 1.47 1.90 100 1.08 0 

120 - 100 1.20 0.12 

19'J - 100 1.20 0.60 i. •Fl'IT ~rt-t.-1 (Ir tat_h 11H. tat 
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Diatr!buUOD of 'Ihorlm an! Uranium Induced Canplexea 

t-. 'ni>rlm Canplecea Oranlm Canpleces ,-, 

"·" <0.05 PJID 18 ppn Suppl. If <0.05 ppn If 18 PJIII Suppl. 
PTacUon ~e Rt lrcn If Iron lrcn lTca 

2000 
= 

A tD - - o.60 + 0.56 + 
~-. 1000 -I• ,· 

t] 0.78 + o.78 + .. 
[ 1000 0.53 + 0.53 + 0.53 + o.~9 + 

! 
I 
,1 tD 

i 
300 0.62 + 0.62 + o.57 + 

-· 0.74 + 0.74 + o.n + 0.66 + .. • -· 0.79 + 0.78 + o.78 + 
f ~ 

!' 
' ., 0.53 + 0.55 + ' -
' .., 

C <300 0.71. + 0.62 + 0.62 + ] 
0.78 + 0.78 + 0.78 + o.78 + 

•For e,cpet1meutal ~t.all• aee tect 
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Plaure CapUODI 
Pl&• 1. Effect of Yarlou1 concentration, of thorlua on the &rovth of 

!• aerualno11. 

Pl&• 2. Effect of Yariou1 concentration, of uranium on the arowth of 
!• aenagino1a. 

Excitation of 360 DIii of thorium aedlum (a) and 11nniu111 • edhnn (b). 

rte. 4. Effect of 1upplemental iron on the production of pl1111enta ln 
thorlu• •dlu• (l) 1upplemental lroa, 1pectra (a) and uranlu• 
• edi• (ll), 1upple• ental lroa 1pectroe (b). 

Pl&• 5. HPL chro111ato1ra• 1 of ultrafiltered 1upenatant culture • edia. 
(a) Thorium edded to the culture •dlum at •ximum growth. 
(b) Maximum crovth in the pre1eace of thorium in the culture 

medium th-:ouchout the crowth • 
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