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'The growth or Thiobacillus thiooxidans utilizing sul1'ur in 

three media vas studied by observing changes in halt-cell emt1 bae• 

terial cell count and production of aci4 as ·a tunctio~ ot time. A 

comparison or the biological halt-cell err4 vith comparable control 

halt cells reveals that !• thiooxidans mal<.es an electrochemical con-

tribution to halt-cell voltage. A change from the more complex medium 

of Skerman's mineral salts to A.'r.C.C. allove4 a clearer d.ellneation 

of !• thioo:xidans' ability to make an electrochemical contribution. 

Reproducible biological halt-cell em:t's vere obtaix:ed vhen 

the ferrous sul!ate was removed from the A.'r.C.C. medium. One halt 

cell comprising !• thiooxi~ utilizing sulfur in A.'r.C.C. vas ob- • 

served over a lll-day period. During this time the initial half cell 

voltage ot -0.35 volts, decreased to a negative value ot -O.S4 volts 

(hydrogen emf' series}. !• th1oox1dans in utilizing sulf'Ul.• produces 

only sulfate ion, thereby simplifying the identification of an .elee-

tro:hemical contribution during grovth. 
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I. II:'l'RODUCTION 

The concept of converting chemical energy from natural 

occurring fuels 1nr-o electrical energy by biochemical reaction bas in .. 

trigued man for naany years. Potter1 in 19ll·was the first to conduct 

experiments with biochemical galvanic cells. He observed that "the 

disintegration of ·organic compounds by micr::10rganisms is accompanied 

by the liberation of electrieal energy." His experiments were conducted 

primarily with the yeast-glucose system which gave open circuit voltages 

between 0.3 and 0.5 V. These exploratory experiments led to investi• 

gations in 1931 by Cohen, 2 \tho stud-ied several bacterial cultures as 

electrical half' cells. More recently, Bean, a Canfield, b Bitterleyc 

and their co-workers have been vorking on various aspects of bioelec•. 

tricity tor the National Aeronautics and Space Administration. Empha• 

sis in their investigations was placed on the utilization of orgallic 

foOdstuffs as an energy source. 

In order to gain a better understanding of voltages developed 

in biological oxidations, a decision was made by the authors to investi-

gate so!P.e of the autotrophic bacteria. Autotrophic bacteria, because 

of their ability to utilize inorganic 5Ubs~rates as an energy source 

a Philco Corporation, Newport Beach, California. 

b l'.agnCJ Corp.oration, Anaheim, California. 

c The l•larquardt Corporation, Van rluys 1 Ca U:fornia. 
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and carbon dioXide tor their carbon requirements, offered a different 

and perhaps a simpler approach to associating electrochemical poten-

tials vith metabolic activity or bacteria. The sulfur oxidizing 

bacteria, Thiobacillus, vere chosen since they vere among the most . 
I 

metabolically active autotrophs, In these st·.ldies 1 primary empha-Sis 

vas placed on !· ,lhiooxidans. 

The electrochemical investigations reported in this paper 

assume that sulfate ion is the only metabolic product associat~ vith 

the oxidation of sulfur by !• !-hiooxidans. This assumption b:1s the 

support of earlier workers such ar. Starkey,3' 4 Starkey, Jones 3lld 

5 . 6 . 7 
Fredrick, Vogler and Umbreit, and Pe.rker and Prisk. 

II. E!F.CTROCHEMI:CAL ACCESSORIES 

Carbon (UP·62·R) from the United Carbcn Company, Bay City, 

1-lichigan, vas cut into electrodes, The ends of the ele~trodes vere 

plated 'With copper from a CuS04 solution. Copper le'lds were soldered. 

to the plated surfaces. The leads and their eont..1et vith the carbon 

were treated Vith paraffin to eliminate ~eUing and direct contact 

between the copper and nutrient, 

Platinum electrodes vere prepared i'rom platinum gauze ( 45 

mesh, 0.0078 in diameter) obtained from J. Bishop and Company. This 

gauze vas cut into 2~1n lengths, approximately 5/113 in vide. Copper 

leads vere soldered to one end of the gauze. To prevent possible 
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oxidation of the copper, the lead ·~reG were covered with plastic 

tubing. This tubing vas then anchored to the copper-platinum solder 

joint by coating the end of the tubin~ and the Junction vith an 

epoxy resin. To fUrther prevent any possible .diftusion of water to 

and thrQ.l.IIh the plastic tubillS and the epoxy-covered Junction, the 

lead •.rires were kept above the biological half-cell Uquid level. 'rhe 

thei'IDocouple effect for these copper-plat1nUIIl electrodes was found to 

be negligible (5 ..,.vrc). 
These biological hall"-cell investigations involved ma1ntaiu· 

1X1S an air atmosphere above the mt.dia in the cells. · The electrochemi• 

cal effect ot supplying fresh air above versus bubbling it direct~ 

into the stirred media was -negligible as lor~ as gaseous· concentration 

gradients did not exist within the media .(Ta'ble I). 

~LEI 

~C AND STATIC AEROBIC CONDITIONS FOR STIRRED 
EIECTROCHDIICA L HA IF cEr..:.s 

Aerobic Potent1al1 V 

MediUJil Atmosphere static Dyr.amic (Bubbling) 

Sterile distilled vater Air -0.323 -0.329 

Skel'1118n' s Air -0.365 -0.365 

A.T.c.c. Air -0.390 -0.390 

A.T.C.C. (minus Fe SO 4) Air ·0.420 -0.420 

- 4. -

& -
0.006 

0.000 

o.ooo 

o.ooo 
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Since composition cradients vere knovn to be senerated through 

uti!ization ot substrt\te 'by the uneven suspensions ot bacteria, it vas 

considered necessary to uniformly' stir the halt cells. The electro• 

chemical ette~t ot turning off the stirrer vas cheeked tor the unin• . 
I 

oculated media in which such composition gradients were absent. Table n 

x-eveals that the effect ot not stirring vas a~reeiable in the sterile 

distilled vater. It became negligible when conducting nutrients vere 

added to the water. In all large control and biological half cell 

experi=enta reported in this paper, the cell constituents vere stirred and 

atmospheric air with its carbon dioxide vas available to the media 

through sterile cotton plugs. 

TABlE II 

EFFECT OF Nat' Sl'IR.'tD-TG !ARGE ELECTRCCHEMICA L HA IF CEUS 
(AIR BUBBUNG IloJTO CE~ 

Potential 2 v 
Medium ~ .21.! 

Sterile distilled water -0.~29 -0.240 

Skerman's -0.~65 -0.~63 

A.T.c.c. -0.390 -0.388 

A.T.c.c. (minus FeS04) -0.420 -0.418 

- s -

_L 

0.089 

0.002 

0.002 

0.002 



C00022022 

During the course of experimentation three basic biocell de• 

signs were implemented. '!he first desian involved . combining a biolC?Si·· 

cal half cell vlth either a control or a reference haU ceU in a U-tube. 

An agar plug in the bend of the tube separ-at~d the tvo halt cells. 

Although posi~ive results for associating emt'a vlth gro-.rth or !• ~ 

oxidans were obtained vith this initial design1 a modification (Fig. 1), 

~tch made a separate opening to the agar bridge tor connecting a ref· 

erenc:e calomel cell1 was desired. Each ot the original halt cells, 

the biological and control, could nov be monitored individual~ vith 

the cal:llllel halt cell. Experiments vith this modified U-tube vere sat• 

1sfactory, however it vas deficient in size and allowed concentration 

gradients to f'om so a new large biological halt cell vas designed. 

The above cell designs limited the amouot of liquid to be 

used to about 20 ml or nutrient. Furthermore, the long narrw ~bes 

presented little opportunity tor changes in electrode design, stirring, 

and continuous measurement or pH. Therefore, the new design used a 

large three- and, later, a five-necked l 000 ml rour~-bottom flask 

(Fig. 2). A Teflon stirrer vas suspended through the center neck sur• 

rounded vith a glass bearing. Its action dioinished acid and mineral 

concentration gradients and insured uniform suspension of bacteria for 

population density determinations. An agar salt bridge and calomel 

cell \lere mounted in one opening and a glass and a platinu:n electrode 

were placed in the third neck. The calomel aod glass electrodes were 
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used. for rccordir.g the pH values. This er.tire biolocical half cell 

Yas mounted in a constant t~erature bath (29•), Prior to U!Je ot 

this bath the electrochemical voltages were observed to fluctuate in 

a cyclic manner with the l'OOrll temperature wenever !• thiooxidans was . 
I 

pres~~t. This behavior vas especially evident when platinum elec• 

trodes vere used. 

The agar salt brtllge1 mounted in one openins ot the round· 

bottcm flask, ws led to .a test tube containing saturated KCl main-

tained at the same temperature as the biological halt cell. A standard 

calomel electrode vas mounted in the test tube as a reference halt 

cell. !eads from the caaplete cell vere connected to a K-3 potent1011l• 

eter and a pH meter. 

All parts of the abov~ cells Yhich could withstand high 

temperatures vere sterilized by autoclaving. The other parts vere 

sterilized by rinsing in ethanol followed by three rlnsecs vitb sterile 

distilled vater. Betore sterilization the electrodes · . .rere cleaned . 

Yith concentrated sulfuric acid and then washed vith distilled vater. 

All experimentation ws oriented towards obtaining zero-

current potentials ot complete as well as halt-cell reactions. The 

init~al electrochemical measurements vere made vith a Model K-3 Leeds-

Northrup potentiometer. This instrument gave accurate voltage deter-

· cinations vhen zero current conditions Yere established. Hovever, 

"rlhile balancing the galvanometer to obtain ~ero current conditions, 
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power vas drawn initially from the cell caus1ns1 in some cases, a loss 

or voltage. Since it was desirable to eliminate this probable contri• 

butio~ to variable results, a specially designed vacuum tube voltmeter ' 

vas obtained for use with a recorder. Open c;ircuit cond1tioll3 vere 

mair.tained by use o~ this vacuum tUbe voltmeter and continuous emt 

measurements could be taken with the recorder. 

III. MICROBIOLOOICAt TECHITIO.UES AND OBSERVATIONS 

The applio:ation ot microbiological techniques to support the 

. . 
electrochemical iuvestigations was i'ocused on two areas of study-. The 

" ' \ 

first involved obtainins reproducible bacterial grovth. After such 

growth was established, less complex media •..rere sought by removing 

individual constituents f'I'Olll the more complex formulae. The second 

area o~ study iavolv~d developing techniques tor determining 

bacterial counts in the unif'om biological halt cell suspensions. 

A. Gro-wth of Thiobacillus thiooxidans 

Successful grovth o~ !• thioo:Y.idans was studied primarily in 

th~ee media. At !irst, reproducible growth or !• thiooxidans vas ob­

tained ...-ith shaker cultures using Skerman•s8 basic mineral salts (17 

salts). One per cent or sterile powdered sul!'Ur vas suspended in this 

mediUIIl. High )"ields ot 109 orsanisms/ml were obtained with matut'e 

cultures (maximum population density) a.t'ter tive days incubation. 
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Since the interpretation of the emf measurecents in the 

Skerman•s medium vas exceedingly difficult, a simpler medium was sought. 

A.T.c.c. medium, d containing five salts plus 1 per cent sulfur, vas 

studied as a grovtb nutrient. This medium save mature cultures with . 
populati~ns ot 108 bacteria/ml. A further considerattbn ot reducing 

th~ salts, compridng A.T.c.c., brought about the removal ot ferrous 

sulfate. The concentration ot !· thioorldans in mature C'Ultures in 

this medium, A.T.C.C~(-)1 vas approximately l x 107 organisms/ml. 

The cbacteria to be used with the biocells usually vere taken 

from :f'ive-day-old mature shaker cultures. These cultures vere grown in 

250 ml Erlenmeyer flasks nth :SO ml of medium in each t'las_k. Ineuba• 

tion vas either at 29• or at room temperature. 

The mature cultures were harvested f'l"om the shaker · flasks by 

centr11'.lg1ng the organisms ·at 91 000 rpm for S min in a Lourdes eentri• 

tuge. Atter decanting the supernatant, the cells were thea vashed tvice 

nth sterile medium and were suspended in the varlous volumes or the 

sterile medium tor the particular bacterial concentration to be used 

for biological half'-cell studies. 
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B. Bac~erial Counts 

. Two methods were applied for cbtaining the bacterial popula-

tions or the cultures in the preparation aad operation of the biocells. 

These method.s were the Petroff-Hausser chatlber count and the micro-

9 KJeldahl analysis for total nitrogen coutent ot the bacteria. 

!· ~'xidaas vas removed from the medium by f1ltrat1oa before a 

Clodified micro-KJelda.hl analysis vas applied. Turbidity !leter.:daa .. 

tions tor bacterial counts were not practical because ot the presence 

of po-... dered sulfur. Pour and spread plate cou:1ts were discarded after 

obtainicg irregular and time consuming results. The Petro:f't-Hau.uer 

chamber counts vere used to c~:.Ubrate the nitr~gen content 1'ro1Q the 

bacterial with their concentration in the medium. 
. 

The micro-KJeldabl te·:hn1que was oncy- used when appreciable 

volumes or ~Samples vere available and concentrations of bacteria W@l"e 

approximately l x 107 /ml. or greater. UISe of the Petroff-Hausser count-

ing chamber technique was preferred for lower concentrations or bacteria 

and experiments vhere less than 1 ml of sample was available. The 

latter techniq,ue vas adopted cCIIlpletely after the earlier Jlhases of 

1nvestigat1on 1n order to m1n1m.ize d1sturb1ne; the biological half-cell 

ecologr. The total amount ot liquid required for the saMples b~ this 

technique was negligible compared to the large 'biocell vol1JIIIe. 
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C. Ger.era l l'dcrob1olott1c:al Observations 

f.!ature populations obtained in the large biological hal£' eeU 

(Table III) vith Skerman's Medium vere consistently less than Observed 

in the shaker cultures. Subsequent experlmeptation Y1 th growth ot 

• !· thiooxidans in less complex media showed tbat this di~erence in 

populat1~n density decreased with A.T.c.c. and disappeared vben 

A.T.c.c.(-) vas used. 

TABU: III 

TYPICA t. MATURE POFUIJ.TION DENSmES 

targe Biological 
Stlaker Culture !Jal1' Cell Number ot 

J.1ed1um ~ orsanisms /ml} ~ or2n1sms Lml) Salts 

Skerman's 1 X 109 l X lOa 17 

A.T.c.c. 1 x 10a 1 to 5 x 107 5 

A.T.C.C.(-) l to 5 x 107 l to 5 x 107 

' 
Experiments Yitb grovth or !· thioo:<idans in both shaker aDd 

'biocell cultures using Skerman's and A.T.c.c. as grovth media showed 

that the reduction in the number or mineral salts caused a decrease in 

the ma.tu\"e population density. 'l.VC typieal b1oeells (Fig. 3) vere 

started vith similal" inocul1 and similar vol•l."Ues of medium. 'l'he tem-

perntue tor both biocells vas held at 29•. Similar lag periods ver.e 

observed during the first day, folloved by a rise in bacterial con~en• 

trations during the second day. Durica the third day or incubation, 
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the bacteria concentrations vere observed to rise more rapidly in 

Ske~n's than in A.T.c.c. After this period the population density 

appeared .to stabilize at l x 108 tor Skerman's and 4 x 107 bacteria/ml 

tor the A.T.c.c. media. 

r-1. EIEC'l'ROCHEMICAL OBSERVA'l'IOr:s HITH T. THiooxrDANS 

The initial investigations vere concerned ~th establishing 

that an electrochemical potential, different :ran that of a control 

cell, ~xists vhen !• thiooxidans utilizes sulfur. The U-tube was chosen 

for these studies. Each side ot the u-tube c-:lmpris~ a halt cell, one 

biological aDd the other an oxygen-carbon reference electrode. Dupl1-

cate U-tubes vere prepared with only one dif'f'erence. !· thiooxidans · 
. . 

vas present in the al'1l1 of' one ot them. The other halt cell had on~ 

. sultur suspended in Slterman's medium. Figure 4 shovs that a significant 

dif'terence exists b~veen the complete cell emt's ot the inoculated and 

control cell. Such results vere typical bott. vhen carbon and vhen 

platinll:l electrodes vere used in the cells. The increase in the dif'-

ference vith time suggests that after acclimation to the cell, !· ~-

oxida~s became active and started to utilize the sulfur vhich in turn 

changed the electrochemical nature ot the hali' cell. 

Biological and control hall' celi emf's, using platinum elec-

trodes,vere measured as a function ot time in the modified U-tube 

design (Fi~. 1). The biolo!P,eal hall' ·c:ells :or.sistently gave voltaaes 
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which uere lover than their controls, however, leaks through the agar 

plug at various times after cell preparation encoura~ed pursuing experi• 

mentation vith a better cell design. 

The remaining experiments vere con¢ucted with large biological 

half cells using platinum in preference to the slower responding carbon 

electrodes. Since quantitative data were expected from the use of this 

~ew cell design, a check was made on how ir~reases in hydrogen and sulfate 

ion ltOuld affect the half cell electrochemical emf as measured by this 

electrode. SUlfuric acid was added separately in approximately 20 incre­

ments to 1 per cent suspensions of povdered sulf'ur in each of the three 

me~ia unde~ consideration for studying grovth ot: !· thiooxidans. The 

ini-;ial pH values of approximately 5.0 gave way upon additions of the · 

acid to values of 1.0. Each addition of acid simulated production of 

sulfuric acid by !• thiooxidans. The maximum variation in half cell emf's 

\.1.t:-t Skerman's medium experiencing these changes in pH was 0.012 V. 

SUbsequent experimentation vith A.T.c.c. and·A.T.C.C.(·) media gave a 

smaller maximum variation for the same total change in pH. Thus, the 

electrochemic3l background fluctuations to be expected when sulfate ion 

is produced by !• thiooxidans were identified. 

A. l-tedium Effect on Biocell Activity 

Shaker cultures of I· thiooxidans vere grovn in Skercan 1s 1 

A.T.c.c., and A.T.c.c,(-) media under similar conditions. T~e prep­

arations for centrifugins1 wash1ng1 and resuspension in fresh sterile 

...__----------------~----
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Qedi3 1 vere planned to give populations havi~g a concentration o! 

1 x 107 baeter1a/m1. Hovever1 the indeterminate losses in the tra~-

fen save rise to a sliBbt variance in initial bacterial suspensions 

1n the large biological half cells. The sus:pension in A.T.C.C.(-) was 

1.2 x 107 • The value for S'kerman's ws l x 107 and for A.T.c.c., 2 x 

loP bacteria/ml. 

After inoculation, a lag phase vas observed to take place 

during grovth in each medium (Fig. 5}. The val•J.es for bacterial popu• 

lation counts under the dotted line in Fig. 5 vere belov the micro-

KJeldahl analysis so they vere estilllated (Petroff-Hausser Count). 

After 70 hr 1 the population in the Skerman' s salts 1 which was ini-

tially similar to the other tva media, vas ncn1 greate1:. Subseq,ue~~ 

bacterial counts shoved that the populations stabilized and after eight 

days the Sker1llan's · medium had a population of 1 x 108 vhile both A.T.c.c. 

media he.d approximate·]y 5 x 107 bacteria/ml. 'These saturation popula-

tions vere typical Of large bioeell experiments with these three media 

(Table !II). 

If the variation in the initial concent~ation in bacteria can 

be ignored the amount ot total acid produced by !• thiooxidans seemed 

to depe~d upon the medi~ in which it grev. Since it was not possible 

to vash ·residual amounts Of acid frOIIl the eent:1.fuged cells, the initial 

pH values differed. Subsequent accumulation of acid is shovn in Fig. 6. 

or particular intereGt ~as the fact that !· thiooxidans produced less 
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acid (0.7~ mcole) in the Skerman's medium in attaining a greater cell 

populat1o~, 1 x 107 bacteria/ml than in the other tvo media (3.66 mmole 

tor A.T.c.c.(-) and 1.89 mmole.for A.T.c.c.) for the initial 70•hr 

grouth interval. 

The grovth of !· thiooxidans vas follo-.1ed by electrochetd.cal 

measurements. The fact that -the control halt cells (Fig. 7) started at 

exactly the same emt ws coincidental. They usually differed by small 

amounts. !• thiooxidans was observed as a contamioant (Pig. 7) in the 

control l".alt cell for the Skerman's medium a.tter the 50-hr measure-

.!D..,ents. The visual presence of this microorganiSm •.n1s supported by s 

corresponding change in pK due to acid production. This microbiolosi-

.. cal activity caused a decrease in halt-cell voltage as indicated by the 

values at the 70-hr interval. 

The change :t'rOIIl the initial emf's tor the Skerman's and 

A.T.c.c. halt cell controls were typical for th~se media. Since their 

halt-cell voltages US\'lal.ly stabilized after 20 hr, subsequent experi-

mentation inVolved preparation and operation of two control half cells 

u::Jtil voltage stability vas observed. Then, one of the halt cells vas 
• 

inoculated for comparison of their behavior as a function of ti111e. These 

complications were min~zed vhen working with t~e A.T.c.c.(-) 111edium. 

Its halt-cell emf was less erratic and stabilized quite readilY. 
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The inocul3ted A.T.C.C.(-) (Fig. 8) half cell had the same 

initial voltage as its control half cell1 vhereas the other inocula~ed 

half cells vere higher than their controls. Arter 33 hr each of the 

inoculated half cells had voltages more nega7ive than their control 

cells. The behavior of the inoculated A.T.c.c. and A.T.C.C.(·) half 

cells vas comparable after 29 hr of operation. These cells gave lover 

volta~es than the inoculated Skerman's hal1' cell. The relatively small 

difference betveen the inoculated and control halt cells comprising 

Skerman's medium pointed out the need to have a less complex medium tor 

inti::lately following grovth ot !• thioox1dans electrocb!'mieally. Thus1 

subsequent studies vere conducted with A.T.c.c. and A.T.c.c.(-) media. 

The biological halt cell em:f''s vith these me·iia were found to be more . 

stable and 1\lrther removed from their control half-cell values. The 

removal o'f the ferrous sulfate froin the A.T.C.C. medium offered addi­

·tional improvement in cont~ol and biological half-cell stability and 

reprc:duc1bil1 ty. 

B. tons Term Biological Halt-Cell Activity . 

Special precautions were taken vith the preparation of one 

experiment which was allowed to run for an extended period of time. 

Ftnphasis was placed on minimizing external, contact with the medium to 

elt=~nate the possibility o'f contamination and to increase the probabil­

ity of long Ute. The supply of oxygen and carbon dioxide for this 
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biological half' cell came f'rom the at:osphere through sterile cotton 

pluas placed in the Slll3ll air gaps around the vires leading into the 

cell thrOU$5b the rubber stoppers. The larae biological half' cell \laS 

used with its Teflon stirrer, pH meter, and ;he platinua electrode at-

1 
taebments. It vas filled with sterile A.'l'.C.C. medi\liD~ characterized 

(pH1 f!:Qf1 sterility) am then inoculated with !· thiooxidans to give an 

initia: concentration of' approximate~ 7 x 107 bacteria/ml. Sterile 

suli'ur lias used as the energy source in this medium. The cell coW1t1 

pH and biological halt-cell behavior for a lS-day period are show. in 

Fig. 9. Table r:v describes the behavior of this cell approaching the 

lllth day. Betveen these times the em£ aDd tbe bacterial cOW1ts flue• 

tuated slight~ vith a fair:cy uniform accumulation of acid • . The gen6ral 

trend or the halt cell potential liaS to become more negative. Arter the 

lll days, the biological half' cell vas observed to be contaminated vith 

bacteria other than !• thiooxidans. The halt-cell emf' ws observed to 

become more positive after becoming contaminated. This observation vas 

consistent vith that obtained from other inoc·.alated biological halt 

cells llhich became contaminated vith for~ign bacteria. 
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'l'ABIE rl 

SUP?tEf.!Elfi'ARY DATA FOR LONG 'l'ERH BIOLCCICAL HALF CELL 

(!. thiooxidans Utilizing SulfUr) 

Time Period Halt-Cell e~ 
(days) (V) . .Eli Bacteriab:zl 

72 -0.61 1.18 5 X 107 
76 -0.62 1.09 5 X 107 

79 ·0.61 1.05 3 X 10~ 
83 •0.62 0.97 4 X 10 
90 -0.63 0.92 4 X 107 
99 -o.s:s 0.91 s· x 107 

106 -0.64 0,95 4 X 107 
lll -0.64 0.92 3 X 107 

SeY'eral interesting features were worth noting in this long 

term experiment. The initial inoculation gsve a population o1' 7 x 107 

!• thiooxidans /ml. Death occurred lowering the population below the • 

leY'el of detection by the micro-Kjeldahl analysis. At the end ot the -
initial day ot operation, the population was observed to increase to 

l.S x 107• Fluctuations between this value and 3 x 107 were observed 

throughout the 17-day intel'V'al shown in Fig. 9. Between the end ot this 

period and the lllth day, a maximum count ot 5 x 107 vas obtained. The 

population dropped to 3 x 107 bacteria/ell towards the end of the expert-

ment. The ecological factors effecting bacterial growth kept the cell 

population in this range, The pH ot the mediUJD changed f'rom an initial 

value of 4.;.85 to about 1.:7 units after lS days. Changes in its value 

after this time were small since appreciable amounts of acids had to be 
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produced relative to the total amount present in order to bring about a 

change in pH. The fact that !· thiooxidans was not increasing its popu• 

lation sugsests inactivity but the increase in sv.lturic acid concentra• 

t1on indicates that a constant cell division aDd death rate existed • . 
I 

The general trend in the haU'-cell em.t throughout this time period \illS 

to become more negative. 

The consistent tret~d in the curves obtained in this experi• 

ment indicated that many ot the past variations in halt cell potentials 

were no longer present and that reprO<iuc1bil1ty ot subsequent b1olog1· 

cal haU' cells should be expected. One exception to tb1s cCilsistent 

trend toward a lower halt cell potential may be significant. A notice-

able decreue in cell population appeared to take place afier the eighth 

day. This dip and later recovery seemed to cause a simultaneous change 

in the electrochemical potential. 

c. ReJ)roducib111ty o-r Biological Halt Cell 

Several biological halt cells were prepared with !• ~-

oxidar.s ut111z1.ng sultur in the A.T.C:C.(•) medium to determine repro-

ducib111ty ot results. Figure 10 records their biological halt-cell 

emt for a five-day lleriod. In1t1ally1 the cells started at approxi-

~rately the same voltage tolloved by a sl.iS}lt rise and then a decrease. 

A slight divergence in values tb$n takes place tor one and one-half' 

days. After this interval they gave eq,uiv:1lent results. The effect 
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of higtcr t~perature is shown ir. Series XLVI vhen after three days 

the etat decreases markedly. At this time the thermostat for its bath 

mal1'unctioned and temperatures exceeding so• vere probably experienced 

during the evening period. This irreparable, damage caused formation o~ 

a lover half-cel.lt ~, measured upon return nnd subsequent control at 

~9·. 

Figure ll records the change in pH of each of these halt 

cells, One can read11y see that after the initial inoculation, a slight 

divergence takes place. This divergence= disappears after about one day, 

giving rise to similar amounts Of acid formed in each of the cells. 

The divergence in the microorganisms' contributiou to em:! e.D4 

acid !ormation between the one~tourth and one and one-halt day period 

appears to be consistent with the microorganism experieZK:ing a lag phase 

in each ot the biological halt cells throughout this time interval. 

Figure 12 shows the bacterial cell CQunt per milllllter as a function 

ot time. A lag phase existed in each cell with a slight inconsistency 

in the recovery time. In general, the cell populations duplicated 

themselves in each ot the cells. The last tvo values for the cell 

count in Series XLVI reflect the damage caused by the temperature or 

the bath exceeding the control value. 

- 20-
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V. DISCUSSION 

The existence of an electrochemical contribution trom !• ~-

oxidans was established dur1ns the initial investigations vitb combined 

hal!' cells comprising biological and control· halt cells with either a 
! 

c:alcmel or oxygen-carbon electrode. The cell comprising !• tbiooxidans 

utiliziDg sulfur made contributions to an electrochemical potential 

vhich reflected microbiological activity. Subsequent experiments vith 

well defined biological half' cells, comprising erd, pH1 and bacterial 

count determinations, supported the initial observations. 'l'he inter-

action of !• thiooxidans with the various nutrients u vell as sul.:f'ur 

gave hal.r cell emt's which were distinctly different than control halt 

cells operated tor comparable periods of time under identical expert-. 

mental conditions. 'rbe reduction in the number of nutrient ions for 

growth of !· th1oox1dans improved one's ability to measure its more 

intimate contributions to an electrochemical 1!!114. However 1 since the 

measured halt cell emt is an algebraic resultant of each electrochemi-

cal contribution in. the halt cell, it is no't possible at this time to 

say bow !• th1ooxidans is implicated. If sufficient activity eoeffi-

dents at these ionic concentrations voul.d be available, the theoreti-

ca~ contributions of the constituents of the media could be calculated 

so the remaining b-iological contribution could be identified. This 

calculation is much too complicated at present. Hovever 1 as :1'\lrther 

- 21-
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• 
expericentot1on pro~resses tc~ards finding the mini~UQ DUQber of miner• 

als necessary for ~ow~h of !· thiooxidans utilizing sulfur, the possi• 

b111ty or calculating the actual contribution ot each constituent and 

thereby the specific contribution of !• thiooxidans becomes much greater • 

. The premise that the study ot electrochemical behavior lot autotropha1 . 

especilllly Thiobacillus sp., may be simpler than heterotrophs has not 

been resolved in these investigations. Additional study with both types 

ot species will be needed betore a conclusion can be made that one or 

the other will offer the simpler approach to gaining a better under• 

standing of electrochemical processes that take place during micro-

biological grow-th. 
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