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APPLICATION OF OXIDATION REDUCTION POTENTIAL TO FERMENTATION
PART I

[¥olloving is a transiation of an article by Notoyoshi
Bongo, Department of Agriculturel Chemistry, Faculty of
Agrioulture, Xyushu University, in the Japansae-language
periodicel (Jourpal of the Agri-
cultursl cn.u% s«:fcty 5 Jipnn;. Vol 32, 1958, pages
A101-105 (Part I) and A113-117 (Part II).

The developzent of the theory of axidation reduction potertial,
bereaftar abbraviated (RP or simply refarred to as potential, is mainly
dus to Clark!'s vork during the vears 1920 to 1928, Since then, (RP has
besn adoptad in bacterial reseirch with cansiderabls pro and con argu-
ments, but despite all of this argument, there has developed sone 41-
rection in this field of resetrch during the years. In fermsntation
chamiatry, despits ths faot that oxidation reduction reactions are vi-
tally iaportant to fermentation metabolisem, technlques as well as ree-
soning involving CRP bave not been too popular, due to the fact that
ORP Deasursment ia Aiffioult and also due to the faot that the anslynis
of CRP date is aqually or sven mare diffiocult. is a result, the present
paper uses considersble spaoe introducing the matbods of using ORP, aud
at the sane time, since mich speculation vill be related to proven fucta
in the diacuasion, the suthor wveloomes any form of eriticiem from the
resders.

1. The Mening of GRP and Jts Use

As it ia said that cxidstics reducticn reactions are present
wvierever life axiats, oxidation reductiof systems, hereafter abbrevi-
ated reda~ gystems, play s vital role in living organisma. Ons system
¢ an ba reduced by receiving en electron (hydroges in living organiams)
from a different strongly oxidiaing system. In this transfer of hydro-
gec {rom cns systom to another, energy relesss is involved. In such re-
actions, cne miat havy sofis msagure of the reducihility or oxidizability
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ef 2 system, and for this purposs ORP is used, the units in use being
Eh o~ rH. This is one way of using (RP.

Wher platinum is immersed in a reversibla redux system, some mo-
lecular hydrogen sttaches itself to the surface of the metal as atomie
hydrogea, Thie atomic hydrogen goes into solution as an ion, leaving
the platimm negatively charged, and 2& & result a stete of equilibrium
results among molecular hydrogen pressure, hydrogen ion concentratioc,
equilibrium of the redox system, and the potential of the platinum
electrode. If the hydrogen pressure which is in equilibrium with the
redox s7stan is high, the sabundanse of hydrogen mesns that the cysten
is atrongly reducing. A4t the same time, sinoe thsre Will be more hydro-
gen ilons detaching thempelves from the platinum surface, the metal will
become more nagatively charged. Now the Eh mentioned in the last para-
graph is ths potential of the platinum measured with respect to a stand-
ard hydrogen slectrode. (ne can also define rH as log(1/H2), that is
the logarithm of the inverse of the equilibrium hydrogen pressure which
can be caleulated from Eh according to the formulae

Eh = (2. 3R1/F)log(8*//Hp)
log(1/H2) = 2/Txa/2.3R1/F) + pi/

vhere F : PFareday constant,
R :+ ges ocnstant,
T : absolute temperature,
B 1 hydrogen ion conuentratlon, and
E21 molecular hydrogen pressure in atmospheres.

The method of ropresextation is similar to that for pE(log(1/E%)).
With these defini%ions, a strongly reducing system With high equilidrium
kydrogen pressure has a asall rH value, vhile a strongly oxidising ays-
%em bas & large TR value. rE equals zero correspands to a hydrogen
pressure af ane stxosphere, while an axygen pressure of coe atmosphere
corresponds to & rE value of about {1. Iu this seanner, varicus redox
systems can be. arranged in tha order of their relative reducibility or
axidisanility. JFor ivstence, a suocoinio um/m-ﬁo eoid system, which
49 2n equilidriua With @ hydrogen pressure af 1/10'4 atmospheres, has a
rfl value of 14, Hydrogen is only travsferred from systems with lower
rfl valuss to aystems with higher rB values. Tor instance, an ethanol/
scetaldebyde systenz (rfl 7.5) can be reduced by a triosephosphate cod-
dixing system (r¥ 0.8) via DR (78 3.4), dbut 1t oannot be reduced by s
sucoinic acid system (rH 14). Ib fersentation metabolism therefurse, if
at first glance conjugate hydrogen donor axi recipient systems apparsotly
acexist, and if the rf wvelus of the hydrogen donor system is higher than
the rB welue of the reciplent systam, tben obviocusly a redox reacticm,
that is fermentation, ocsmnot oocur and one wust reconsider the type of
ocbemloal resction involved. The redox mystems in biological speuinecs
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have rH values between 0 and 25, an exception to the case being adrona-
1lin which hag a rH valus of 30.7 (pH 0-2), and Eo = 380 mv (pH 7.0).

It should be noted thaet rH expresses intensity and not capacity, that
1s, it is similas to quantities such as temperature end pH. It should
be remenbered that the system inside an organism cen often have a poten-
tiel despite the fact tbat the capacity may be small in many omses.

Actual rH values for individual systems very slightly from the
characteristic standard potentials (rH, or Ep) of the systems by an
smount depending on the ratio of the comcentrations of the oxidized form
ard the reduced form. can te sean from the following equetion, rH,
is defined by putting /reduced forn///oxidized form/ = 1 and the valus
of rH varies by two units for a single hydrogen atom transfer and by
only one unit for a two-hydrogen atom transfer.

rH = rH, - (2/n)log(/reduced form///oxidized form/)
where n is the number of hydroger atcms transferred.
gimilarly one has

e = ey - (2.3 RT/nF)log(/reduced form///oxidized form/)

In the oxidation reduction reaction between two systems, it is possible
for one systen to bave & higher rHy value but a lover rH value than the
othar aystem when the rHy values of the two aystexs are nesrly alike,
and in guch cases, 1. 1a possible for hydrogen transfar Irom the higher
rHy aysten to the lower rHy system. Under simlar clroumstances, it 1s
aleo possible for two xystems to beve differeant velues but the sane
TH value and to thus be in equilibtriws. In using the above formulae,
if either the caidized or the reduced form molecule is dissocialed, its
effect mist be taken intc consideratiun., ' edther the dissuelation
ccnstant ig very amall or the dissociations of the axidized and reduced
forn molecvles are about ths same, the above equations are valid in
their given form. On the otbsr hand, bowever, if upon dissociation the
oxidized forn has a unit positive or negative obarge more than the re-
duced form, then there will be & unit change in ri (change of two units
for = 1) for a undt change in pH. OJinoe the term representing the ef-
_fect of dissaciation for different walues of pH is a constant for a per-

ticular system, it can be lumped in the valus rEp or Eg snd ‘these nev
values are indiocated by r'H snd B,. .If the degres of dissoocdation is
known, thea by measuring the value r'H for a partioulsr pE, the r'E for
any pE oar eapily be derived. (Conversely, the dissociation oconstant
ocan be determined by imowing the (RP for various values of pH., This
ocnstitutes another weil imown use of the (RF. Another applicatien of
the QRP is described in section 3.




2. Method of Measurement

There srv a oumber of msthods for measuring the ORP of a redor
system, such as the method of caleulating the standard potential from
thermodynamical. values, or the method using redox reagents, but most of
these methods bave various undesirable features, and therefore the
electrode method of measursment is narmally used. This method consists
basically of measuring wita a potentiomster the difference in potential
of a balf cell with s platinum electrode immersed in the object solu~-
tion and a standard half cell. The standard voltaic cell is cue with
a meroury electrode with respect to which the potential of a hydrogen
alactrode iz known. With ragard to the electrode tank to be immersed
in the objeot solution, if the systen reacts rapidly with the elsotrode
but slowly with oxygen, it is not nescessary to exclude oxygen, but if
the situation is otherwise, then some means muat be taken to axelude
cxygen from the vicinity of the electrode. For instance, : Thunberg-
Boracok vecuun tube is soretimes used, but mors commonly a Michaelis
tank is employed. The latier is a long-mecked botile with a wide
ground mouth with & rubber stopper through which peass the electrode,

a KCI agar-agar hridge, titrator tube, -glass elsctrods, air tube, etc.
Normally pure nitrogen ges i1g bubdbled through the solution to replace
the oxygen, and measursmeuts are made while ths nitrogen is being forced
through. In the oase of flavin and the yellow ensymes which normally
eoxiat as oxidation types, they osunot be detected by the normal method
of messuremant. In such ocases, a sultable reducing agent is added, the
potential drop is msasured wuith the systen evacuated, and (BP must be
estimated from the nature of the potential-time curve; oar ane can asrate
with nitrogen, titrate a reducing agent (or firat reduce completely ana
titrate an cxidizing agent), measurs the potential ocrresponding to a
certain reduction rate, and then estimate (RP from the potential-reduo-
tlon rate curve. If suoh methods ure used, one obtains in addition to
the standerd potentisl of the system, varicus charecteristics of the (BP.
Among redox systeits, there are some, such as the base of delyydrogenases,
vhiok do not resot directly with the slectrode, and in such ocases, the
meamirenants are made with the addition of a slight axocunt of redox dye

“wbkich has & potential near the standard potential. Iu this case, the
dye adoptes the (P of the cbjeot sywten, and the potential at the elec-
trode will give the (RP of the Aye.

W th beer E g rice wire (2), graps vine (3)(4), and other fer-
mented solutions (2)(5)(6), the measurement is usually made in a Mlohae-
1is taxk with nitrogen aeration, and the experisentsr adopts the fimal
stable potential folloving an initial sherp dr:? in 3h and some fluctu-
stion. With fermented liquor {f the wotivity the baoteris bappens
to be weak, thsn one must colsider special measures when taking e sam-
ple to make sure that the redox ocndition of the sample is not changed
by ocaming into contaot wi.th alr,




The culture potential of bacteria is generally measured by means
of immersing a platinum electrode in the culture solution. Nany improve-
nents are algo being attempted with respect to camtaet with the potassium
chloride agar bridge (7}, the asrator (7), simultaneous recording of 8
and dissolved oxygen (B), and on othar aspects (9)(10) of the method of
neasurensnt.

3. Growth and GRP

The study of CRP in the field of bactericlogy originally consisted
of mrsuring the potential of the bacterial culturs envircnment, that is,
one was interested in the effect of ORP as an envirommentel fecter on
bacterial growth, and also in the variation in the (RP of the culture
resulting from metabolism.

A. mt ten t wih

It is quite natural that the study of the limiting potential for
bacterial growth had for its first subjeoct anaerobic becteria since as
early as 1929 it was generally concluded anaerobic microorganisms re—
quired for their growth a strangly reducing environmsntal condition,
and (RP wvas employed to indicate the reducing character of the culture
or environment, Now the ORP of a culture is determined by the oxygen
pressure and the redox system in the culture. The experiment is gen~
erally performed with seration with a mixture of nitrogen and oxygen,
or alsc vith the addition of & partioular redax system or systems. The
resulta obteined have been that wvith eight cultures of spore-forming
bacteris, growth would be inhibited by rB larger than 12 (Eh -50 nvV,
pH 7.0); far Clostridium tetani the maximum ORP for growth being rK 15
(Eh +36 oV, pH 7.0) or rH 17 (b +110 av, p8 7.2); for Cl, agenss,
rH 14; for the Puthancbeoteriuu clostridium, +300 aV (pl s.mm
noltrogen~cxygen seration and +33% wV (pH 6.8) vith the addition of
potassiun ferricysnide; for Cl. Welohii, +125 aV (f 7.2); for Bacarcides
vulgatus, +150 =V (pB 6.6) (9); for Cl. saccharobutyrioum, +116 =¥ (pE
6.8) (11); and for Cl. perfringens, +230 =¥ (12). These results shov
thet there must be some lov (RP befare anserobic becteris will grow.
Oo the other hand, aercbioc bacteria can grow sven if the CGRP is high,
and it bas been pointed cut (13) that Aep. niger and other bacteris
often grov bettar the higher the (RP. BExosptions to this oase of
courss are asrotdc baoteria such as Diplooccous posumcniee, sowe hemo~
1ytie Diplooccol, Rhiscbium, Beoillus msgsthrerium, ete., uhich require
a lovering of the CRP for grovik Lo start. 7Ttat is, in these oases if
the (AP {s maintained higher than a cwrtain level after invooulsation of
the culture, by means of cxidising the culture or by means of addition
of a redox system or systeas, thst so long as the bacteria is incapable
of reducing the system ard lovering the (RP, grovth xill be inhidtited
despite the sbundance of cxygen. It is interesting to knov that a purely
physical quantity such as (RP is clocely relsted to the phenomanon of
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tlologioal growth, but we are still left with the problem of truly ur~
derstanding this relation. Ais a start we can probabdbly stipulate that
the redox systen generates some eleciromotive force vhich oan be ob-
srved as & potentisal at the elactrode, and that the ORP measured is an
indicator of the axidation-reduction state in the culture. As one ag-
pect of the problem, the metsbolism of & bacterial system depends on
the enzymes associated with the system, and it is lnown that while
aerobio bacteria ecan work on r.dox gystems with high standard potentials,
* snaerobic bacteria can work only ob redox systems with low potentiale.
Also aerobic bacteria at the sams tima must first work on low level oxi-
dized forms. JIo order to work on systems with low potentiasls, the po-
tential of the envirorment must be brought down to bLelow some level.
For instarcs, the reaction whioh gynthesises alanine fram pyruvic acid
and ammrsiia in the presstoe of glucose operutes only vhen rH is less
than 20, and it is assumed that at higher potentials, the glucoee is
oxidised by oxygen and there is no hydrogen awvailable for the synthesis
of alapine. Also under high URP conditions, the SH radical cannot re-
main in its reduced form and therefore the varicus activated ensymes
‘oanzot function (14). Examples such as this reveal ths signifiocance of
the lim’ting pnotential. It should ulso be mentioned that the potemtial
of the envirunment poses & necessary but not necesearily a suffiocient

condition for the functloning of the waricus biochemical reactions jin-
volved in the growth process.

B. Qulture Jotential

With both asrobic and ansercbic bwoteris, a reduction process oo
ours in the multure befors the start of anxy growth. That is, the (RP
drops and it reaches a minimm either at the beginning or kelf way
threugh the period of maximum growth, after vhich the potential may
eltbar rise or remain near the nimimum level. wuith bacteris such es
M ploccacus paeuacniss, bamclytio Diplosocci, or Lactobaeillis oased
(15) vhiech produce snd accumilate hydroxides, the potentisl progres-
s!vely risss. Osterally speaking, the minimom potential of asrobie
bacteria is higher than that of anmerotdo besteria. Ix Table 1 are
given tha potentials cbaerved vith the cultures of various farumsatation
niaroorgenisas. It is seen that the ORP {s an aid to classifiocatiom
40 the ocase of Lactobaolilli snd Aercbeacter. Iu the ocase of (1. butyri-
cum, it has been reparted (10) that a particulsr strain ubhich sporetes
fagter than others can be differentiated by the fuct that its (RP Das
& slov decline and a rapid rise. Little is mown of what slectromo-
tively aotive redox system is responsidble for the culture potential od-
ssrwable at the electrode. Ia any event, it can be assumed that the
slectromotive redax system reflscts the oombined effect of the redox
aystems iuvolved in the metadolism of a partionlar beoterial etrain
and the oomcentrations of these systeme. In other wards, the aulture
potential 1 a function of some group of redox systess and their inter-
acticn., Jor instence, there is a distinct difference in potential
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botweel. the Acetobuct.r action which oxidizas neetde aedd 2nd that
whaich oxidiges cthunal, g similucly there ic a differsne in poten-
tial votween Lhe muepleation of yezw. esd the alechol fera ntation with
yeast,

Table 1. Culiure Potenti-l of Ferment:tion Microorgwnicme

NOT TRANSLATED




Legend to Table 1, page 7:

1. Top yeast
2. Yeast

3. Beer yeast, beker's yeast
4. Lactobacilli
5. Aeration with air
60 nr . ! -..-..
7. Aeration *
8. Oxidation of acetic acid,
Ethanol - acetaldehyde - acetic aoid
9. Anasroddoc .

10. Aerobdc.
1.

Suspension
12. Culture pontaining biotin
13. Mone '
14. Gluooss
15, Mannital _
16' k‘b'inon
17. caletum gluconate
18. Cape sugar (¥2 senation)
19. Glucose (suspensdon)
20. *R assns redox reagent; E is eleotrical msssurement; and E + R is
electrioal messiremant with redox reagsnt added.

C. Jjerobic and Anserctic Becteria

The d:fference Detwean asrobic and anssrobic bacteria can be mare
sxactly defined bty the limiting potential at which the baocteria can com-
nence grovih. For instance, serobic bacterie can grov with the culture
GRP at the zormal level (higher than +200 =¥, normally +300 =V, pE 7.0),
wviile anaerobic beotaria will not grow unless the CRP is below a oertain
" level. HNormelly the stariing level must be about By = ~200 V. As an-
other example, EKscherichia cali has standard potentials far both a high
and a lov level redox system, and es @ result, grovth oan ocoour at any
ORP lewval, end the culture potentisl oes drop to nearly rfi = 0. Since
ankgroblo bacteris vill grov odly while the (RP is lov, a favorable cul-
ture environment can be arsated by lowsring the MP by the addition of
substances such a3 liver extract, Ne-thioglycollate (21), Na23204 (22),
and asoorblo acid (10){(23). Or on the other hand, ocbe oan mix sarobic
and anasrobic bacteris, in vhich case asrobic grovth vill first dominate,
but with the loveriog of the oculture (RP, the grovth of enaerodic bac-
teris can also occur &8 the (RP drops belov a certain level. les
of such combigations are Clostridium butyricus and karsiou Transla-
tion unknown dut prodedly & cellulsse-producing cecteria ), Bme-
Leroides tus axd Liosligenes feoalie (9), end Lac aillus and
Asrobacter cloaceae (2%}, It 1s reported that 0.1-0.2% of sgar is sdded
%0 an anaerobic culture msdium (36) svmsiimes which apparsntly helpe




keep the (RP low (27). As just desecribed, bacteris, through their
metabolism processes, cct as reducing agents, and as a result, when a
oulture medium is inoculated with this bacteria there will be stress
between the (RP of the medium and the reducing action of the bacteria.
It has been known for a long tims tket bacterial growth improves with
the number cof bactaeria in the culture medium and this can be easily ex-
plained by the fact that the reducing action of many bacteria ocan com—
tdne to rapidly lower the CORP in the vicirity of the cells, and through
redox reactions this condition apreads itseif throughout the medium,
With fev bacteria, growth may or may not occur depending on whether the
metabolism of the few bacteria ia adequate ar not with respect to low-
ering the (RP of the medium. From such a viewpoint, the addition of
agar should prevent the dispersion of both the bacteria and its reduc-
ing acticn, and thus improve conditions. With a sufficiert concentra-
tion of bacteria, it should be possibie to inoculate a medium with 1
higher than limiting potential, and still have growth. For instance,
in the transplanting of Cl. butyricum or related buthanol-producing
bactaria, ths seed concentration is 2% or more sc that growth is possi-
ble even in an sercbic condition. In comtrast to this, a single apore
will not grow readily unless the CRP of the medium is reduced, sand it
was found that the addition of a plece of liver wes quite effective
(28).

It should be an interesting prcblem to see what, if anything,
would happen to aerobic or anaercbic bacteria if the oulture conditiom
wvas changed from aerchic to ansarcbic or converaely. Naturally the ef-
fect wouléd dapend cn the type of bacteria as well aa the deyrse of
aeration. In the osse of Baotercides wulgatus for exanple, the (RP of
the medium rises considerebly as the oxygen-to-nitrogen ratio in aers-
tiot is inoressed, Wt no harm 1s experienced so laug as the growth is
vigoraus. then the (RP is further inoressed to -250 =V (pH 5.6~6.4),
however, both growth and acid formation stop, and the culture loses ita
aotivity. uWith Cl. butyrioum, seration csuses & rapid rise in the R?
and sutodigestion sets in, btut uben the seratior is discontinued after
sbout {ive hours, the ORP drops again and normal logarithmic growth with-
out any phase lag is obsarved (10). With Cl. asetobutylioun (29), Q1.
saccharobutyricum (30), or Cl. sporogsnss (30), asration unless it is
excassive hinders growth but not fersentation. With the firet of the
above species, the flavin in the fermenting solution is alvays in its
raduced form irrespective of ubeiher there is or ias not aeration, and
the CRP is low. It is seed that thare {s considerable difference be-
tuean the oconospt of aercbic in the ssnse of aerating s culture and the
concept of sarobic or ammercbia froma the viewpcint of ths CRP. Ihis
difference 13 even wore pronounced than in the previcualy described case
of an anserobic asediua under asrcbio conditions. With the anserobic
E. n0li, aerstion vill raise tha ORP %0 a level highar than 500 »¥, but
grovth is fmproved ratber than inhibited because of the change fros fer-
zmentation to respiretion under such sonditicns (10). In contrast, tne
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aercbic Bac. mgu.teriun can be started at +30 xV {pH 7.0)-and ifter about
aix hours the potential will have dropped by 270 mV and growth will start.
1f at this time nd.trogon ‘is introduced, the ORP level drops sgain slightly
and growth stops (10). - )

. ¢ ' (COnt.im.md to Pert II) _
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APPLICATI(N OF OXIDATI(N RELUCTION POTENTIAL TC FERMENTATION

PART II
P tandard Potential of ous ox ems

Considerable data are nov available with respect to the standard
potential of various redox aystems not to mention the systems within liw-
ing oargenisms, Rxamples of biological redax systems are shown in Table
2, The standard potentials of FAD and DPN differ depending o whether
the compounds are fres or bourd io some [rotein. In the case of FAD,
the potential can also difler with the protein combination, far instance
there 1s a difference of 400 mV between old yollow enayms and xanthine
oxidase. It should also be noted that ths (RP is linearly related to
the free snergy changu associated wvith redcx resactiana, that is -AF =
aFE, and therefore a correspondence between this fre: energy and the
atandard potential of a redax system can be established. One can there-
fore eaticete the energy releass accompanying the transfer of hydrogen
from one system to another by taking the diffsrexce in velues betwesn
the tuo systems. For instance in alechal fermentation, roughly 9,000
ctlaries of free snargy is released per molecule of alcaohel, and if this
{s respirated, about 47,000 calaries is produced.

5. Reochemioal Fungtion of Mioroorganisss and CRP

Congidering the arrangemsnt of redox systenss in Table 2, ame oan
assums that there wvill be scme suitable (RP renge for the proper func-
tioning of a given set of redox reactions for & selected set of redax
aystess. In faot, it has Dean shown that much CRP ranges axist for exam-
ple for asrodic reastions such as invalving glucose, yeast extract, and
redcx dye, or for wariocus other ensyue reactions. (tbar exaxples are
the -350 av potectial required for zes genaration With E. coll (36), the
rE 22-2% required for niirogsn fixation \dth Asmotobacter agils (16), the
ri 7-8 reqaired for ethanol oxidation vith Acetodacter, and the r8 20-22
needed for the axidation of sostic sadd (17).

6. Asalysie of the Megbenies of Fermentetion

W would like to oonsider the standard potemtiels of wedox sys-
tems tabulated in Table 2 not only ss the resultas of some analysis but
as the basis for obtaiaing a better over-all understan: g of apparenlly
orderly bWological functicns. For instance in a bacterial eulture, oce
potes that ths time variation of the potential of the culture must re-
flsct the dynamical changes cocurring in *be oulture, azd thearefors if
cne oan construot step-by-step the redcx processes presuimbly responsgi-
ble for the changes i culture potemtisl, there i{s the poesidility that
the mschanisis of the entire redox metaboliuz zystem can somsbov be
clar‘f.ed. Although the axact nsture of the culture poteatial is not
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Legend to Tabla 2, pagy 13:

1, 8= 41 for 02 1 atm pressure

2. (+260 mV) (od 4.0-7.0); for pH 6.86, dEo/dpH = —60 wV (31); r'H =
19{pH 5), 24(pB 8), thareafter dr'H/de 0

3. r'B= 16(E 5), 19(p3 7), and in between dr'H/dpE = 2

4o (+57 o) (pH '.2, 300 C), dBy/dpH varies from 60 mV to 30 my at
[ 4 and remains constent to pH 8.6; dr'H/QpE = O with ='H = 13 up
to pH 4, dr'R/dvll = 1 iu range pH 4-8.6, btut O again far higher pH
with r'H = 8.8

5.

range

6. (=220 mv) (pH 7.0, 300), T'H = 6.4(FE 1-6.5), 9.3(p8 9.5-13.0);
dr‘H/4pH = 1(p8 6.5-9.5)

7. H2 excess potential '

yet olear, it at 1us"c can bo..auumd that this potential is due to
some electromotive redox system comnectud with the microorganism, and
that this particular redox systen is capable of moving in axd out of
cells such that this system reflects the ORP inside ¢f a cell. HNow
the potential 1nside a cell depends on the various radox aystems exist-
jog in the cell. Por instauoe assume that there are two redox systems
in the cell, one with a high atandard potential and the stber with a
low potential, and slso assume that oxidation reduction occurs through
the electromotive redox aystem. Then Af the reduction by the low no-
tential system and the oxidation by the hiph potential happer to equal
each other, the ratic of the axidised form to the reduced form in the
eslesctromotive redox system will remain constant, and the measured ORP
will remain at some level within the potential range for this system.
0o the other band, 1f elther the high or the low potentiel redox sys-
tem in the cell tends to dominate over the other system, then there
should be a corresponding rise or decrsase in the CRP. Rers the con-
centration of the elestramotive system should be low for better sensi-
tivity, ainoe the sbift iz potential vould be small for high concentra-
tlco. The initial drop in culture potential normally experienced stays
within the limits of the potential rasgs for the electramotive aystenm,
the level differing witk the relative intenaities of the high and lov
aysteas in the ocell. Xven if the high and low potential systema undergo
cxidetion reduction. reactions thrqugh a non-eleciromctive redox mtn
tut say ‘hat an electramotive redox system existed separately, then so
long 2s the potential ranges are not dissimilar, the state of the fermer
will be reflectad in that of the latter almost instantanecusly, and the
nppl:unt result vill be the same. Tymical examples of the above aitu-
tion are seen in alcohol fermentation and iz homolactic acid fermanta-
tion. when not just two but alygo otber redox systems wvork oo the sle>-
tromotive aystef, it ls assumed that thy messured poteatial reflects a
campounded affeot. Therafore in aystema vhich are xot as ootipliocated
a8 when respiration 1s coourring or vhich are on the other bhand 2ot a»
sixple as in aloochol fermentation, ota can often deduse from the poten~
tial curve what redox gystems tend to bLe moxs dominant in their affeat
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st wvhat times. This is ode way of using CRP. An appliocation of this
method to buthanol fermentatidn was already reported in this journal

(5), and elthough details will not be repeated hers, let us suffice it

* 1o say that aeration with nitrogen during the (RP measurement uas neces-
' sary sines otherwise the generatiaon of hydrogen gas would bave dropped
the culture potential down to and held it down at -420 ov (pH 7.0).

Also with alcohol fermentation, the process becomes camplicated when
rice malt is used on a starsh substrate instead o on suger. A report
cn this subject may be found in last ¥ ‘s 1ssue of this journel (2).
In a repid yeast wort making process /Prooess peculiar to Japanese rice
vine paking. Reeder should consult reference on Japanese brewing prac—
tice;/, the potential rises and stays at the level rH 19-21 up to the
stage in the process vhere sacoarification and laoctic acid formation are
most active, but it then declines with the addition of yesast and as fer-
mentation becomes active. ]t should be noted here that aince yeast has
& redox system with a high stepdard potential and also since there is
8 high potential redox aystem contained in the rice mold amylase, the
calture potential dces not immediately drop., About a day after the batch
has neared the ecd of its fermentation and has been cooled, the potentisl
reaches & minimum of rf 11, but it slowly rises again during its period
of storage. Similarly with the msah, after the third and final addition
of ingredients, saccharification ie fairly active for two or thres days
during whioh time the potential risea to about rH 13, but with fermenta-
tion taldng over, the [ntential drups and reaches s minimum of rH 7 after
the froth haa sudsided. Kowever, with the fermentation nesring maturity,
the potantial slouly riges again, it riges sharply with the addition of
#icohol, and later it also rises upon contact with the air at the top

ol the tank. Slow cxidation reduction reacticas anong the various sys-
tems tend to lower ths potantial, but filtraticn and removal of hottom
sediment which allovs air contact causes the potential to rise agein.

As just descrited, the progress of this parallel double fermentation
process ia clearly reflacted in the wariation of the ORP. Data are

also sveilable shoving the difiarence in potential wvariation bstween
sucosasful snd unguocessful ysast wort cuitures, Wt ths details will
ot bs given here for lack of space, On the subjeot of buthanol Lferman-
tation, there is also a study vhiah atteapts to relate the nuwber of
transplants of & culture to an incresse ia the rete of ferasuctation, by
comphricg the (RP values of such cultures, and the resder is referred

to the arigine) srticle (6) for details.

7. gtudy of the Movexent of Mjcroorganism Golonies

‘hen thare is e mixed culture coosisting of variocus different
types of bacteris or molds, it seems that ths culture potantial =might
be useful iuv deterixiniag whioh bacteris or wold might be dominant at
say partiocular time. A good exaapls of sush a rdxed culture s that
cansisting of rice xold end yesat in ths brevicg of Jepaness rioe vins.
Here 8o far as the rice mold is concerned, the axylase prafuced by the
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- mold is the active component. There is an experimentel report giving
ture ’gotentiala meapured during the maldng of yeast wart by the
san JTranslator's note: Abbreviation of %oronhi haishi or a
d fied yeast ocultuwre-making proocesa whaere 20010 or grind-
ing step is omitted./ srocess (2). According to this report, the
growth of Lactoba i and nitrete-reducing bacteris csuses the poten—
tial to drop. The sction of these hacteria weakena as saccharifica-
tion progresses and tte potential rises to & mexdmum, but it drops
agein as fermsutaticn tekes over.

8. The Transformation of Farmentation by ths g&ition of Redox Dves

Redox dyes are used not only for dying specimens and as an (RP
reagent, but they are also ured quite ofien in the study of various de-
hydrogenases and in the study of so-called mathylene Llue respiration
(izorease in oxygen consumption). Ezaxples are the incresse in oxygen
consumption due to flavin in Lactobacilli mestabolism; a similer type of
increase in oxygen consumption dus to a redox dys in a systenm of baker's
yeant; or in the case of yeast extract aclution, the inhibition of far-
mentation dus to & redox dye with & relatively high standard potential;
or the promotion of ssrcbic decomposition of sugar by a redox dye with
& fixed stendard poisntisl; or with Azotobactsr, the inhibition of res-
piration by a redax dye (37). There have also been attempts to uss
redox dyes for the classificatior of bacteria such as for exanple tim
attempt to {solate different apacies of Rhisobium by the reducing action
oo dyes vith different stendard potentials (38). It bas also besn shown
ibat 1ipdd formtion by yeast is aided by the additicn of quinone de-
rivatives (39). Nentioning other phsnomens which are somsubat releted
to fermentation, cne has the faot that the absarptian and rele=se of )
and X' {in yeant i3 affected by a dye (40), and also the faot that acid
formetion in a cvlture Jnoculated with X. coll is 4ohiditad by the addi-
tion of a dye wi‘h & high standard potential (41). 4Also in a culture
of Acetobacter vslanogenum, the oxidation of sorbitol to sorbose is pro-
zoted in the desp as vell as the aballow parts of the culture medium
vith the sddition of methylens bdlus of sultable sirength {42). It bas
also been ahoun that baotaris bdelonging to the genare flostridium or
Eubacterius, which are kmown to produce scetioc acid and another acid or
proplontc asid and lactic acid, omn be developed into a stable mtant
wviich produces nothing but acetic acid and leotir acid by mesns of
tranaplanting the bacteria 20 to 40 times in a culture asdium oontain-
ing & redox dye (43). Theve is also a paper reporting thst the addi-
tion of flavin or phancsafrenin to the axtract of Lactobacillus del-
brueckii dll produce dismutstion of pyruvic scid, but it doss not say
that this method has been usad effectively in the actusl fermentation
rocess. Fros the standpaint of the standard potentisls of redox sys-
tens, if we conxidar fermeptaticc to be the cxddation reduotion remo-
tions involving more than sipply two redax systems, then taking two
aystens wvhioh have a potantisl differsnos and 1njecting a redox systsa,
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whiah standard potential lies between the potentials of the two aysteus,
the ocxldation reduction reaction between the two systems should be fa-

cilitated. For instenmce in buthancl fermentation, the main system re-
sponsible for producing buthanol has a standard potentiel at about rH, =
4.8 while the acetone producing system is associated with the system at
rHo = 0, Now let us assume that the introduction of a redex system, for
ingtance a dys, with rf lying somevhere between rf, = 0.8 (hydrogen
donar) and 4.8 would {norease the yleld of lactic acid and buthanol.
Aotually this is found tc be the ocass as dapioted in Table 3, uhere it

can be ssen that the acetons forming process has chn.ngad over into the
buthanol forming procese.

Table 3. Change in Solvent Ratic in Buthanol Fermentation
Ine to Redox Nyes Addition

e

Neutral Red
Solvent (% (20) (44) Benzyl Ticlogen Methyl Vlologon
consumed)  None 6.0 my 0.4 m¥ 1.2 md
Acetons 9.0 3.8 1.8 1.8
Buthancl 19.4 29.0 29.0 28.7
Ethanol 3.8 1.5 3.4 42
Total solvent 32.2  34.3 32 .7

Remarks: Washed live bacteria used. Glucose substrate concentration
3-4%, farmentatioa temperature 37° C, sugar consumption al-
ways more than 98K,

AA to how this tranaformeticn wes brought about, there is no deoisive
explanation at presant, but one line of reasoning could be as follows:
Say that the flavin which was added to the axtrect of laotodacillus
delbrueckil is xesjooaible for the hydrogen transfer betusen ths FAD
of the pyruvic acid dehydrogenase and the FAD of the lactic acid de-
hydrogessse (45), and that the hydrogen transfer between the hydrogen
donor systen and the butbanol forming system vas aided by the dye added
to the ayatsz in a manner reseabling that {n which hydrogen is consecu-
tively tranaferred even down to the oxygen lavel by the action of FAD
and flavin added to DFX addase, the latter obtalned by filtering s cul-
turs of Cl. kluyverl (46); w from sncther peint of view, it eculd aleo
be reascned that potantisl of the snvircnment wes strongly attracted
toward the atandard potential of the buthancl forming syastem.
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9. The Practical Application of QRP
Here are given somd examples of the use of the (RP in the fermen-
tation industry.

Faor :lnatinoo in buthanol fermentation, when corn mash is acid-
hydrolised 1n a coppsr vesscl, the existence of copper ion suatains a
high ORP level which i3 unfavorable to fermentation. It is therefore
negessary to add powdered iron, which has a low stenderd potential, in
order to reduce the ORP® and to allow normal fermentation to occur (47).
In this fermentation, two minima are experienced in the culture poten-
tial, and it has besn pointed out (19) and also proven (4) that the cul-
ture at a tims of lov potential forms a good starter.

The ORP of grape wine during ths course of fermentation and of
the final product has besn measured and studied often (48). A typical
example of the change in (RP in this case is as follous: As a grape
starts tc ripen, rH = 22,7-25,0, but it declines to 18.0-20.0 as ths
frult ripean (49). When the grape is crushed, ths contact with air re-
sults 12 & slight inoresss iu the (R® to 22. At the stage of roughly
mexcimum saocoharifioation, the potential is about 14, and this drops to
LA minimm of about 7 at the point of maximm fermentation activity.

At the end of fermentation, the velue rises again to 9, and it jumps

to 15 as the wine comes into contact with air during transportation.
When blended with brandy, pasteurised, and cooled, the value is about

18 Lo 20, but this gradually declines during aturage and aging (50).

If rB should rige during storage, this oftan means a losz of color or

& brownish discoloraticn and the develorment of murkinese from suapended
iron rust. »It is said that rH renges betveen 16.0 and 21.5 for a qual-
ity product, tut that a spoiled product will mmell of the urine of ver-
mne, taste strange, and the value of rfl vill often excesd 25 (4), ®
Therefore in order to keesp the C(RP down, ascorbic acid to the amount of
20 to 1C0 mg/l is often added after the xain fermentation, and it is re~
ported that this improves both the Douguet and the clearness of the wine
(51}« There is alsc & patented proceas for adding pyroacemic acid-
lectic aoid, & lov standard potential redox system, for acoelerating

the eging (52). Thars is also a report m asration vith hydrogen gas,
vhich 1s said to decrsase rfl by 5 units down to about 16, and that the
bouquet waa greatly improved upcn tasting afisr about 25 days (53). 4As
Just desoribad, it osn be seen that the (RP can be used ss a guide for
the proper mansgezent and control of the fermsntation pracess as well.
as for improvicg the quality of the end product or produots (54).

. In making uhisky, it has been reported that the (RP decreases
during storage and at the deginning of the aging process.

. With beer, the wvalue of rffl drops to & lov of arcund 7 to 10 &ur-
ing the atage of nost active fermentation (55). Folloming this period,
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if ocare is not exsrcised, TrB can rise to about 16 to 17 and cloudineas
will occur. At thie rH level, yeast, particularly wild etrairs grow
well (56), protein oxidatinn will also cecur and cantribute to the -
cloudiness. It is also said that the so-called "sunlight odar® will
be enhanced if rH is higher than 13. Apother repart states that the
change in taste due to pasteurigation is due to the oxygen concentre-
tion preceding the pasteurization, and that this deterioration in
taste can bs avoided by the addition of a reducing egent prior to the
pasteaurisstion procesa. In any event, it is important to aveid contact
with air as mioch as possible and to preveat any rise of the (RP. At
the same tine, one muat consider not only the walus of r8 dut alsc buf-
foring of the potemtial, that is a beer with a large buffering oapacity
is d~sired. The reducling power of the beer, including buffering ca-
pacity, 1s neasured by the Indicator Time Test (abbreviated ITT; neas-
urement of the rate of reduction with a high standard potential dys
added to the substrate). With a carefully produced product, ITT is
about 100 seconds, but with poor control and exposure to air, ITT can
sozetines exceed 1,000 seconds. Dark besr is fairly abundant in po-
tentisl-buffering matter, and upan isvestigating oxidation resctions
in the dark beer which spparently do pot alter the level r = 10, it
was found thal an activated suger with a atandard potential of around
9 or 10, which suger is produced during the processes of making wheat
gorr: and elso malt liquor, comiined with axygen to becone the mggen
source for the yeaat (57). It is also atated that an excess of this
activated sugar omn result in the precipitation of cysteine, gluta-
thions, and redsctons.

As it bas beed previously reported in this journal, attempts
are being made to utilize (RP in the mansgexent of fersentatiocn and the
end product in the breving of Japanese sake or rice dne (2). Geo-
erelly the (BP of synthesited wine 1s high vith K about 18,5-21.0,
vhile the zH of trus wine is scaswhat less. With nev rice wine, rE
is abaut 11,0-13.5 befcre pastsurisation, vith the walus rising to
about 15.5 to 17,0 after six to nine xonths sfter pasteurisstion. In
syuthetio vine making, makere are allowed to introduce up to 5% ia
teras of rios of yssst vort, mash, and rice vins, but quite aften the
bouquet changes far the warse after thia edditiod. This sen De e~
veated by (RP control, thet is, since the mixing of a large amcant of
high (RP smthetic vine vith & small amount of lov QRP edditives vould
normally result in a sudden change in the (RP of the combined gystem
and s simultanscus detericration of bouquet, cne cap consider msthods
%o avaid this sudden olmnge in the (RP such as for instance hlending
the two after the ayntbetic wine bas fully mstured.

In alochol fermmntation, it is seid that a high CRP reduces the
fernsntatica leuvi\{ of the ysast and the alochol yield (%8). IZven
in the refining of alcabol wvith potassiuz permsngsnate, & study has
bewn udzzt)n the change in (RF and the suitable conditions for thias
m““ .
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Although this is not true fermeatation, a study has been done on
the ORP funotion in the manufacture of black tea, that is, the functions
of various components during the oxidation process have been investi-
gated {59).

In snother area of research, work is being undertaken to study
the offect of antibodies by analysing the ORP ocurve of cultures of dis-
. ease-causing miaroorganisms. The curves are sasumed to be character-
ut_eo for spscific antibodies, and it is reported that more direct

odzg oan be obtained in thias manner than through cellular measure-
nents }« It bas also been reported that methylens blue enhances the
mﬁbiot.o aoction of penicillin, and that the addition of any dye with
& higher or lower standard potential inhibits this action, so that now
8 relationship has been established between (RP axmd the effectivensss
of penicillin (61).

With respsct to germicides, the effect of lov (RP on geralcidal
offect has been argued (62), and it has been pointed cut that the germi-
oidal effect of ohlcrine or ohloridated compaunds perallsls the poten-—
tial offect (63).

°0. ganclusion

Through this rather brief reviev of ths use of (RP in ressaron
on ferzentation, ona can see that we bave just started in this field of
investigetion, Sisee oxidation reduction is the prinociple reaction in
fermentation, the (RP approach to investigating the energy metabalisxz
in fermentation resctions and the mechanism aof such reactions would
seen to be promising. Within the fremework of (RP, it is also possi-
ble to collate the infurmetiocn on iodividuel redox systems, and to ob-
tain & syntbetio ploturs of the emtire structurs. HNaturelly it would
be Fuite questicashle to Rotohalantly apply our simple knovledge to the
oomplax syutena in & living ocell, but at the sams time, ocur efforts muat
be in this direction. With respect to application of the (RP approach,

re are without doudbt many areas of ressarch vhich bawe not yet besn
touched, and the murthor bopes that the reader will shov interest in and
undertake research in this field.
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