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THE IMPORTANCE OF PHYSICAL.CHEMICAL FACTORS (pH AND rHp)
FOR THE LIFT ACYIVITY OF MICROORGANISMS

by
IRTNA L. RARCTNOVA

{Following is the translation of a book, originally writien in
Russian with the title "The Importance of Physical-Chemical
Factors (pH and rHo) for the Life Activity of Microorganisms®
by Irina L. Rabotnova, Professor of Microbiology in the Lome-
nossov University of Moscow, translated inty German by K.
Garisch Culmberger, revised and abridged by = group in the
Institute of Microbiology (Institut fuer Mikvabiologie) of
the Ernst Moritz-Arndt University, Greifswald: Dirl. Biol.
Gottfried Bartsch (Chap. 4), Dipl. Chem. Lothar Gatzsche
(Chap. 9), Dr. Johannes Gumpert {Chaps. 3} and 7), Dipl.

Biol. Helmut Jaschhof (Chaps. 5 and 6), Dr. Manfred Koehler
(Chap. 8), Dr. Brunhilde Marchlewitz (Introductica and Chap.
1), Dipl. Bicl. Reirhard Suckow (Chap. 2), edited by Irina
L. Rabotnova and W. Schwartz, with the authoress susuming
the responsibility for the accuracy of the bibilograpric
entrie3, published in Jena by VEB Gustav Fischer Verlag,
1963, 226 pages.

AUTHOR'S FORTWORD TO THF AFERMAN FDITIC(

The present book, now in German translation, 1s the rusult of a
combination of lectures, practical experience and presearch wec k as
Prolesscr of Micrubivicgy in the Laroncssov University. Moscoy, during
the last fiftsen years. It was publiszhed in the USSR 4n 1957, For
the German edition, the text was prouvided with references to recent bib-
livgrapay and s.pp«amanisd «ith the results of recent research and was
editad j.intiy ty W. Schwartz and by the autnor.

IRINA L. RABOTNOVA.
FOREWORD TO THE GSRMAN TRANSLATION

1. 1s not simpie to translate a acientific work. written in a
fecreign langasge and in the characteristic style of that language. so
that it 4is also easily readable in its new styls. This is especially
trie for trinslations from Russian. We worked hard, together with the
autor, for a good solution to this problem. If we have not always
su..eeded, we beg the reader's induigence.

We have foiiowed the last edition of Bergey's Manual. 1957, for
type desiguativ. of bacteria and actinomycetes. We attempted to iden.
t1y the types not found there by using the 1999 German edition of
Kraasilnikoviy Diagrosis of : d A etes. Types whoee
decignation is not ascertainable eiiher from the Manual or in Kras.
38wtk 7, are iagi.=ted in the fcootnotes,
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INTRODUCTION

Two kinds of metabolism can be distinguished in microorganisms
as in all other forms of lifeiconstructive metabolism by which body
substances are synthesized, snd destructive metabolism by means of
which energy is provided for maintaining tke structurc of the living
cells and Sor the synthesis of new body sabstances.

Originally it was believed that the two kinds of metabolism were
quite independent of each other. According to this point of view the
release of energy consumed for predaminantly endothermic constructive
processes depends only on the energy procesases.

Tausson (1950) observed that there is a relationship between
dissimilatory and assimilatory metabolism, The products of the incamplete
oxidation of the substrate are, therefore, not only valuable for ths or-
ganism, because a certain amount of energy is released by their formation,
but they are also important as building material for the construction of
the body substances. Thus, for example, th.= act as intermediate products
in the formation of sugar kolecule compounds that serve as starting ma-
terial for the synthesis of smino acids. The complete oxidation of the
substrate is not necessary for the utilization of the greatast possible
amount of energy. The products of incomplete oxidation can serve synthesis
as "semi-manufactured” items for whose assimilation slighter amounts of

energy are required.

Clifton (1946, 1952) also sees, in biological synthesis, a series
of reactions in which intermediate products from the catabolism of energy
producing campounds participate. According to Clifton, the provision of
carpounds for constructive metabolism is more important than the total amount
of released energy in the catabolism of orgamic campounds in respiration
or fermentation metaboliam. The acetyl group iz one of the most important
building materials of this origin. Synthetic and catatolic proceasses are,
consequently, related to each other rot only according to tae balance
of energy. but also according to sioichiometric reiationships. The re-
loased energy is only a "hy-product,” similar to water and carbon dioxide,
Veselov and his collaborators (1954, 1955) developed the ideas of Taussecn,
Clifton and others further.

Synthesis does not always occur vith utilisation of the snergy
content of organic campcunds, as is the case with carbon heterotrophs. In
carbon antotrophic microorganimms the reduction of CO,, with which assi-
milation is startad, is tied to the supply of energy. Photoautotrophic
organisms are able to utilise light energy for this purpose. Chemoauto-
trophi: microorganisms use up the energy released by thes oxidation of simple
organic or inorganis compounds (for example, amonia, hydrogen sulfide,
molecilar hydrogen,methans).

Schaposthnikov (1944, 1955) referred to the fact that also in

ferment organis=ms proteins, as very important body substances, are
nore strongly reduced than the most utilised resu.ting substrate car-
bohydrate, Here also, a3 with carbon autotrophes, the saze principle
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cbtains: the energy converted into destraotive metabolimm is utilised for
the partiszl reduction of waste matter.

The relationship between energy producing dissimiliatory metabolism
and systhesizing assimilatory metabolism became more evident with the
discovery of emergy-rich organic phosphoric acid coampounds. The energy
obtained by the respiration or the fermentation processes is primarily
stored up in adenosine triphcsphate (ATP). This substance and sane others
are a reservoir of energy for the various energy producing processes,
frea which the organism draw according to its needs (Engelhardt, 1945).
([wote:] Adcnosine triphosphate (ATP) results from the diphosphate (ADP)
by taking on a third molecule of phosphoric acid. The reaction requires
a great expenditurc of energy that is supplied from the exothermic
processes of metabolism. In ensymatic hydiolysis 12,000 cal per Mol
of released encrgy can be used directly by the organism.). The same
holds also for carbon antotrophes (Vogler and others, 1941, 1943; cf,
Rabotnova, 1946).

A second group of this kind of substances are the polyphosphates,
They are present in the cells partly in a free state, and partly bound
to orgamic substances (mucleic acid) (_Beloserald. and others, 1957).

The close relaticnship between comstructive and destructive me.. -
tabolism also results fras the experiments of Schaposchnikov (1955)
¢n the course of fermentation processes. I the behavior of the po-
palation is related to the fermentation process, two phases, clearly
demarcated from each other, can he distinguished. The first phase, that
extends up to the end of the *log phase® of the growth curve, is cha-
racterized by the intensive multiplication of the cells. In the second
phuase the mmber of cells no longer increases, and it can even fall off,
although the fermentation process continues.

In the first phase sugar, that must be reduced, is consumed
by the synthesis of cell albumin; consaquently, fermentatlon pro-
duc’s that are more strongly oxidised than sugar resvlt. When cell
mltiplication decreases in the second phasa, relative strongly re-
dased campounds also appear smong the fermentation products. Scha-
posshndkaor £irst of all sstablished the twc phases by means of acetone-
butanol fermentation; later, alsc by means of heterofermentative lactic
acid fermentation, propionic acid, dutyric acid and acetone-sthanol
fermentation, Obviocusly it is a question of a general phenomenon
with fementation processes.

The usual proosdurs to date for the producilion of smergy
supplying metabolic reactions in the form of cheaical equations
with a2 statenent of the maount of calories is, therefore, one-sided.
Metabolic reactions, rather, should be described so that the rela-
tionships between synthesising and energy providing prooesses are
svident from them, There already are experiments of this type, as,
for expmple, in the mon pbts on the physiocl of bacteria by
Oginsky and Ombreit (19;? and by Qlifton (1957).

The interrelations of anabolism and catabolism in asrcbes
give an idea of "oxidation assimitation®. This description vas
first applied by Barker (1936) iu studying the metabolism of the
color;ess algas Protothecs, An equation that hcludes both the
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oxidative (energy providing) and the syntheslizing (coustructive) pro.
cess can be drawn up from the results of gquantitative determinations

"of the consumed sugar or of another substrate, of tho consumed 0,

and of the GO2 given off, as well as of the newly-formed cell sub-
stance, Barker gives the following equation for the utilization
of acetic acid by means of Prototheca:

CH,COOH+0>, —> CO O+ (CH20)
3 2 22 body substance

Pretotheca is especialiy suitable for this type of ex-
periments, because it forms its body subastance extremely econo-
mically; that is to say, a considerable part (50% to 80%) of the
substrate utilized (alcohol, sugar, organic asids or glycerin) is
used for forming the body substance.

Similar relationships were discovered also later by Clifton
(1952) in a series of uvther microorganisms -- in Bac. sabtilis,
Esch, coli, Pseudanopas and in yeasts -- on varlous substrates.

Three types can be distinguished in microorganisms, according
to Schaposchnikov (1944)s

Simple oxidation of the substrate without decay of the carbon
cycle of the utilizedd substance.

Anaerobic desmolysis; the carbon cycle of the substrate is broken
down in connscted redox processes into reduced and oxidized portioms.

Aerobic (oxidative) deamolysis; treak-down of the carbon cycle
of the substrats comnected with oxidation of the products of desmolysis
by means of air oxygen.

The individual types of microorganisms may carry cut one or
several of these processes., The facility with which the modificatiom
is serforuned depending on the culture conditions is typical of many
microorganiss.

Simple ucidations are caused by obligate aerobes. Acellc acid
bacteriia, for ewample, belong to this group. Thelr typical reaction
lies in the oxidatiom of the alcohol. or carbonyl group into the
acid- or carboxyl group: in addition, gluconic acid bacteria from
Pseudamonas fermentation oxidize glucose into gluconic acid. ({Note:]
Here also metabaiic processes are possible, that correspond to
another \ype. Acetic acid bacteria, for example, may oxidize acetic
acid into COz under certain conditionms.)

The chemoautotrophic bacteris must also be inciuded here. They
utilize enercy fram the direct oxidation of a series of mostly in-
organi: substances (KHj, Pe**, H2, E»S) for the reduction of carbenle
acid that is suf¥icient as the only ¢ource of carbon for the formation
of organic bndy substance.

As already meniioned (Vogler, of. Rabotnova, 1946), emergy-
rich phosphorus comprands are also predent in the axidation process.
They can be used as needed by the cells as a source of energy, al-

-
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though it 4is doubtful that they can support Mfe, if oxidizable sub-
stances are lacking, ({Note:] Boemeke (1939) established an endogenous
respiration in nitrifying bacteria with the utilization of organic
regserve material, The oonditions, therefore, are similar to the ones
found in green plants that change organic compounds (reserve material)
in catabolism, whereas light energy can only be used in anabolism as
chemical energy,)

There are camparatively few microorganisms that are exclusively
capable of a connected oxidation-reduction reaction without additional
hydrogen acceptors. Several groups of obligate anaorobic bacteria must
be meationed hera; for exsmrle, the large group of butyric acid bacteria
to which pectin and eellulose enzymes belong, and the anaerobes of al.
bumin decomposition (Stephenson, 1952). The hamofermentative lactic
acld bacteria likdwise helong here; in scme cases ihey are able to
develop also as facultative aerobes,

Obligate asrobic desmoiysis is characteristic of bacteria of
the Azotobactar group that oxidtzes a great number of various organic
campounds, among others sugar, alcohols, acids, into CO2 and H20,

. Almest no intermediary products are ccllected in the culture medium.

This type nf metabolism correaponds to respiration in animals and
plants., Aercbiec decamposition bacteris, by which albumins are oxi-

‘ dized, and many Actinanyces behave in like manner.

Moet heterotrophic mieroorganisms are capable of performing

‘various iypes of metabolism. With access to air they produce oxidation

processes that are differemt, in part, fram typical respiration; when
deprived of air, they can cause formentations. Bacteria of the coli-
asrogenes type display tbis behavior. Depending on the culture cone
ditions, they can cause purely aerobic processes, as well as fermenta-
tion processes,

Yeasts and some other plants, that svpport a real oxidation
moetabolism with a good supply of air, pass over to alecholic fermen-
tation when deprived of air. When oxygen is included citric acid
fermentation ocours, for example.

Denlirifying bacteria live as well under anaerobic as under
aerobic conditiws. In the first case the oxygen in the nitrates
serves as a hydrogen acceptor in the oxidatior of organic carbon com~
pounds. Therefore, it would be more accurate to c¢lassify the deni-
trifiers as oxidative microorganiam, for they also produce no fer-
mentation with anaeroblosis.

Rydrogen bacteria also oxidise molecular hydiogen, in addi-
tion to organic substances. According to Belyayeva {1954), they make
uss, depending on the conditions under which thay live, of 0,, NO3,
S, €O and CO2 as hydrogen accoptors.

CO7 can bo used by micrcorganisms as a hydrogen acceptor ln

the axidation af organic substances. Thus, for example, gome methane
bavteri: arse able to oxidize organic acids with the help of CC2 as a

hydrogen acoceptor releasing CHy (Baker, 1943).
In many cases, we have succeeded in engaging sxperimentally
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during the course of the fermentation procusses in research that har
contributed subsiantially to the explsnation of the bicchemical rela-
tionshipse. Let us only recall the worik of Neuberg to whose importance
Omelyanski already called attention in 1926. .

The addition of bisulfite to the culture medium has been suc-
cessful in controlling the alcohclic fermentation of yeast so that
glycerin is acoumulated,

Acetone-butanol bacteria oxidize the medium primarily by means
of fermentation., Predaminantly neutral fermentation products develop
concurrentlys Ethanol, butanol and acetone., Whon the medium is -en.
tralized with chalk, on the otlier hand, acid formation predaminacen.

Therefore, it is possible to modify the covurse of the métaboltc
processes by changing the envirorment,

There are many enviromment factors. Most important of all
are the quantity and quality of the source of energy, the supply of
fermentation agents with carbon, nitrogen, mineral salts, vitamins,
trace elements, etc. For each type of microbe there are different
requirements that have to be determined separately for each case,

On the other hand, there are enviromuent conditions of a
£general type: Physical-chemical nature of the culture medium, espe.
eially the pH value and the redox potential, in addition to tempera-
ture, light conditions, osmotic value, etc. They influence the life
activity of all microorganisms and are to be taken into account if
we want to interfere with the metabolic processes.

The axperimental influence and control of the redox conditions
in the mecium deserve special attenticn, for they are related to the
oxidative and reductive reactions of metabolism.

The reiationships became clsar if the reactions of metabolism
are considered {ram the point of view of the electron theory to whose
importance for blochemical processes Uspenski, for example, has re-
ferred. ([Note:] Unpublished lectures in the Moscow State Univer-
sity., 1933.) In completely oxidized anhydride carbonic acid all the
valency electrons of the carbon are linked to oxygen. The carbon
stom has became carrier of four positive charges, whereas oxygen
that has taken on the carhon electrons has a negative charge:

CHH(0-=)

In completely reduced methane, carbon not only retains its
eiectrons, but also takes on the electrons from four hydrogen atoms
and thui is ~onverted into a carrier of four negative charges:

Cr (B

Part of the carbon atam in sugar is more strongly oxidized,
part mo»: weakly, Same atams may be campletely oxidized, which
leads +: 1 ~mplevs reduction of other atams and to the release
of 2 zerziwi wount of emergy that can be used in fermentation.

-5-




Alconolic Tormrentotion can, for examople, be renresented ag
follouce

H
!

H'C 'OH'
H’(li"”O"H'
H"(ll"""()"“H’ — 20
}l*(i:'”*O“H'
H*(lz"' *O""H’

AT The sane tine, the transfer of electrons lezds to the
formation of »oteniials on elecetrodes that are inmersed in the
solution. Coaceounentl;”, there are close relationships Letween the
oxidation-r2iuctions in the culture medium and the potentisl of the
electrodes thot e neasure as the redox notentizl of the medium,

Touever, in order to be 2lile to vnderstand the overation of
any ~iven fcctorr, quantitative data are necessesry. e can expresc
acidit;- or 2llmlinity quantitatively by means of the pif value. Con-
cerning te zodox notentiel, there are still more differences in
opinion. ‘e cre usunlly satisfied with the basically inaccurate
distinction vetvween ferobic and anaerobic conditions. Aerobic con-
ditions cre sresent with free access to air. Towever, if reducing
substaices ore wresent in the mediun, even wvhen the medium is in
contoct hitn oir, the conditions are so little zerovic that anrcercizs
eon alsc live. On the other hand, if oxidizinz substances (hydrosen
accentors) cre wresent in the mediwn, serobes can zlso live without
accesc to air.

T™he »cdox potential is the measuring scale for the re-
dox couditionc. [suallyr the electrical tension serves as a med-
sure; it iz uieeswred on the electrodes immersed in the experimen-
tal fluid. Lhe ¥H, index by means of which the oxygen-hydrogen
ratio ic characterizZad is analogous to the pil value that indieatec
the nroportion of i+ and Ci~. Since the Hp/02 ratio is related
to the »resence of all other oxidizing and reducing substances in
the culture riediw:, 7ii, characterizes the entire redox condi-
tion of ihe nediws, that is, the direction of tne electron transfer
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and the oxidative or reductive condition of the medium. <rH, gives,
in a scale fram O to 49, all degress of reduction or oxidation of the
medium from saturation with hydrogen to saturation with oxygen.

The concept of the redox potential has existed in physical
chemistry for a longer time. In the 1920's its application to bio-
logical subjects was resorted to in numerous experiments on the redox
conditions in the culture medium and in living cells.

It is shown in that way that carbohydrates are broken down
into energy supplying processes according to the conditions present
in the medium. Under strongly oxidative conditions glucose, for
example, supplies, in the presence of free oxygen, the maximum
energy contained in it. Under reductive 2cnditions without access
to air that portion of enecrgy is released that can be obtained by
the transfer of electroms within the molecule. These conditions are
expressed quantitatively by means of the size of the Hp value,

lg p02 - 85.7 —28-14' -‘0-57

600

Kilo calories b00

0 6 12 18 24 30 36 42 g,

Fige 1« The -rH, dependency on the energy released by the
decunposition of glucose {according to Wurmser,
1926). [In all numerical values, substitute
decimal point for camma.)

l. Bacteria suspension. 2. Intracellular condi-
tions with anaerabes. 3. Intracellular conditions
in plant cells, 4. The same in animal cells.

5. Steam. 6. Air,

The connectlions became clear if the dependency of the heat
of cambusticn of the glucose on the 7 H, factor is represented gra-
phically (Fice 1). While by the oxidatzon (combustion) of glucose
in air 675 zalories are released per gram-moleculs of glucose, with
7 Hp = 17 (the value that we find inside of cells) not 674 but
rather snly 240 calories are available. Under these conditions it
is mere econanical for micrcbes that have suitable catalyzers availabls
act t> axidize the glucose but rather to ferment it,

Uspenski (1936) successfully conducted research on controlling
met beliz processes with the aid of the yH, factor (Kusznezov, 1932,
cf. Chape 7)e




The hydrogen ion ccncentration, expressed in the pH value, 4s
the second most important factor for the operation of the metabolistic
processes. Fermentation activity and dissociation of metabolic pro-
ducts depend un the pH value, for example. This will be gone into more
in detail later.

The remaining general factors of the environment ~.. temperature,
rays of different wavelengths, osmotic pressure, and others -. have
not yet been sufficlently investigated in order to be able, at present,
to give a samewhat exhaustive description of their mamer of operation.
However, here also there are examples of the fact that the influence
of these factors is important for the biochemical activity of micro-

organiams,

Thus Manteyfel and Antischeva (1935) showed with the example
of acetone-butanol fermentation that the formation of fermentation
products is influenced by changes in temperature: the lower the
temperature, the more butanol is formed. At 200 to 25°C, 12 to 13
grams par liter are vbtainel; at 400 (., only 7 grams per liter, while
alecokol and acetone are produced always in equal amounts. We have
observed similar phenomena. DIisarrangements in the percentage portion
of the individual fermentation products appeared already with from 5°
to 6°C. changes in temperature. On the other hand, the speed of fermen-
tation was scarcely affected.

%m::. lactis forms lactic acid prineipally at 309 to 37° C; at
159 to C. by-products, among others acetyl-methyl carbinol (Bang,
1949), develop in considerable amounts.

The physiological effect of rays of various wave-lengths is
known. The bactericide, fungicids and mutational effect of short-
wave radliation has been investigated in numerous studies. As with
other factors, it may be assumed that by decreasing the dose to the
extent that the multiplication of cells is not affected, other effects
are evident with this or that life function, especially if the dose
is chosen so low that the cells undergo a lasting effect.

Visible light is indeed important for the metabolism of micro-
organisms, also if the effect of the UV section is disregarded. A
number of components of the cells absorbs in the visible part of the
spectrum: cytoshrames ars an example of this.

4s is well-known, light is not an unimportant facter for moulds
(Tatarenkov, 1954; Foster, 1949), It affects conidiospors formation
and growth of mycelia. The effect can be inhibitive or stimulating,
according to intensity, wavelengths and type of fungus (Hawker, 1950).

Experiments on the influence of light on the fermentation pro-
cesses appear to be lacking up until now. It is possible that here
also relationships can be established.

The following chapters will attempt to summarize all that
has besn learned about the two culture medium factors, pH and » Hj
that have been investigated in particular detail, about their control
and about their effect on certain metabolic processes.
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CHAPTER 1
DETERMINATION OF THE HYDROGEN ION CONCENTRATION

Research work in the field of metabolic and trophic phy-
siology is unthinkable without considering the hydrogen ion concen-
tration,

Soerensen (1909) proposed characterizing acidity and alka-
linity by means of the pH value; that is to say, by means of the
negative logarithm of the H* coacentration. In this way any given
reaction — fram very acid solutions, normal solutions of strong
mineral acids (pH=»0) to strongly alkaline solutions of normal
NaOE or KCH {fH 14) -- can be described.

In practice, there are two common methods for pH determina-
tion: the colorimetric and the electrometric (Kordatzki, 1949; Mis-
lovitzer, 1928).

I. Colorimetric Detemminatiog of the Hydrogen
Ton Concentration.

Indicators are used for the colorimetric determination of the
pPH value; that is 4o say, substances that react to changes in the pH
value within definite ranges with a change in color or with decolora-
tion.

Indicators are organic campounds with charasteristics of weak
acids or weak bases. As ions they have another color than in the un-
dissociated state. The degree of dissociation of the indicator de-
pends on the pH value. If, for example, the indicator is a weak acid,
then it shows up as a free acid in an acid medium; its solution has
the color of the undissociated molecule. In an alkaline medium, it
appears as a dissociated salt and gives the solution the color of the
ion. In be*twaen there is a transitlon area whose color is countingent
on the juxtapnsition of dissociated and non-dissociated moleculas,

The pH ranges in whi.u ths individual indicators change differ, de-
pending on their dissociation constants. In order to cover the entire
pH scale from 0 to 14, series of indi.ators are, therefore, necessary;
for example, the two-:olered indicators cf Clark and Lubs {Table 1)
and Michaeli.t's e .-olored indicator (Table 2).

With prcteins, whose decarposition products or salts are
present in the materi.l being examined, the change range of the in-

" dicators is nmodified to a small extent: lack of albumin or salt causes

it. Thus, for sxampie, the pH value of bramcresol purple in a 3%
BaCl solutionn 13 about 0.25 pH units higher with a color change than
in pure water. On ~he other hand, the color change with thymol blue
is abem* 0,17, w ir phanolphthalsin about 0.17 and with methyl orange
about 0,02 pH units lower than ‘n pure water; likewise with neutral
red in a 208 salt solution about 0.05 pd units.
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TABLE 1

Two-colored indicators (according to Clark and Lube)

Indicator Color change Change Indicator
range pH solution
in ml,
0.1¥ NaQH*
Thymol blue red-yellow 1.2 = 2.8 2.1
Bromphenol blue yellow-tlue 340 = 4.6 1.5
Bromcresol green yellow=blue 3.8 = 5.4 1.4
Methyl. red rad-yeliow 4.4 - 6.0 (aleokolic
solution)
Bromcresol purple yellow-purple 5.2 = 6.8 1.8 :
Bramthymol blue yellow-blue 660 = 746 1.6
Phenol red yellow-red 6.8 - 8.4 2.8
Cresol red yellow-red 7e2 = 8,8 2.6
Thymeél blue yellow-blue 8.0 - 9.6 2.1
Cresolphthalein colordess - red 8.2 - 9.8 (alecholic
solution)

*In making up the indicator solution 0.1 g of indicator is
pulverised in a mortar with the specified amount of N/10

NaCH and is dissolved in 250 ml of distilled water.

0.04% alcoholic solution of the indicators may also be used.

TABLE 2
One-colo cators (aeeo: to Michaelis, 1929)
Indiecator Coler changs Change Solution
range pH
o~ dinitrolphenol colorless-

yellow 2.2 = 4.0 0.1 g+ 300 ml

water

/8 - dinitrophenol colorless- 2.8 = 4.5 0.1 g+ 200 ml
yellow wvater

Y - dinitrophencl colorless- 4,0 - 5.5 0.) g 4 200 ml
yellow water

P - nitrophenol colorless- 562 = 7.0 C.l g + 100 ml
yeollow water

m - niirophenol colorless- 6.7 - 8.4 0.3 g+ 100 ml
yollow wvater

Phenolphthalein colorless-red 8.5 - 10.5 0,04 g in 30 ml
alecohol ¢+ 70 ml

wvater

Alizarin yellow GG colorless- 10,0 - 12.0 0.05g4in S5ml
(salicyl yellow) yellow alcohol + 50 ml
_water
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Among the camonly used indicators, the following should be
mentioned: methyl violet whose range of change is between pH 0.1 and
3+2; methyl orange between pH 3.1 and 4.4; neutral red between pH
6.8 and 8,0, They are used in a 0.04% aqueous solution.

Buffer solutions are standard solutions with a known hydrogen
ion content. Weak acids are weakly dissociated in an aqueous solution,
whereas alkali salts campletely dissociate these acids. If solutions

: of weak acids and their alkali salts are mixed, the dissociation
of the acids changes depending on the salt concentration. With an
increasing salt concentration, acid dissociation decreases. The Ht

' concentration in such a mixture is determined by means of the follow-
ing equation:

(#*] =X [acid] (1)
salt
in which K is the dissociation constant of the acid.

If different amounts of salt and acid are mixed, the H*
concentration changes:

¢ o [lanton] ° (]
[non-dissociated part] (2)

With an equal concentration of acid and salt the concen-
tration of the hydrogen ion of the acld dissociation constant is
numerically eqnals

(e*] =K (3)

while the pH value corresponds to the regative logarithm of the
dissociation constant:

pH = logk (&)

The dissoziation constant of acetiec acid behaves like that at

250 C, 1,86 ¢ 10-9; its negative logarithm is %4.73. In this

way a solution with a pd value of 4,73 results by mixing equimolar
amounts of acetic acid s.d sodium acetate. Since not all ions are
found in an Mactive® state in solutions of strong electrolytes, the
actual concentration must be multiplied by the activity factore& in
order to arrive at the concentration of the active lons, The factor
is approximately 1, in strongly diluted solutions (for exarnle
0.01N) exactly 1. Taking this fact into account equation (1)
reads:

K*] =K (acid]
[salt] - ¢x

For ar 0.1N acetate solution € = 0.79 and the pH value
of the acetate mixtwe® then is not 4.73 but 4.62. ((Note:]
Preparation of the standard acetate solution according to
Michae, -: mix 50 ml of normal RaOH, 1C0 ml of normal acetic
~cid and 350 ml of distilled water.) If more acid than salt is
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present, the pH value becomes lower than 4,62, If less acid is present
the pH value 1s higher. A buffer mixture inoludes only a small part

of the pH scale, specifically about 1.5 units under and over that pH '
value resulting fram the mixture of equal smounts of acid and salt,

In order to sover the entire scale of pH values, some batches of buffer
solutions with different dissociation constants of the acids must be
used (Tables 3 and &),

The concentration of the hydrogen ions becames substantially
smaller, as is to be expected theoretically, only by diluting one
thousand times or more. By diluting one hundred times an N/10 or
N/100 sclutien the pF value is changed only about O.l. Therefore,
oanly the correlationz of equal normality are given in Table 3; in which
case can be any convenlent amount within broad limits.

Buffer solutions exhibit two peculiarities: the H* concentra-
tion does not changs whan the buffer mixture is diluted with water,
because the pH value depends only on the correlations of the acid and
the salt and not on their absolute quantity. Acid dissociation in-
creases with dilution and the H* concentration is held at the same
level,

TABLE 3
pH values of various buffer solutions

Mixture of equimolar Tartaric Acetic  KH PO, +  NH,CL +

solutions of two acid + acid + Na PO, * NE,.08

buffer substences sodim  sodlmm o 4

in a proportion of tartrate tartrate <
323 1 1.4 3.2 5.3 8.0
163 1 107 305 506 8.3
8s 1 2.0 3.8 549 8.6
s 1 2.4 4,1 6.2 8.9
21 1 207 lb.llv 605 9.2
.34 300 uo? 608 9.5
it 2 33 5.0 7.1 9.8
43 “’ 306 503 7."‘ 10.1
i1 8 3.8 5.6 707 10.“
1116 k2 5.9 8.0 10,7
1132 4.5 6.2 8.3 11.0

The sesond peculiarity of buffer solutions is expressed by
adding a:lds or alkalis. For example, an acetate mixture contains
sodiw: ioms, CH,CO0 ione and a known amount of hydrogsn ions, that
can be warolidd by dissociation of the acetic acid. If hydrochloric
acid is added, H* and C1~ are also present in the solution. The
scetate ioms ¢ the smpletely dissocclated sodium acatate that encounter
the hydroge:. 1oas of the strong acid cambine immediately and form
soeti s aids. Only the hydrogen that is caused by the dissociation
comstants ~f the acetis acid remains in the form of ions.

The strongly dissociated hydrochloric acid restrains the dis..
sociation of the wcetic acid and the pH value is not changed as
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greatly as the correlation of the acetis acid and the salt is changed.
If we add 1/100 mol of hydrochloric acid to an M/10 solution of an
acetdtd buffer mixture, the pH value only changes from 4,62 to 4,55,
However, if we put the same amount of HCl in water, the pH value drops
to 2,02, The buffer action depends, therefore, on the CH3COO ions
containad in the sciution; that is to say, on the amount”of salt, In
practize a buffer solution acts only until half or at the most 2/3

of the anions are released. The proportions are similar if alkali,
for example NaOH, is added. The change in pH is, moreover, much
smaller than with the addition of the same amount of alkali to water,

In microbiological practice buffer solutions are used for the
following purposes: as standard solutions for the colorimetric de~
termination of the Ht concentration and for the maintenance of a
definite pH level in cultures of microorganisms. In the first case
solutions diluted fram M/10 to M/20 are used; in the second case
strongsr, M/3, solutions are used.

I” the pH value of the solution being exsamined is completely
unknown, an approximate pS determination is undertaken with the aid
of an indicator substance or with indicator paper.

TABLE &
Dissociation constants of acids frequen used in micro-
blolo acco to Kordatzki 1

acid K K T

Boric acld 6 + 10-10 9.20 250
Carboni: aeid

1st dissociation 3 ¢ 10-7 651 180
nd dissoniztion 6 * 1011 10,20 180

Phosphori. a.ld

1st dloso avita 1 * 1072 2,0 259

2d disso lan.on  —o9 *10-7 6.71 250

Ird dissowacion 3.6 «10713 12,44 250

2nd diseoriaition 1.6 +10-2 1.8 250
Sulfire.s azid

1st disardiiton  1.” 102 1.8 250

2nd dissyistin 5 o 1076 5.3 250
Ryar:gsy sl m Ae3 108 7.20 180
Form' a.id ¢ ¢ 10 3,70 180

Acetds acid 13 *10-5 4,75 25°




Lactic acid 1.4 * 10-% 3.85 250
Oxalic acid

1st dissociation 4.0 « 10-2 1.40 250

nd dissociation 4.1 ¢ 10~5 4,39 250
Phenol 1.2 » 10-10 9.91 250
Ploric acid 1.6 ¢ 10-1 0.80 250
Racemic aedd . 102073 3,00 250
Trichloroacetic

acid 1.3 ¢ 10°1 0.90 180
Tartaric acid

1st dissociation 1 ¢ 10-3 0 250

2nd dissociation 5§ » 10~5 4.3 180
Citric acid

1st dissociatim 8.3 * 10-% 3.08 250

2nd disnoclation 4.1 ¢ 1070 4,39 250

ird disuociation 3.2 ¢ 106 5,149 250

If the pH vaiue has to be determined exactly to 0.1, a standerd
buffer solution must be used:

M/10 butfer soluticns with pH values that are in the range of
the pH zone of the test solution are put in test tubes with 5 ml
markers, A small tube is to be filled with 5 ml of the material tc
be tested, Four to fiva drops of the appropriate indicator are
added to each tut9. Solutions with 3 scale of transition colors that
are canpared with the coiurs of the test solution in a ¢omparator are
kep‘!‘..

Gillespie's method without tnffer solutions. The principle
of this method is hased ~n the cambination of acld and alkaline stan-
dard solutions with different amounts of indicator. These solutions
Jorm a color scale, Bach standard consists of two test tubes; one
contains a defirite amvunt of iundicator with an excess of acid, the
other one with an axcess of alkali. These two test tubes are ob-
asrved in the sopurator sgainst the light (Fig. 2). Usually the
tvu-colored indicators of Clark and Luhs are used., A definite pI
value corrosponds to each tint, The values are giver in Table 5.

The method is acecurats up to 0.1 pH.

The figures in Table 5 are the resuli of the following cal-
culationt

E=K+lg __a_
Tou

in vhich a2 is the mmber of th> indicator drops in the acid and pX
the dissoclatizn osnstant of the indicator.
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IT. Elestrometric tion of the Hydrogen Ion Concentration

Electrodes are used for the electrometric determination of the
pH valise The theory of the determination of the H* concentration
ean be brlefly described as follows: If a metal rod is immersed in
water, part of the metal goes in solutlon in the form of positive
ions, The metal rod retains a negative charge and is abie to
attrazt cations so that there is a difference of potential between
the metal and the solution. The size of the potential difference de-
pends on two factorss on the solution pressure of the metal, there-
fore, on th  tendency of the metal to go into solution, and on the
osmotic pressure of the solution. If both factors are equal in size,
there 1s no potentlal difference., As the size of the difference be-
tween both factors increases, the eleetrical potential goes up. If,
for example, two solutions of a salt are used in different concentra-
tion, the metal electrodes immersed in both solutions have different
potentials, The potential difference, measureable according to
Nerust, has the following relation to the salt concentration:

E= RTL'! C,
oF Cz

in vhich E is the measurable potentlal difference; C; and C2 are

the concentrations and RT/AF is the Nernst constant. Finally it
includes the gas comstant (R), the absolute temperature (T), the
valence of the ions (n) and the electrochemical equivalent (F).

By calculating the Nernst constant for 18° C. and trans-
cribing the natural logarithm in the decimal system, we get the
quantity 0.0577.

The faollowing dependency of the Nernst constants on
the temperature was determined:

16° ¢, 0,0573 240 €, 0,0589 320 ¢, 0,0604
180 ¢, 0.0577 269 ¢, 0.0593 34° ¢, 0,0608
20° Co 0,058 289 ¢, 0.0597 360 £, 0.,0612
229 Co 0,0585 300 ¢, 0.0600 380 ¢, 0,0616

4® ¢, 0,0620

If the potential difference has been measured and a concen-
tration is knowr, the others can be calculated, This method is
often used in eiestrochemistry. It is also used for detemmining the
H* concentrations

Since hydrogen is close to metals in its sharacteristics,
we asyzie 11 9.ectrode composed of hydrogen. If this electrode is
immersad i1 a so.utiom containing hydrogen ions, the hydrogsn ion
concentracion :in ba determined with the method outlined above.
An euoiruds ‘hieu avts 1llke a hydrogen electrode can bs made by
saturatiog 3 plawimm or gold disk with hydrogen. As precious
metals platlimm and gold behave indifferently, if they are im-
mersed in the solution; that is to say, they give up no ions in the
solution, but on the contrary they adscrb hydrogen easily. An
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electrode saturated with hydrogen behaves like a pure hydrogen elec-
trede. In order that the platinum may adsorb a great amount of hy-
drogen, it is covered with a coating of platimum black that enlarges
the area of the electrode considerably.

If this elentrode is immersed in a solution containing a
gram equivalent of hydrogen ions per lite., a so-called hydrogen
electrode is obtained for camparative purposes. The normal hydrogen
electrode has a potential of 0.276 volts in relation to the zero
electrode. For the sake of simplicity its potential is assumed to
equal zero.

If the difference in pot ntial is measured, the unknown hy-
drogen lon concentration is calcalated in accordance with Nernst's
equation:

E = 0,057 1g _2 pH = -1y [BF]
[

pH = E
0.0 77 (fOI' 180 Co)

The normal hydrogen electrode finds no application in practicn,
An electrode with a gtable potential is selected in place of it, one
that differs fram the normal hydrogen electrode by a definite amount
and that permits more convenient operations, for example a saturated
calomel electrode (Fig. 3).

The electrolyte contains a specific amount of mercury ions
given cff fram the weakly water-soluble calamel, HgoCloe In addi-
tion to Hg,Cl, there is a second electrolyte, KCl, in %he solution,
affecting the dissociation of the calomel:

K= [Eg*] - [61-]
HgC

If th: number >f chlorine ions in the calamel sciution is in-
creased by ailding KC1l, the number of mercury ions decreases and the
negatlive ~harge of the electrode becames smaller. The size of the
potential or such an electrode depsnds on the KCl concentration,

If XC1 is <iosen In a specific concentration, a specific potential
of the z.larea electrode 1s obtained. Saturated KC1 solutions are
used in practice.

The potential is transferred from the metallic mercury to
the pla®i:nm slaztrode imrmersed in the mercury and is connected with
the rust >f the upparatus.

Tae ciiamel electrode is connected with the experimental
electrude Dy mexys of a saturated KC1 solution.
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The potential of the calomel eleotr.de changes slightly depend-
ing on the temperature, With varying temperatures it diverges from
the rormal hydrogen electrode by the following values:

° ¢, volts ° ¢, volts
15 0.2525 22 0.2475
16 0.2517 23 00,2468
17 0,2509 2k 0.2463
18 0.2503 25 0,2458
19 0.2495 37 0.2355
20 0.2488 38 042350
21 0.,2482

Quinhydrone electrodes are mostly used in practice in place
of the hydrogen electrode as experimental electrodes, drong
breaks down in an aqueous solution into qui-one (CgHy0,/ and hydro-
quinone (CgHyOnH,), finally into quinone and hydrogen:

CeHyOHp, == CgRy0, + Hy

There is in the solution a very slight btut constant concen-
tration of hydrogen at 10-12 atmospheres. Thanks to this stability
the hydrogen of the hydroquinone can be used in place of a saturation
of the liquid with hydrogen, by adding an excess of quinhydrone to the
solutione

It is possible even to conceive of a quinhydrone electrode that
is oxidativewreductive. Quinone and hydroquinone are an oxidation.
reduction pair that forms a redox potential on an indifferent elec-
trode., The correlation of quinone to hydroquinone that provides the
quinhydrone molecule is always 1l:l., Therefore, the redox potential
remains always the same in quinhydrone solutions and depends only on
the pfl valune, The pntential of the quinhydrone electrode at pH O is
about 0.0 volts more positive than the potential of the normal
hydrogen ele.trode used at pH O,

In microbiclogical practice the elsctrods pair for the elee-
trometric determination of the pH value usually consists of a calo-
mel electrode {in place of the normal hydrogen elecirode as an emit-
ting elecirode) and of a quinhydrone electrode (in place of the hydro-
gen experimental elestrode).

The potential difference must be detsrmined in order to be
able to compuce: the pH value by using Nernst's formula. Here the
potentiil diffsrence cannot be determined with a volimetsr, because
the carront that is supplied through the element might generate che-
mical caxigac 5 well as 3 polarization of the electrodes and the
electramuvtive force might be changed during the measurement opera-
tion.
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The potential difference is determined Ly the compensation method
with an accuracy of up to 1 mv. At this point the system composed of
the calamel electrode and of a quinhydrone electrode is almost dead.

The two-volt battery that provides the current for the large
circudt does not yield an acecurate, stable potential difference.
Since the woltage of the battery changes slightly, the Weston normal
cell that always produces one and the same well known potential is
used for determining the potential.

The following figures show how its potential (in volts) depends
on the temperatures

100 ¢, 150 C,  209C, 25°¢C. 300 C.
1,0189 1,0188 0186 1.0184 1,0181

The experimental eell can be plugged into the small circuit
in place of the Weston cell or be comnected in series with the Weston
cell (l"ig. b)o

With a parallel circuit Ex = 1.0186 b
a

In the above equation a is the zerv point for the Weston cell
and b for the experimental circuit,

With a series circuit Ex = 1001_86 a=->b
a

In the above equation a is the nero point for the Weston cell
and b for the Weston cell plus the experimental circuit.

After the electromotive force has been determmined the pH value
is camputed by means of Nernst's formula. It must be borne in mind
that here a colamel electrode is used in place of the normal hydrogen
electirode and a quinhydrone electrode instead of the experimental
elsctrode, The Nernst formula reads:

P = Wl . B ¢
'(’)'.'%77"‘_ (18° c.)

in whisn the magnitude O.4541 = E of the quinhydrone slectrode -
B of the zilmel electrode is (0.7044 to 0.2503), If the calo-
mel.hydrogen series is being worked with, the following only must
be subtrasted from the calomel elsctrode:

M =E 2 0,2503 (18° ¢.)

0.0577

If quinhydrone is added to a more strongly alkaline medium, the pH
value of an alkailne liquid cannot, comsequently, oe determined with
the Jiinhydrime aiscirode, The quinhydrone electrode in oractice js
ussile only fur pH values that do not exceed 8.7.
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The entire il scule can be covered bty using glass electrodes,
The pr.aiolz of the glass electrode (Fige. 5) is as follows: If two
solviions with a different pH value are separated by a very thin
glass partition, a measurable electramotive forne develops on this
part’ilre I depends on the size of the pH value on either side of
the puriii rle If we hawe on ons side ar a.ld or salt solusios and
- on the cther 3'de soluiions with a different pH walus, the electroamo-
 tive £ye depeads wn the pH wvalue of the se~rond solutior,

Glass electrodes must always be gauged against known buffer
solntionse They are custamarily used in cor.junction with calamel
electrodes on a KC1 bridge.

Since the glass partition impedes the passage of the cwrrent,
it must be very thin, Therefore, a determination on Whatstone!s
bridge is not possibls with an ordinary galvanmmeter (sensitivity A~ ).
In world.ng with glass elsctrodes either a more sensitive galvanameter
(A9) is used, therefors, or the current is amplified with vacuum tubes.
For th:t purpose a vacuum tube potenticmeter is used. In laboratory
practice we usnally do not work with Wheatstone!s bridge, but rather
with a potentiametsr (same construction principle). The potential
(in volts) is found directly on a special scale and the corresponding
PH values on a special. table belonging to it. By this means the lengthy
calculations involved in the use of the vacuum tube potentiometer are
eliminated.

In addiilon to ordinary potentiometers, vacuum tube potentioc-
metars, saltable for working with glass electrodes are made, The
scale 1s arranged sc that the pH value can be read off directly. In
the GIR,instruments of the Kuestner Firm, Dresden (Clamann and
Gra.hnert) are used,
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C.[APTER 2

REDOX POTENTTAL AND METHODS FOR ITS DETERMINATION IN
MICROBIOLOGY

T. Theoretical Fundamentals

The physicalechemical factors of the envirorment are especially
important for the life activity of microbes. In addition to aclidity the
oxidizing or reducing characteristics of the medium especially belong
here.

In the simplest case oxidation means an oxygen intake., Wieland
took the opposite point of view that hydroger also plays an important
part in oxidation processes. In oxidation processes hydrogen is given
off and in reduction it is taken om. Finally, Clark and his colla-
borators pointed out that the transfer of electrons is alone sufficient
for transition from one to the other state.

Oxidation can also mean:
Addition of oxygen:
KNO,-» KNOB
Removal of hydrogens

CH ,CO0H CRCOCH
->»

CHchOH CHCOCH
succinic acid fumaric acid

Remow .l of 212 urouss

Fe""' . Fe"""’

The neasurement of the oxidizing or reducing characteristics
of a s>lutisn 1s possible by chemical means by titration with oxidation
or redu.ilom substances.s Thus in order to determine the reduction
abilisy of a sol:ition it can be titrated with an oxidation substance,
for exuapis BinOye The oxidation ability of the sclution can be ascer-
tained w'ih the 1id uf a reducing substance, for example uagszoj. In
this way the “wtil axidation or reduction power of the solution”is
determined. Th: 1.ii7e oxidation-reduction ability of the medium canw
not b= or'rad (L by tltration, It can be determined only with the
add o we rodux potantial,

If an indifferent elactrode is immersed in a solution contain-
ing a nmixture of sxidation and reduction substances, that is, sub-
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stances that possess the capability of giving >ff or taking on eleotroms,
then on this electrode there is a potential whose size depends on the
concentration of oxidation and reduction substances., Therefore, oxi-
dation and redustion substances must be in a state of a reversible
chemical equilibriwm. If for example Fet™* is present in the solution,
then it san be reduced to Fe** and it acts as an oxidizer since 4% is
itself reduced, The reverse is the case with Fe**, The potential pre-
sent on the platirmm electrcde that is in the solution of the Fet+ and
Fe*™* mixture depends on the proportion of the Fe™' and Fe** concen-
trations. The build-up of potential results either from the flow of
elestrons in the direction of the electrode or vice versa,

' Nernst investigated the relationship between the size of this
potential and the concentration of oxidation and reduction substance
and established the following rslation:

E=F + R:] oxidation substance conc.

nF reduction substance conc,

in which Eg is the potential with an equal concentration of the oxi-
dizing and the reducing substance and RT is the Nernst constant
(see Chap. 1, I).

This potential cl.aracterizes the redox condition of the me-
diun, the redox voltage. The greater the concentration of the oxi-
dation substance, the higher the potential. If a solution with a
lower potential is put in one with a higher potential, the first
one 1s axidized by the second one. If there are several ocxidation
pairs in a sclution, then an equilibrium appears between them:

A aans
Ky _Fe "k, Mn = K, {fumaric acid =K, mP . etc.
Fe Mn 3 ‘Sucelnic acld Wz-.r

A given pair can be selected with reference to the redox con-
ditions in a compound mixture and its potential determined, An
especially well sulted pair is hydrogen in an oxidized and reduced
state., Since molecular hydrogen consists of two atoms of hydrogen,
the following relation results:

(et 3@
(8]

The redox petentia) with reference to hydrogen is designated
as sfi, I! i3 impoasible to determine the potential of a single elec.
trode. It 45 only possible to measure the potential difference of two
electrodos, with ons of them serving as a comparing electrode whose
potential is assumed tc be zero., In this way it is possible to
moasare the putsenilal difference betwesn the experinmental and the
comparing electrodes, Then eH is the redox potential, with re.
ference to the normal hydrogen electrode that serves as emitting
electroqes
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el = E, + RT,,[A* °
0 ==1N
F THz]

The ncrmal hydrogen elecirode is a platinum electrode immersed
in an N/1 solution of hydrogen ions under a hydrogen gas pressure of
one atmosphere. The concentration of the oxidized and of the reduced
form of hydrogen equals one under these conditions.

If the potential of the normal hydrogen electrode is now set
to equal zero, Nernst's equation assumes the following appearance:

e = 0.0291og [E*]?
(2]

(RT at 18° C, = 0,029)
(nF )

By analogy with the pH the negative logarithm of the pressure
of the molecular hydrogen is designated by rH,.

of = 0,029 (log [E*F - log (H2])
el = 0 29 (-2pH - (-rHp) )
el = 0,029 (rH; - 2pH)

er = eH +
0.029 Zpl
At a hydrogen gas pressure of one atmosphere and equilibrium
betweer atmosphere and dissolved hydrogen rH, = log 1 = O, With
decreasing pressure tne rH, values rise.

If the ongeg_gregsure roaches one atmosphere, the hydrogen
pressure drops to 1 2 atmospheres. This resuits from the dis-
socilation of water vapor into hydrogen and oxygen.

(8,12 - [0,] = kK = 10-85.2
2ri, + r0 = 85.2 (r0 at one atmosphere gas pressure = Q)
I'HZ = u2.6

rH, values frw C to 42.f characterize, therefore, all degrees
of saturation of aqueous sclutions of hydrogen and oxygen. They
charasterize sampletely the redox conditions, since the pH is also
included, The eH values alone can be affected by the pH., If we
are suscessful in stabilizing (Hp), then eH depends cnly on the pH.
The determination of the pH value with a hydrogen axd a quinhydrone
eslectrode is based on this.

The term rH, that goes back to Clark (1919-1920), has been
only little used to date. In later studies Clark did not recommend
i+s 139, Hewitt (1950) also objects to its use. We shall return to
this later.
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II. Some Feculiarities of the Redox Potential in Biology

It must be borme in mind that rH is by ro meuns always character-
ired by means of the hydrogen pressure. Under aerobic conditions at
rHz2 2530 hydrogen can no longer exist in the medium. In this case
other redox systems appear in place of the hydrogen taking over its
function. Wheroas in chemistry we are concerned with qui~kiy reacting
reversible oxidation-reduction pairs, in biology it is mostly a question
of complicated, organic suostances that react only slowly with each
other. By adding an inactive enzyme, in an oxidative-reductive rela-
tioaship, as an acceleration substance the potential is strongly modi-
fied, since the enzyme forces the slowly reacting pair to react.

A serles of biologically important oxidation and reduction sub-
stancas act irreversibly. They include, for example, compounds with
SE groups that easily give up their hydrogen. Cysteine can easily be
cxid.zed into cystine with which any desired substance is reduced,

2H3«CP, +CH (NH2) *COOH
cysteine

HOOC~CH(NH2)-CH2°S--S-CFIz-CH(NH2)°COOH+2H
cystine

Dipeptide glutathione and a series cf other compounds react
exactly like this. These irreversible substances alsc form a potential
on the electrode,

Nekrasov (1937) attempted to describe the physical significance
of potentials of this type.

If a platimm electrode or another indifferent electrode is
ingerted in a solution containing a reduction substance, then the
electrons of the reduction substance flow to the electrode until
this process comes to 4 stop due to the opposite process. The
9lsctrode then has a constant, negative potential whose size
depends on the state of equilibrium of the oxadation.rsduction

pair,

In blological systems the relationships are considerably more
compli:ated., While one substance gives off electroas on i-e electrode,
another one that has no relationship with the electron emitter brings
this process to a stop. By way of example, cysteine lets a negative
potential develop on the electrode, while oxygen interrupis this pro-
cegs, In most cases the avlecular oxygin takes over the function of
the oxidation substance,

The speed af both processss, the accumulation and the emission
of electraons. affects the size of the potential. Therefore, the
corresponding speeds X:[Red.] must be included in Nernst's formula.

=5 K~ {05]
eH _B:T (02] RT (¥ + 2.




The reaction speed is affected by catalyzers. An increase in
the oxidation activity is equivalent to an increase in the activity
of the oxygen. Dehydrogenases show the same ac .on as reduction sub-
stances, This can be verified by means of experimental research,

Although the conditions in biological mediums are extremely
complicated, the potentials and consequently also the rH, values
characterize quantitatively the redox condition of the medium. The
condition depends on the concentration of the oxidation and reduction
substances, on the speed of their reaction, on the influence of the
reversible pairs and on the influence of the atmospheric oxygen.,

The rH, characterizes all these factors swmarily and it is a quanti-
tative measure of the redox conditions.

III. History of the Study of the Redox Potential
in Microbiology

Long before the icea of the redox potential was current in
biology statements were made on the reduction characteristics of bac-
terial cultures.

The reducing characteristics of bacteria cultures had been
known already since 1883, Helmholtz observed the decoloration of lit-
rnus in a medium containing decamposing albumin., He already recog-
nized the reductive nature of this phenomenon and remarked that by
shaking, that is, by contact with air, the original color may re-
appear. Similar effects were known with some other dye substances
that may be used on this basis as indicators for reduction conditions,

Potter (.311) measured the redox potential in bacteria cultures
with the aid of electrodes. He used a culture medium that was divided
into two halves by a porous diaphragm. One half was inoculated with
yeast or bacteria, the other half remained sterile, A platinum elec.
trode was immersed in both halves, The potential on the electrode in
the inoculated culture medium was about C.2 to 0.4 volts lower than
the one on the electrode in the sterile medium.

The work of Gillespie (1920) signifies a further step for-
ward. He borrowed the nction of the redox potential from pnysical
chemistry. He already used the normal hydrogen electrode as an
emicting systews Glllesple discovered that a strongly reductive
potential is present in bacterial cultures, just as in a hydrogen aagnos-
phere, and that with the admission of air the potential rises again,
Various types of bacteria change the potential differently. The
concept of the redox potential attained its definitive form with
Clark!s experiments. He started from the fact that dyes are decolo-
rized under reduction conditions and that electrometric measurements
can also characierise these conditions. The result is that there are
various methods for determining redox conditions,

Both the ~olorimetric and the elsctrametric method were
drawn vpon £or measuring the potential., They both complement
nach other (Clark, 1923-1925). In the subsequent years numerous
studles appeared on redox conditions in animal and plant cells
as well as in suspensions and cultures of microorganisms. In the
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years following 1935 the number of publiocations on the redox potential
declined, and in the following ten years only a few individual studies
appeared. This is related primarily to the fact that so much data

had been accumulated that the evaluation of the statistical data was,
therefore, very diffisult. The physical importance ri the observed
phenamena frequently remained vague., That was caused primarily by the
fact that the entire theory of the redox potential in physical chemistry
was constructed on the reversiile redox equilibrium systems. However,
most of the blological redox systems are not in a state of equilibrium;
they are irreversible and act slowly.

In the year 1937, then, Nekrasov conducted basic research on
redcx potentials. He attempted to clarify the physical importance
of the potentlals in the complicated, irreversibly acting systems,
and he also came to the conclusion that the rHp values characterize
the redox state of a medium.

Therefore, the redox potential is of interest here from two
points of view., It is used in chemistry for computing the energy
released by reactions. This field of application in biology has only
limited importance. \

The redox conditions in blology are an extremely important
factor in physiology and ecology.

IV, Methods for Determiring the Redox Potential.
1. Colorimetric determination of the redox potential,

Sane dyes change *heir colcor with a change in the redox ccnditions.
In a reduced state they are usually colorless; in an oxidized condi-
tion they are predaminantly colored blue.

Clark was the first to suggest a set of indicators that covers
approximately the rH, range (Table 6). Since each indicator can be
used only for a veryzl:\.mited Ea range of 120 mv, or two rH, units, a
considerable mumber of dyes must be combined. E(') gives the potential
of t dye rednced to 508 at pH 7.

TABLE 6
Redox indicators (according to Clark)

ri, indicator Color of Bl at H 7 rH, of the
the oxidized 4 T=300¢, indicator
form in mv. reduced
app. 50%
neutral red red -340 (325)* 3.0
rose indulin &G red -281 -
Jamus green rose =258 5.5
phenosafranine red -2 (252) 5e9
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cresyl violet red -167 8.0
indigo monosulfonate blue -160 8.7
Hilé blue blue -142 9.3
indigo disulfonate blue «125 10.0
indigo trisulfonate blue - 81 11.2
indigo trisulfonate blue - 46 12,3
indigo tetrasulfonate blue-green - 35 12.3
toluidine hlue blue - 11 coam
methylene blue blue 11 14,5
brilliant cresyl blue blue © 32 (47) 15.7
thionine blue-violet 62 (63) 16.1
toluylene blue blue 115 17.8
l.naphthol~2.3ulfonate~
indo-2,6=dictlorophenol blue 19 18,0
l-naphthol-2-sulfonate~indophenol
blue 123 18.1
thymol indophenol blue 74 19.8
2,6~dichlorophenol
indocresol blue 181 20.1
o-cresol indophenol blue 191 20.4
" m-cresol indophenol blue 208 21.0
2,6-dichlorophenol
indophenol blue 27 2.5
phenol indophenol blue 227 21.5
o-bramophenol
indophenol blue 230 21,7
o-~chlorophenol iadophenol blue 233 21.8
phenol m-sulfonave indo
2y6~dibramophenol blue 273 23.0

*Numerals in parentheses: F} according to Hewitt (potential of dye
reduced to 50% at pH 7. )

Substances whose color is changed independently of the pH
value were chosen as much as possible as redox indicators. Unfortu-
nately this did not work eut in every case. Thus neutral red is red
up to pH 7 and becames orange-yellow at pH 7-8. In a reluced state
this dye is also yellow, but it has another tint. It f’uoresces in
reflestad 1light in a2 bright yellow-green. Thymol indophenol is blue
at pH 9, below it is red. 2,6-dichlorophenocl is vlue at a pH over 6,
raddish under 6. Two color changes are to be observed with Janus green:
fran blue-green to red at r 12.3 (irreversible action) and from red
to colorless at rHp Selte Agove er 23.1 there are to date no indi-
catorse

Irdinators for the lower rli, values were proposed later hy
Wurmser (1935). In practice, however, they have been little used
up to now (Table 7).

In recent years 2, 3, 5 triphenyl tetrazoliumchloride has been
used i1 9verv insrlasing amounts: in an oxidized state it is color-
less and with radustion it forms a red, unoxidizable precipitate.
With the aid of the amount of precipitate it is possible to deter-
minc the amount of reduced indicator according to the welght or
colerinetrically.
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If it 48 feasible to determine the smount of reduced dye sub.
stance, then a relationship to the eH value can be derived from it,
This 1s possible, for example, with o-dichlorophenol indophenocl,
thymol indophenol, l-naphthol 2-sulfonate indophenol, thionine, methyl-
ene blue and indigo sulfonates. With a change in the degree of oxida-
tion from 99% to 2f the eH changes about 100 mv with these dyes (Table 8)

el = EO + K(30°)
TABLE 7
Indicators for lower rH, values (according to Wurmser, 1935)

rH, indicator E6 at pH 7
in mv

benzyl viologene =359 (400)
neutral violet «340
indulin scartds~h =300
safranine T -289
tetramethyl phenosafranine =273
dimethyl phenosafranine =260
tetraethyl piencsafranine 264
/8 - anthraquinone sulfate =250
1,5-anthraquinone sulfate -200
neutral blus =192
alizarin brilliant blue «173
gallophenin -142
ethyl capri blue (nitrate) - 72
methyl capri blue - 61 (60)
azure I 1
gallocyanin Al
2,6-dibranophenol indoguaiacol 159
m-bramophenol indophencl 48
phenol m-sulfonate indophenol 250
quinone 271

In one experiment, for example, indigo tetrasulfonate was re-
duced to 758 at pH 7.8 (determined colorimetrizally). E§ = 77 nv
at pH 7.8, It 1s er’dent from Table 8 that with an approximately 75%
redu.iom eH works out equal to -14% mv; consequently the eH of the me-
dium i: —7';--\1‘.* = -91 mve

Not only the oxidized, dyed form ofthe indicator can be
used for zolorimetric determination, but also the colorless, reduced
form (leukobase), There are many methods for producing leukobases.

1. The dyw solution is reduced by adding platinum astestos
1n the hydroger stream (Fig. 6). The campletel leukobase is kept in
a firmly alrtight pipette, It is added to the experimental solu-
tion in aydrogen atmosphere,
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In ef meaguring we canhot proceed in the same way as with pH
indi:ators, because experimental solutions are oxidized in contact
with alr and they change their potential. Therefore, we proceed as
followss

Indicator solutions are added sterilely to the Ilnoewlated cul-
ture medimms, In order to eliminate as much as possible the oxidizin
effect of air, substrates containing agar are used primarily., If O.?.i
of agar is added to the culture solution, anaerobes develop a few
millimeters under the surface of the medium. It can be inferred from
the change in color of the indicator how far the rH. of the medium
has dropped due to the growing culture,

' TABLE 8
Carnlementary valuss of eH cators, de on the
degree of oxidati accord to Hewitt
_;ggo;
Percentage
of K(mV) Coloring
oxidation

99 +60 ) completely colored
98 +51

95 +38

90 +29

85 +23

80 +18

75 +14

70 +11

65 + 8

60 +5

55 +3

50 0 half decolored
L5 -3

40 -5

35 -8

30 =11

25 =14

20 .18

15 -23

10 -29

5 -38

2 -51 colorless

1l =60

Redox indicators are used primarily, then, if upe wants to
vorify the results obtained on the electrodes. This is pariieularly
important in cases in which mediw:s with B,S or other substances that
disturb the formation of potentials are be examined, If various
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amounts of indicator are added to the medium being examined and the
speed of reduction is observed, then it is possible to form an idea

of the Mcapacity" of reducing systems. On the other hand electrometric
measurements characterize only the "intensity" or the level of reduction.

The colorimetric method has the following fundamental defects:
It is possible only rarely to observe an urmistakable color change ex-
cept by utilizing colorless mediums that are relatively seldom used
in microbiology. Usually we must be content with ascertaining whether
or not reduction occurs; however, the degree of reduction cannot be
determined., The values obtained with the colorimetric method are,
therefore, to be considered only as approximate values, Indeed, the
addition of the indicator to the experimental medium alters its redox
conditione If the color change indicates reduction, other components
of the medium must be oxidized. If the leukobase is oxidized, then a
component of the mediwm is reduced simultaneously. Therefore, redox
indicators are not at all neutral substances. They can oxidize or re-
duce the experimental medium which occasionally leads to fundamental
errorse If a2 large amount of an oxidizing indicator is added to a
reduced nedium in which it mus?® be decolored, the reduction substances
of the medium with slight redox buffering are unable to reduce the
entire added dye. A part of the dye remains oxidized and leads to the
false argument that the eH value of the medium is higher than the E6
of the added indicator, This possibility must also be considered in
measuring intracellular eH values. Therefore, it is necessary to add
the indicators to the medium only in such minimal amounts that coloring
and color change can be ascertained accurately. It must be observed
noreover that an equilibrium appears only slowly in the medium and that
the dye acts astively on the experimental systems and may alter the
redox condition.

Many dyes act as cell poison, and, therefore, they cannot
be used for research on living subjects without a preliminary check,

2. Electrometric Determination of the Redox Potential,

ce  a2tauds for Redox Determination,

Electrodes, eH determination can be made with polished pla-
tinun eis:irodes, with ploiinirzed platinunm electrodes or more usually
with sold and iridium electrodes. Nekrasov and Parfenova (1933) re-
camend platiznized electrodes., However, there are not yet any general
rules for th? cholce of appropriate electrodes.

Lepoer and Martin (1931) compared the valuss of a gold and of
an iridium electrode in a phosphate buffer solution through which they
ransnittied o, O, and Hoe They ascertained that the iridium electrode
reacts oquily well to nydrcgen and to oxvicen. The gold electrode, on
the contrarv, reucted almost hardly at all to a hydrogen saturation of
the nedim: i »y weikly to an oxygen saturation. The gold elec-
trode shvmd soxd resalts only after the addition of a redox indicator
with a low B} (siframdue).

Th2 sa1e cbservations were able to be made in bacteria cultures
that elliite hydrogen (Clostr, welchii on beef peptone bouilloen),
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A low el was indicated only by the iridiwm electrode. The potential
of the gold elestr.’~ dropped first with the addition of safranine,
not as much, however, as the potential of the iridium electrode.

Michaelis (1932) points out that platinized platirmum elec.
trodes are sensitive with respect to the oxyger and hydrogen gas
present in the olture medium, whereas this is not the case te¢ such a
strong degree with polished platinum electrodes. Electrodes made of
different preclous metals can, therefore, show different behaviors,

We chose appropriate electrodes on the basis of preliminary
experiments. Since platinmm electrodes are extremely camon in la-
boratories, and gold and ‘iridium electrodes, on the other hand,
are mostly lacking, we started with plaiinum electrodes.

Polished electrodes, The shape and size of the electrodes have
particular importance in work with polished electrodes in microbian
cultures, A small, needle-shaped electrode, 2 to 3 mm. long, yields
higher values than a 2 X 4 mm. plate electrode., The difference amounts
up to 100"kv when measuring with simple and vacuum-tube potenticmeters.
With a simple potentiometer polarization phenomena cause great diffi-
culties. If current is delivered by the experimental cell, the potential
of the polished electrode is changed considerably. The size of the
potential of the polished electrode changes about 20 mv and mcre, if a
current with a tension of 100 mv is delivered for a fraction >f a se-
cond which is frequently the case in testing the campensation point.

It is not possible to ascertain the coupensation point precisely.

The spread range within which the potentiometer is dead can be extended
over a range of up to 100 mv, These difficulties are slighter by
using vacmum-tvbe potenticmeters.

The er and oY values, measured with polished electirodes in

multiplying cultures, are too high, according to our observations,

in comparison with the data of the rHz indicators. (Experiments with
yeasts in malt and BEsch. coli in beef peptcne bouillon with glucose
with the addition of 0,3% agar.) The difference can amount to 100

to 200 mv or 10 rH2 units and more. Polished electrodes are apparently
not sufficiently sensitive with respect to reducing substances and
hydrogen that may develop during the growth.

The values obtained with polished elactrodes coincide with
the data of the rHp indicators only in fermentation processes with
turbulent hydrogen formation, as for example during acetone-butanol
fermentation (if the medium is supersaturatsd with hydrogen).

Polished electrodes in sterile mediums (beef peptone bouillonm,
beer malt, corn mach) show about & to 5 units lcwer rH., values than
platinized elestrodes. The same can also be observed wfth rH, measyre-
ments in old cultures that are saturated with atmospheric oxygen.
Polished electrodes, therefore, seem to ve less sensitive with re-
spect to the dissolved oxygen in the medium than platinized electrodes.

Plalinized eiectrodes. Valuss are obtained with these electrodes

that are independent of the site and shape of the electrode. Variations
with simple and vacuum-tube potentimmeters amount to few mv. With taem
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polarization is not so pronounced.

i/ The data from platinized electrodes in multiplying cultures

- agree very well with the data from rll, indicators. In old cultures
saturated with atmospheric oxygen and in sterile mediums the values are
higher than with polished electrodes.

Pla.inized electrodes display a higher sensitivity both with
respect to dissolved gases (oxygen and hydrogen) and with respect to
substances that are eliminated by microorganisms during growth. There
is a disadvantage in the fact that platinum black occasionally acts
as a catalyzer that affectc the course of biochemical processes in
cultures. Thus, for example, it is known that platinum black catalyzes
the decomposition of formic acid into Hy and CO2. In addition it ad-
sorbs hydrogen so that its concentration on the electrodes can be
nigher than in the medium. If the rH, decreases in micrcbian cultures
thot were colored with indicators, in many cases decoloration begins
in the ~vicinity of the platinized electrodes. Nevertheless these dis-
advantages are unimportant for the majority of experiments.

Prenaration of the electrodes., The electrode is a platinum
plate 0.25 X 0.25 com., fastened to a platinum wire 0.3 mm. thick and
10-15 mm. long. The wire is coiled in a glass tube in such a way that
part of the plate is held by it and its end remains free within the
tube and can serve as a contact with the measuring apparatus. Con-
tact can be produced with mercury poured into the glass tubes, or a
copper wire is previously soldered on the platinum wire (Fig. 7).

Platinization results electrolytically in a platinum chloride
solution on the cathode of a four volt battery. After platinization
the electrode is wached carefully and polarized cathodically in 10%
sulfuric.acid.

Cathode polarization cleans the spongy surface of the electrode
of the remains of the platinizing liquid and facilitates besides the
buildeup of the potential (Sacharyevski, 1940; Nekrasov, 1927). Our
exverimants were abls to verify this.

Measurement of the potential, The potential on the electrode
_s measurad i the simplest case by means of the compensation method
on the Wheatstone bridge, just as in pH determinatioen (Fig. 8).

When the compensation point has been determined, the magnitude
of the potential c¢f ths platinum electrode in comparison with the calo-
mel elsctrade is camputed in accordance with Pogzendorf's formula.
However, since the calamel electrode, in camparison with the normal
hydroge1 e.e~trode, indicates a value of +250 mv (at 209C,), we must
add 250 mv o the measured potential independently of the sign. This
can best be expiained by means of a diagram. Ths positive potentials
lie to the right of the zoro point and the negative ones to the left
(Fize 9). The zero point is the potential of the normal hydrogen
electrcdes ¥ is the potential of the calomel elactrode (+250 mv);

X is the measured positive and y the measured negative potential.
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Then eH = Kx + 250 or eH = -yK + 250,

The measurements may zalso be taken with simple potentiameters or
with vacuum~tube potenticmeters.

Polarization of the electrodes. During the determination of the
compensation point a weak current flows constantly in the axperimerntal
circuit, causing a deflection of the galvanometer pointer. A polariza-
tion of the electrode can already be produced with a current of several
tenths of a mill:impere, which disturbs the measurement of the potential
and campletely distorts its magnitude. The setting must be found on the
potentiameter at which no current flows and the pointer does not deflect.
Measurements are considerably simpler ¢o make with the aid of vacuum-
tube potentiometers. In this case the experimental circuit draws no
current, and a polarization of the electrodes does not occur, The po-
tential merely produces a static charge on the vacuum-tube grid. The
rH, can be measured accurately only with this kind of vacuum-tube poten-
tiometers or vacuum-tube amplification. When working with a simple
potenticmeter there is always a certain degree of inaccuracy. In order
to avoid errors resulting from pclarization of the electrodes, the fnl-
lowing method is often used: If an electrode has become polarized,
the switch lever must immediately be brought into the positlon that
produces an opposite current and, consequently, an opposite polari-
zation of equal strength. In this way the one polarization is com-
pensated to a certain degree by the other one. In order to attain
still greater accuracy, not only one but two to thres electrodes are
used. One electrode serves for approximate determination and always
produces some errors due to polarization. The seccnd electrode can
then be put already closer to the compensation point and thearror
becames significantly smaller. In this way the exac’ compensation
point is found in the shortest time,

De*erriination of rH, in individually extracted samples and in

microbian cuitures. The measurement of rHs in a sample extracted fram
the experiment receptacle mmns into Aifficulties, since the reduced sub-
stances present in the medium may be oxidized in contact with atmose
pheric oxygene LI the culture is in the stage of intensive multipli-
cation, the eH is usvally very low. The taking of the specimen is
combined with a thorough mixing of the mediuwm and increase in the
potentii., The result is an active growth of aerobes and an inhibition
of aanerovic germse. This in turn signifies s new decrease in the eH
values, Thersfore, tne measurements do not produce a perfact picture
of the redex sonditions prevailing in the culture,

In vdtures that have already reached the sationary phacte the
conditlons ar: somewhat more favorable, The eH goes up only sliygntly
as a rasa.t of enrichment with oxygen, and the original value soon
reappeuars. Simpies .an also be taken from cultures thav have been
killed by udding thymol afier standing for about twelve hours for
measvraman®, sincs thymol does not affect either the eH cr the pH
valuds,

The question arises in this type of measurements as to how

qui:«ly the poteatial is built.up on the electrode and how quickly
the test fluid reiwrns to an equilibrium with air.
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It turns out that the rapidity of potential build-up depends to
a greut degree on the condition of the electrode (previous utilization,
etc.)e The cause of this behavicr, however, is still unknown.

Usuzlly when the electrode is introduced into the test liquid
the potentlial is too high at first; then it decreases and remains at
the same level. A oconstant pctential is occasional.'y attained after
5-10 minutes, sametimes only after 30-60 minutes. In each it rust be
taken intn consideration that the eH values in measurements under
aerobic conditions aid in an oxygen-free atmocphere (aitrogen, vacuum)
may be very different. If potentials that are conditioned only by the
redox systeams present in solution are to be determined, they must always
bs measured with oxygen excluded. Ths best method is to feed in nitro-
ge'ﬁ ;:hat must be campletely free from oxygen (Raynaud and Viscontini,
1945).

Ia his way. for example, in completely air.free beef peptone
bouillon the eH is -125 mv; after the admission of air it is -40 mv,
and after supplying ordinary, commerdtral.grade ajtrogen (oxygen con-
tont about 0,68) it is -9C mv.

Good results are obtained by measuring in a —~cuum. According to
Utevskera and Yefimov {1937) at 50 mm. of vacuum the eH in blood and
in other biological flulds drops about #0 tc 45 mv, compared with thas
measuremants cbtained without any particular exclusion of air, Vuseline
is an inadequatu protection frur oxygen, since gases cun pass through
without diffionlty.

Tae dl-act rH, measurement in the microbe culture itself is tu
be preferred. 1% ls uot very prz- tical to insert the electrodes in
the expsrimental receptacle since a certain amount of time must always
first elapse for the pr =ntial to appear. The siectrodes, rather,
remain constantly in the culture receptacle during the experiment. A
curve of the tima lapse of the sH shanges ic thus cbtained.

We muasured with two and three electrodes (Fig. 10}, in order
to avnid inace 153 and accidents, The experimental medium is steri-
1lized in a flo.s or in another rscentacle, The electredes and a XCl-
agar tuoe are imnersad in itho culture <olution, hald by the wadding
stopper. The tube producss 1. connsction vo the calomel electrode.
“he 3% agar doss not contain saturated but rather only a 10f XCl
solu*ian, <o that not oo much XZ1 will pass over to the mediunm.

The diffusion poteatial presant at the bourd~ry tetween the agar
bridge and the calomsl slectrode is disregarded (it is not greater
than 1 to 2 mv).

The agar bridge is mace as follows: The e=Z of a glass tube,
8 t¢ 10 mm. ia Qlaneter, is sealed up arut 2.2 mm, by mel*ing over =
flame, Then a bundls of asbestos fibers about 1 cm. long is firmly
melted down in the still rema.ning opening, so that a leakage of the
agar 1s prevented oven when sterilisinz in an autoclave. The :om.
pletad tube can be used for a great number of experime. s, Tre
agar 1s voversa orer wiih a lger of a satursted KCl solution, in
ordsr tu producs a connection with the cclamel elsctrode,
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Aubel znd his coilaborators (1944) had considerable difficulties
in doter:ining the <7 values with polished platinum electrodes in cul-
turss of Clostr, sporosenes. The cause probsbly was the action of
netelolic vroducts on the electrodes.

lwgver cnd Doo sarheide (1936) used polished zold electrodes.
Tag, Lfound thrt wic potential is occasionally builteup very todly oa
the elecirode. sapverently no equilibrium occurred betiween the redo:
systems of <ic cells and the electrode. In these cases the addition
of a edon g, zter, fov exouple a redox indicator, is recommended, i
Lowentiel then opoerre only when the de is partizlly ieduced; thot is,
o orgrdationerecduction peir forms that is in equilibriuv: with the
neaimte IT the redox systems of the cells couse this kind of cone-

dition, the potentizl can easily be measured.

The o7 interval, i which o dye is partially reduced, is
very oacll -- cliojcther about 100 mve Therefore, it is preferable
to use not oaly one e but a wixture of dyes covering a greater eH
ran;c. -ith uk?Oﬂ"l? reductive conditions the following mixture, for



example, is useds Nile blue, brillient alisarin, Janus green, pheno-
safranine and neutral red. 0.001% of the mixture is added to the ex-
perimental medium. The following came into question for higher eH
ranges: (Oallocyanin, thionine, brilliant cresyl blue and methylene
blues A well measurable potential is bullt-up on gold electrodes in
the presence of such "potential transmitters."

The method of Kluyver and his collaborators has, however, a
disadvantage i that the added redox systems may alter the potential
of the experimental medium, if the redox system of the medium is only

Moreover, the range of the eH changes in the culture may be so
great that the entire set of indicatcrs must be added in order to cover -
it. The nmethod breaks down with high rH, values, since we have no ril;
indicators avallable over rH, 23.

Other substances, besides rH, indicators, afe occasionally
used. Ward (1938) used 0.0003% molar K3 [Fe(CNg)] in a synthetic
nedimm in experiments with Bsch, coli.

In order to obtain more accurate values, it is occasionally
recammended to polarize the cathodes of the electrodes before using
them (Nekrasov, 1927, Nekrasov and Parfenova, 1938), The same result
is obtained, if the slectrode is treated with hydrogen (Sacharyevski,
1940), Platinum is released by this means from oxidized subsiances
that are a disturbing factor in the determination of the potential,

Qur experierce indicated that it is absolutely necessary to
clean the electrodes frcm time to time in this manner,

Measurement errors can be avoided and tsiter results obtained,
if differently tireated electrodes yield measurement values that agree,
Nekrasov and Parfenova polarized oppositely two electrodes. After
depolarization the measurement values with both electrodes agreed
very well in the final result. In this way potentials of complicated
biulogical medimms, like hay decoction and Egch, coli cultures, are
determinad, The potential of the electrodes in hay decoction, after
peiarization, was constant after one to two hours (Fig. 11).

In a culture of Esch, coli (Fig. 12) the potential is built-
up unusuzlly quickly. That is proof that redox substances with
strong buffer characteristics were present in the medium. This
method is particularly impertant in cases in whica the redex cor-
dition of the medium is to be characterized. It is not usable if
it is desired to trace the dynamics of the redox changes.
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3. Characterization of the Redox Potential by means of eH and pH or by means

ol THo.

The size of the redox potential i3 given in volis or millivolts., It
is the potential of the experimental electrode compared with the potential
of the normal hydrogen electrode.

In addition the redox potential can be given in rHp values, that is,
as a negative logarithm of the partial pressure of gaseous hydrogen. This
term, as has already been mentioned, was propcsed by Clark. In order to
characterize a redox potential campletely, it is absoiutely necessary
to take the pH value into account, since it affects the size of the eH.,

If it is desired to compare the eH of two different culture mediums,
it must always be taken into counsideration at which pH the eH measure-
ment. occurred, Therefore, only the eH and the pH characterize com-
pletely the redox condition of the medium.

The rH2 includes within itself the size of the pH at which the
measurement was taken:

H, = eH + H or rH =eH+0.062H
= swi0 2 2% =5.03

The importance of the redox potential in biology lies primarily
in the fact that it represents a quantitative measure of the radox
condition of the medium. The rH, characterizes the saturation of the
culture medium with oxygen or hydrogen and gives simultanecr'sly the
proportion of oxidation ard reduction substances in the mec .m.

‘ Clark's formula for computing the rHs; assumes that there is a
definite dependsncy of the eH on the pH: The eH changes about 60 mv
per pH unit, There are cases, however, that display another dependency
relationship.

Clark's formula retains ite validity only for those cases in
which the ratio gd is red- g2 ox*. If the case occurs, Jor example,

that red is a dibaéic acid (Kollath and Stadler, 1939) that dissociates
in the following manner:

red (not dissociated) =¥ red~ + A" > red =~ + T + ¥

then the ox/red ratio varies depending on the de_ *e cf dissceiation

of the acid. If two hydrogen atoms are formed by the dissociation, the
change in eH amounts to (.06 volts per pH unit, If one hy irogen atam
is Jormed, the® change amounts to 0.02 volts.

According to Michaells the change in eH may amount in some cases
to 0,120 volts per pH unit.

Consequently, opinions tc dste differ on whether to use the rH,
for characterizing the redox potential or merely the eH values. While
they work prima~ily with eR valuss in England and in Ameriea, both are
in use in the Soviet Union and in France.
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In order to clarify the question whether rH, may be used as an
indicater of the redox condition of the medium or whether redox systems
actually appear in mierobiological research, in which the formula de-
veloped by Clark has no validity, special research was conducted on the
dependency of the eH on pH (Tables 9 and 10).

It becames evident that the various indlcators change the size
of the eH depending on the pH. This occurs with some dyes in accord-
ance with Clark's formula. By computing rH, from the pH and eH data
one and the same amount results with any given pH value with neutral
red, Janus green, indigo monosulfonate, indigo trisulfomnate, indigo
tetrasulfonate (with the last three only at not too high pH), toluy-
lene blue, l-naphthol 2.sulfonate indophenol, indo 2,6-dichlorophenol
l.naphthol 2-sulfonate, thymol indophenol, o-cresol indophensl, 2,6-
dichlorophenol indocresol, 2,6-dichlorophenol indophenol, o-bramo-
phenol indophenol, phenel indophencl, o-chlorophenol indophenol.

As can be learned from Tables 9 and .0, the rH2 values do not
completely agree at the vardous pH values. If the differences do not
amount to more than l-1l.5 rH; units, they may be disregarded, because
usually no greater accuracy can be attained in blological experiments.
Howsver, with scme indicators, like phenosafranine, cresyl violet,
brilliant cresyl blue, methylene blue and thionine, the deviations are
rore considerable., With these dyes the rH, values are considerably
aigher in an alkaline enviromment than in an acid one.

With same biologically important redox systems, for example with
2scorbic acid, Clark's formula retains its validity at pl values of
2 to 4 (Table 11). However, the dependency relationship is changed
‘n an alkaline enviromsent.

In addition we attempted to ascertain how mixtnres of organic
substances behave in this respect.

The conditions in culture mediums and culture liquids are of
particular interest.

We found, in bibliography on the subject, some data on the
dependency of the eH on the pH for culture mediums from which the rH,
values can be computed.

Knight (1930) investigated the eR of a sterils, air-sxhausted
and buffered bouillon at various pH (Table 12). The eH was deturmined
olactrorictrically and colorimetrically. In a beef peptone bouillon
the rHp changed slightly at different pH values.

Stuart and James (1938) obtsined completsly other results in a
mediun of peptone (1%), gelatin (2f) and yeast-water (2(4) to which
various amounts of iaCl were added for cultivating halophile microbes
(mable 13). ([Kote:] The rfl, values wersa computed by ues in measuring
el i~ un N, atmosphere at 28° to ,0° C.)

In contrast with Knight's cbservetisn: the rHz in this medimm was

higher the more the medimm was alkaline. The differences reached 4 rfl;
units in a pH ranges of & to §. Here rR2 characteriszes the redcx con-
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TADLE 9

o, on the pH at 300 C. (according to Clark) (The upper figure indicates the eH
in mv, tne lower one, the TrHoJ
neutral {Janus |pheno- Jcresyl | indigo [Nile indigo | indiro| indigo —uuacu bril- methyl-
DR red green safrs- }violet | mono- Jue disul- tris1lg tetra- “reen liant ene
red- mine sulfo- fonate fonate sulfo- | blue- cresy blue
color- nate nate red blue
less (1 re-
ver-
: 5ibla)
1 - - - - 210 - 240 280 310 - - -
9.0 10.0 11.3 12,
2 - - - 135 - 170 210 250 - - -
8.5 g.8 11.0 12.3
3 - - - - 50 - 120 140 190 - - -
8.7 10.0 11.3 12.3
4 - - - - 25 - 65 100 130 130 - 170 &
8.8 10.1 11.3 12.3 12.3 13.7
5 |-205 111 - -30 ~50 -2C -10 32 65 AC 126 101
2.9 6.3 7.3 2.3 9.3 9.7 11.1 12.2 12.0 14,5 13.4
&5 §1-279 183 L 211 =123 =100 -85 -69 -8 6 24 78 &7
2.7 5.9 5.0 7.9 8.7 9.2 9,7 11.1 12.2 12.8 4.6 13.6
7 (-340 L 25 =2l2 =167 =160 142 =125 -81 -4 -35 32 11
2.7 S.h 5,92 8.4 2.7 G.3 9.° 11.3 12.5 12,3 “15.7 15.6
p [_302 330 273 1.100 -21C - -167 -171 a7 - 0 -20
2,0 ] 5,0 i 6.9 2.4 9.0 1C.4 12.0 11.2 13.0 15.3
9 {-440 |-379 304 =215 - 280 - -199 -152 =114 - =33 -50
3.3 ok 7,0 10.8 1¢.0 11.4 12.9 14,5 17.8 16.3
17, - pse” bons - 279 - - 2190 | - - - | .2
, 4.3 A 11.0 13.4 1523 i 7D
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ditions of the medium only approximately, PFurthermore, it is worthy

of note that a strong increase in the salt concentration (up to 17,54

and 27.5%) leads to a lowering of the rHo. According to Stuart and James
the optimum for the growth of the halophile bacteria being investigated
with increasing salt concentration was at hligher pH values. Consequently
the optimun growth seems to be linked constantly to the same rH, value.
In a salt-free medium an rH, of 19 occurred at pH 3.93; in a medium with
27.5% MaCl the same rH, value first appeared at pH 5.37.

Zobell (1946) measured the redox potential of marine sediments
with polished electrcdes and a vacuum-tube potentiometer. He ascertained
that the eH values can be changed about 50 to 138 mv per pH unit.

We also examined various organic mediums, such as, for example,
beef peptone bouillon, malt and other culture liquiis. The measurements
were performed both in sterile, non-inoculated culture solutions and also
in culiure solutions in which the develomment of microbes had concluded
(}Note:] 104 of the total volume of the culture solution consisted of
1/3 M phosphate buffer with pH values of 5 to 8. We used platinized
electrodes for the measurements). In a pH range of 5 to 8 the rH- values
changed a maximum of about 3 units, usually, however, only about one unit.
The same was the case in old cultures of Bac. Subtilis, Bac, megaterium
(bzef peptone bouille * and yeast (malt).

In microbioclogical research we are censtantly concerned with
very strong variations that attaia 500 to 1000 mv. On the other hand
the pH changes in a culture seldom exceed two units. In suck cases
we can use the rHy value unhesitatingly. This is all the mere justi-
fiable since we can not only compute rHs but also measure it directly,
everi though the methods have not yet been tested in microbiology.

Vles and Dex {(1943) propssed a himetal element that indicatss,
after immersion in the experimental solution, a potential that agrees
completely with the rHo. It consists of an o.dinary antimony electrode
and a platinum electrode. The experimental solutions with various eH
and pH values contained dithionite, hypochlorite, ferro- and ferricya-
nide. ‘

An analorous principle forms the basis of the use of another
pair of elactrodes, consisting of a glass and a platinum slactrode
(Kordatzki, 1053). The rHp can be ovomputed fram the amount c¢f the
electramotive force with the aid of a formula. It is easier to campute
the rHy» if the namogram propesed bv Usov and Fogodayev (1956) 1is used.

V. Swunary.

The redox potential makes possible a quantitative characteristic
of the redox condition of biological culture mediums. It is formed by
the presence of reversible oxidation-reduction pairs, of irreversible
reducers a.d by the action of the free oxygen and hydrogen in these
nediums.

The redox potential is characterized completely by means of the
symbol rH, with 2 single numeral. Since the eH is changed in different
ways ir the various redox systems due ‘o modification of the pH, the
rio values canputed fram the measured pH and el values are subject to
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%y and rilp of same biologically impbrtant substances at various
pil values (according to Hewitt, 1950)

ascorbig acid 5 catechol adrenalin

pH 54 er Pl E6 rHZ pH E§ r¥,
2,16 250 13.3 b,07 Su7 26.9 L.07 556 27.3
3.0 200 13,3 6.08 427 26.9 6.08 520 27.0
4,00 154 13.3 7.66 333 26.8 7.66 345 27.2
5.19 115 144 9.28 253 27.2 - - -

6 [} 3 2 7 8 15 L 3 - - - - - -
7.2k 51 16,2 - - - - - -
8.57 -12 16.6 - - - - - -

TARLE 12

Dependency of the eH and rH2 on the pH in bouillon made air-free
with and without rfl, indicators (according to Knight, 1930)

without with dye colorimetric
ph dye determinstion
ell er dye eH rilp o e¥ ri.
5.96 +5 12,1 indigo tetrasul- -9 1.7  5.35 +2 114
fonate
6.06 +15 12,6 indigo tetrasul- =13 11.7 €.60 k5 11.3
fonate
642 25 12,0 indigo tetrasul- 45 11.3 9.09 =207 9.1
‘ fonate
5.82 55 11,7 indigo triswl- 67 11,3 9,14 227 ¢!
fonate
6.92 71 1.4  indigo trisul- =65 11.5 - - -
fonate
7.31 -02 1.4 indigo disul- =11 10.8 - - -
fonate
7.62 <130 10.7 indigo disul-
fonate =171 9.4 - - -
8.45 =195 10.6 indigo disul- -238 8.7 - - -
' fonate
8.57 =181 10.9 4indigo disul. =245 8.6 - - -
fonate




TADLT 13

Dependency of the eH and rHs on the pH in & culture mediwm with

the cddition of various amounts of NaCi {according
to Stuart and James, 1938)

ithout 7.5 17,50 27.5%
pH NaCl MaCcl NaCl NaCl

e’ rily o rH, el rlifa eH rils
3,87 °17 0.6 3290 19,1 25C 17.2 290 17.5
4,56 222 20.4 2e2 19, 272 17,7 261
b,25 N7 20,6 ;7 20.2 27° 19,3 276 19.7
Lol n2C o 270 1%.4 265 19.0 258 18,2
5,37 207 20 202 20k 243 19.1 241, 19.C
S5.000 oo 2l 2 20.8 235 21.5 230 i
5,70 250 20,0 253 20,4 223 19,2 230 19.7
4,1 270 2.5 259 .2 217 16.7 225 20,2
S22 200 2500 22,0 20 19,9 226 20,6
7.04 °°r 22,1 230 22,2 2C3 21.1 195 20."
7.37 v 22,9 232 22,7 200 21,6 194 pa
2.00 i oW 23 23.9 193 22,6 183 22,




i .

& 8light error of one bo two rH, units.

The eH can be determined colorimetrically with a set of indicater
dyes. COlorimetr:!c determination is used in microb:.ological practice
principally only for crientation, since it is difficult to ascertain the
degree cf radu:tim when atmospheric oxygen 1s aduitted. We can usually
only delermine whether or not the dye in question is reduced., Some other
sources :f erruor aro added to this. Therefure the colorimetric determi.
nation method for the rHy is suitablse for the appro.imate determination
of the pH by means of a set of indica‘ors. Platinum elcctrodes are to
be prefsrred for the electrametric measurement of the eH,

The I must alsc be measured in addition to the eH, in order to
be able to calculate the rHy. ' The speed of the potential build.up is
usually withou! significance in measuring the eH in growing cultures.
Even it the elecirode does not directly indicate the changes in tne medi-
um, it makes scarcely any difference at all to the characteristic pic-
ture of the potential curve. The time that elapses until the appearance
of the potemtial is important only in cases in which a sample is taken
out of the cuiture receptacle and is moeasured.
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CHAPTER 3
Active Acid Content and Redox Conditions in Living Cells.

I. Irtrecellular Hydrogen Ion Concentration.

After working out the electrometric and colorimetric methods of
determining the hydrogen ion concentration the question of the pH within
the living cell arose. The first studles appeared in the years 1914
to 1916 (Reiss, 1926.)

1. Hydrogen Ion Concentration in Plant Cells.

Experiments on the pH value in cells of higher plants were con-
Cucted with colorimetric and 2lectrometric methods, for example on pressed
juices and on tissue sections.

At first the colorimetric method seemed to be the most promising.
It sufficed to immerse the cells in a dye solution and to observe how
the various components of the living cells are dyed. However, further
questions arose on the penetration of the dyes in the individual parts
of the cells and on the storage of dyes.

Since the majority of living plant cells contains predeminantly cell
sap ond the cytoplasm lies close to the cell wall only as a thin layer,
usually only a coloring of the cell sap and not of the cytoplasm is ob-
served.

Concentrated indicator solutions should not be used for live color-
ing, since they may have a toxic action. On the other hand, by using
strongly diluted scluiions and thin subjects the coloring cannot be de-
tected under the mirc oscope., It only hecomes visible, then, if the dye,
compared with theecr :ntration in the surrounding solution, has tecome
considerably snrichsad in any nart of the cell., The enrichment usually
occurs in the cell sap and not in the cytoplasm. For this reason results
obtained fra: plant subjecis by the colerimetric method usually apply
oenly to the :ell sip and in no case to the protoplasm.

The first observations showed that the pH values of julces pressed
from leaves, roots, sprout stems and storage tissucs of numercus plants
lie betwesn pH 4,5 and 7.7, on the average between pH 5.0 and 6.5 (cf.
Reiss, 1926),

The experinents of Small and his collaborators (Small, 1927; Rea
and Smill, 1927: Martin, 1927 a,b) should be mentioned among the
later stiudies, The authnrs used thin tissue sections, eliminated the
d' itroved cell residue by wasning in neutral water and put the sectioms
over night 1y a pH indizator solution prepared according to Clark. After
still more wushings they were then examined i~der the microscore.

I+ was assumed that the cells were dyed uniformiy and tha* differ-
ences between nuclens, cytoplasm and cell sap were present only in the

=55




intensity of the coloration but not in the ¢inting. The pH value of in-
dividual ceil camponents was not taken into consideration in these stu-
dies, In gemeral the pH values of various tissues from 165 kinds of
plants ranged between pH 4 and 6. The tissues of the sunflower were the
frvo~ite subjezts The epidermis hair had the highest value, with pH 9,
the epidermis cells and root hairs had the lowest, with pH 4.0 to 4.4,
The othgr tissues (phloem, pericycle and root tissue) gave pH vaiues at
50)2 \‘;Q ool )

_ Sabinin (1921-1923) arrived at similar results by dying sections
of Sedum Telephium and Impatiens noli tangere with neutral rec.

Martir (1927 b) assumed that differences in the pH value of
various tissuss were caused by a weak tuffering of the cells., After
pressing oul the cell sap and clearing it af albumin he fourd a phosphate
content of 0.005-0.007 mol. The buffering power was proportional to
the corresponding phosphate concentration, and : slight buffering of the
cell sap corresponded to a slight phosrhate copcentration. In agree..
ment, with this the pH value of the cell sap could sasily be changed by
means of CO,: with a 5§ CO, content in the atmosphere it changed from
pH 5.6 to pH 5.4 and with CO2 to pH 3.8-4.0.

The pH value of a plant tissue can be determined on the whole with
electrametric methods (Uspenskaya, 1S34). The subject is incised with a
plece ci broken glass. QGinhydrone is put in the notch and an electrode
inserted, The cornection with the emitting elecirode (calomel electrode)
is accamplished over a U-tube filled with agar stuck in near the measuring
electrode, By means of this method the follewing pH values werc given
by various plantss 1in the rarenchyma of the sprout stems of Begonia rex,

2.0; Begonia semperflorens hybrida, 1.8; Bryophyllum calycinum, 3.0;
Tradescantia virginiana, 4.6; Tradescantia zebrina, 3.8; in the watery
tissdes of Puphorbia candelabrum, &.5; Buphorbia splendens, 4.2; Phyl-
locaotus Boothii, 3.7; Cotyledon ugavoides, 4.5; Cereus speciosissimus,
5.o; %hinocaetus tephracanthus, 5.0; Aloe Patu, 3.8: Cotyledon Pringlea,
3.7.

Tissues fram fruits and storage organs were also examined in this
manner (Table 14),

TABLE 14

The pH value in fruits, svorage roots and tubers {(accord! to Uspeng«aya

pH_values of differept growth stages

Cell Cell end of

gub 3ot diriaion Growth growth
Frangaria yrandifolia 4.4 L6 3.7-3.6 5.6~5.8
rangaria 1es.a 4,4.4.7 3.6-3.8 6.0-8.1
Tubus Idosus 4,3.4,5 3.7-3.9 4.6.5.8
T™is malus (Aport..Apfel) 4,8 3.1-3,3 5.1-6.7

s malus (Anto.ovia) 4,6-5.0 2.8.2.9 5.1.5.2
icumls sativus 6.5-6.7 . 6.5-6.8
Taucus carota 6.4-6,7 5¢6=3.7 £.5.6,7
“eta vulgarils 6.0-0.2 5.7-5.8 6.6-6.7
Solanum tuberosum 7.0-7.1 6.7-6.8 6.6-6,7
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Rabotnova (1936) found the following rH values in sma.il tubers
and rhizothamnidium:

Galega officinalis pH 5.8-5.9

Pisum sativum pH 6.6-6.9
Vicia cracea PH 7.1

Lupinus poiyphvllus pH 6.8-7.0
Alnus incana PH 5.6-5.75

Elgeagnus argenteus pH 6.0-6.3

Uspenskaya (1939) put algae colls in buffered dye solutions (pH
5 t0 7.6; M/90 phosphate) with 0.01% dye. The use of various pH sub-
stances was necessary because of the different permeability of the dyes.
The viability of the cells after coloring was verified in flagellate
types by observing their motility; in other types by detemining the
1imit concentration at which neither growth nor multiplication results.
The pH values lay in a broad range from pH 4.5-6.9. Spirogyra inflata,

Spirogyra neglecta, Eudorina elegans, Sceiiedesmus quadricauda and Pedia-
strum duplex hai an acid cell sap, Asterionella formosa, Fragillaris

crotenensis, Melosira varians, Synedra ulns, Aphanizomenon flos aquae,
Ansbaena spiroides crassa and Microezstis aeruginosa had an almost

neutral coll sap.

Brooks (1926) experimented with the large sea-algae Valonia be-
longing to the Sipnonales. The cell sap of mashed and pressed cells
gave colorimetrically and electrometrically (with a glass electrode) a
pH value of 6.4.

Here also the reaction o® the cell sap cuald be changed by immer-
sing the cells in acids and bases without death of the cells. After a
fifteen minute action period of a 0.0025 mol NHjCl solution the pH value
of the cell sap rmounted to 9. When CO, was introduced into the water
in which te aljae were, the pH value dropped to 5.2

Since many dye solutions permeate badly, Rapkine and Wurmser
(1926 b) used a method of microinjaction. The filamentous alga

a was the subject of experiments. With bramcresol purple,
methyl red and bramothymol bvlue they maintained a pH value of the cell
contents at pH 6.0 + 0-2.

Mahdihassan (1930) combined immersion in the dye soluticn with
microinjection. With the aid of a Peterfi micraranipulator needle
(2.5m diameter) he injured the cell membrane and then dyed the cells
in solutions of phenol red, bromothyriol bHlue, bramcreso} purple, diethyl
red and p-nitrophenol,

With Sacch. cerevisiae Strain XI1 an intracellular pH valus of
5.9 to 6,0 resulted, and with Pisarium lini{ the values were around pH
6.0-6.1. Here also there was no difference between the pH of the va-
cuoles and of the ecytoplasm. In gensral the majority cof the pH values
found ir. plant subjects must be applied to the cell sap. Data on the
color difference of the cytoplasm and of the cell sap are found in no
study. However, it can scarcely be ccncluded fram this that in all cases
there is no difference between them with regard to the pH value, As
the experiments cited show, the cell sap may d!aplay quite different pH
values, from pH 2 to pi 7. It 1s difficult to conceive that the hydrogen
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ion concentration ¢f the ~ytoplasm is likewise low in cells that form
acid and whose cell sap has a low pH value. The protoplasm of animal
cells ir extracrdinarily buffered and is scarcely altered by varying re-
action conditions in the exterior medium. The cell sap of plant cells
~on the othsr hand is only weakly buffered. It prcbably acts as a re-
gervoir that collects the excess acids formed by the cytoplasm and *here-
by avoids strong pH variations. Unfortunately there are still no de-
tailed experiments on the pH value of the cytoplasm ir plants whose

cell sap is very acid.

2, Hydrogen Ion Concentration in Animal Ceils.

Cells of animal origin consist primarily of cytoplasm. The
vacuoles are usually small or are lacking, and pH indicators are not
enriched in the cytoplasm. The plasma granules remain colorless even
by crushing, for example, an ameba (Chambers and Pollack, 1927). The
pi indicator penetrates exclusively in vacuoles and granules and dyes
them. For this reason the intracellular pH value is more difficult
to determine with the colorimetric method in animal cells than in
plant cells,

Pantin (1923) put sea amebae in a neutral red solution and com-
pared the coloring with the colors of buffer solutions. The values
were: in the endoplasm, at pH 7.6; in the ectoplasm, at pH 7.2; and in
the pseudopodium, at pH 6.8. Sea water with pH 8 always had a higher
pH value than the cells.

In order to eliminate the permeability question, the cells were
injured here also. This ozcurred in the simple-t way by crusting. Vles
(1924) determined the intracellular pH value in the eggs of echinoderms
up to 1504 in size, He put them in a drop of dye solution between a
slide and a coverzlass by pressing on the coverglass to burst them, sc
that the coloring of various cell components could be observed under
the microscope. According to Reiss (1926) this method is usable only
if the observation is made very quickly, that is immediately after crush-
ing the cells,

According to Reiss, much importance must be placed on carbonic
acid, which, together with bicarbonate, conditions the weakly acid re-
action of the medium in normally breathing cells. By crushing cells to
a thin cell mash or extract, carbonic acid is released after cessation
of respiration, the cell environment becomes alkaline, and too high pH
values result, In order to avoid this error in the pH measurement of
crushed cells, Relss used a refrigerated nmortar in which the crushing
could be performed simultareously with freezing. He found that the pH
value in ths cells of various tissues from invertebrates and in muscles,
lungs and liver of vertebrates fluctuatec. between pH 5.5 and pH 4.0.

Schmidtmann (1924) inserted with the aid of a Peterfi micramani-
pulator a microscopically mmall crystal of the pH indicator, attached
vith gelazine to the end of a fine needls, into muscle cells of mice.
The 2o0loration of the cells was compared with the color of minute
droplets of buffer solution that were applied on the cover glass along-
side of the cells being examined. The result was a pH value of 6.7 for
the muscle cells.
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The microinjection method was used with still greater precision
by Needham and Needham (1925, 1926 a). Their experirental subjects were
primarlly protozoa and the eggs of various marine echinoderms. They
used a modified Chambers micromanipulator. They used as indicators
Clark and Lubs dyes with 2 small albumin error: phenol red (0.5%),
bromothymol blue (0.8%) and neutral red (0.2%). The dyes were in.
Jected into the cells with a 2-4 4 ¢iameter micropipette whereby the amount
of dye did not exceed 1/5 of the volumen of the cells.

With Amoeba proteus 81 of 90 injections yielded pH values around
7.6. [his must have corresponded to the pH of the living cells, since
the ziebae still remained mobile at least 20 minutes after the irjection
and they stretched out their pseudopods.

In the eggs of marine echinoderms and mussels the pH value
amounted to G.6; this value remained unchanged even after fertilization
and during division up to the l6-cell stage, and it dropped to 4 to 5
only after death of the cell due to cytolysis.

The mumber of subjects examined has become very great in the course
of time. Rex.s (1926) discussed the results of earlier studies. Numerous
experiments were performed by Chambers and his collaborators {Chambers
and Pollack, 1927; Chambers, 1928; Resnikoff and Poliack, 1928; Pollack,
1928). Sea-urchin eggs were alco used for experiments. The pH indica-
tors methyl red, bromeresol purple, bramothymol blue, phenol red, cre-
sol red and neutral red in acid and alkaline solution were injected
into the eggs of Asterlias forbessii. The result was a pH value of
€.7 + 0.1, Chambers also injected the irdicator into the cell nucleus
and found a pH value of 7.5 + 0.1.

Rapkine and Wurmser (1926 a) obtained different results ir their
research on the salivary glands of Chironomus and the eggs of Paracen-
trotus lividus and Asterias rubens. They found, with the same method

that ¥eedham 2lso used, a consistent pH value of 7.2 in the cytoplasam

and nucleus of all subjects.

A1l the authors who lnvestigateé the pH value of the cytoplasm
of animal cells :scertained a strong vuffering. A change of the pH

valuee fram 5 to 3 in the exterral mel'um, for example, had no effect
on the d;eing of an ameba with neutral red.

Chambers injected pH indicators in cells of Amoeba dubia and in
unfertilized egps of Asterias forbessji and Echinorachnius pamma and put
them in a humid chawber through which air enriched with CO2 and NH3 was
supplied. The aucleus and cytoplasm did not change their color. %he
inclusions (vacucles and zranules) on the other hand became acid in
air enriched wilh COp and 1lkaline in air containing NH,. When a amall
amount of hydrocnlceric acid at pH 2 was injected into 3 cell of Amoeba
dubia, the pH value indeed became lower at the place of inilection, but

it immediately wert up again to its original value, If a larger amount
of acid was iriscted, no change back to the original value occurred in
the respe:-ire saction of the cytoplasm, The acidified cecticn died and
was eliminatad from the cell. The same rssilt was obtained by in-
iectinr a phosphate buffer solution at pH 5.6-8.0C.

“arcover, ascording to Peck (1937}, extoplasn has a creat tuf-
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fering power. He particularly emphasized the importance of cell perme-
ability. Thus NH4, €02, and acetic acid penetrate rapidiy into starfish
eggs: NaOH and HC1 on the other hand penetrate very slowly. If cells
oreviously treated with permeable acids »r bases are put in solutions

of neutral red and methyl red, these indicators are enriched in granules
»nd vacuoles, an indication that these cell components are a:idified or
become alkaiine due to permeating acids or basec. The pH value of *he
cytoplasm 1is apparently not changed, which. however, cannot be stated
with complete certainty, since the cytoplasm is not dyed by means of

pH indicators.

Accerding to Reiss (1926) the nucleus is less strongly buffered
than the cytoplasm. By means of pH changes in the external arnvironment
of the cell it can became more acid or more alkaline.

The intracellular pH value of animal cells, that is cf the
cytoplasm wich an average value at pH 6, is, therefore, uffected to a
remarkably small degree by the external conditions. The buffering
i3 probably to be ascribed to the proteins and to the ‘carbonate system,

The consistency »f the pH value in the cell plays a significant
part. All the conditicns and properties that are important for the life
of the cell, suck as osmotic pressure, origin, surface tersion and other
surface phencmena, viscosity of the albumin -etc,, are dependent on the
hydrogen ion concentration.

3. Hydrogen Ion Concentration in Bacteria Cells.

The measurement of the pH value in bacteria cells is difficult
because of the small size of the cells. A coloration of the ‘ndividual
living cells, even if it has penetrated, cannot usually be differentia-
ted from the coloration of the surrounding riedium. The microinjection
method is not practicablse.

Baliat (1924) suspsnded staphylococcus cells in litmus and rosolic
acid soYutions, separated them by centrifuging the solutions. and exam-
ined them under the microscope. He found that the cells were dyed,
blue with litmus and orange-rsd with rosolic acid. and concluded that
the bactaria cell has a pH value between 7 and 8. The attempt to alter
the intra.ellular pH vaiue of the bacteria by means of pre-culture in
heef bouii.on with various buffer solutions turmed out negative, Here
also, taarefora, 1% uppears that the cell consisting primariy of cyto-
plase his an effective buffer gsystar.

Therefore, 1 coleoration of the cells can be detected under the
microscope only if groups and clumps of cells lie together, as is the
case for exanple with staphyiocccci.

Gutstein (1932) determined the pH value in Esch. coli, staphylo-
cocsi. sireptococti, Klebs'illa prewmoniae and yeasts with a metnod that
also depends or the coloraiion of call cliusters. Mediums containing
spocifi 11y a tutas o1 1/ pH .~dicators were used for cultivation.

The growing coloiniss were drea. in whica ¢asc thelr coloration was
often stromgly differen: “ram tre ~'lcr of the medium. The cells,
therefors, hawe an individusl cell pH vaiue that is different fro~ the
one of the medi . tha* is. it cannot %e fcrcad o the cells by the
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medium. This method is also usable with other colony. forming miero-
organisms to the degree that the coioniec have no coloring of their
own. The coleration of individual cells can also be observed in yeast
cells under the microscope.

There is a disadvantage in that, because it carnot be ascertained
whether the surface of the cell, the slime capsule, the cell wall or the
cell interior are colored.

Gutstein found in this manner a pH value of 6.1-5.3 in yeasts,
staphylococei and streptucocci; a pHl valus of 7.2-7.6 in Esch, coli
and Klebsiella pneumoniae., Thes pH value went up with the age of the
colony. Differer:es in the pH value of the medium hetween 6.8 and 7.4
were without appreciable eifect on the coloration of the colonies.

Rabotnova (1976) determined the intracellular pH valuve in tuberous
bacteria by using Gutstein's ~ethod. Cuvltivation occurred on mannitcl
yeast agar (pd 6.9) to which indicators were added after sterilization.
After two to four days well-colored colonies had developed. The color
may also be changed around the colonies in the previously unifornly
colored medium. ([Note:] Rhizob. japonicum turns a madium with mannitol
somevwhat alkaline. Glucose mediums were acidified by all bacteria that
were examined,)

After spreading the colony on a porcelain plate and comparing
it with the pH indicators the following values resulted: Rhizob. legu-
ninos M 6.,0-6.4, Khizob. lupini pH 7.2-7.8 and Rhizob. japonicum
PH 7.4-8.C. No change in coloration could be detected in six to
eight day >ld colonles.

If it is assumed that with this method not only the membrane but
also the interior of the c¢ell is dyed, and if it is considered that
bacteria cells consist for the most part of cytoplasm, then the pH
values found are, therefore, probably the v-lues of the cytoplasm.
That probably means tha® different types of bacteria ire different,
due to their intracellular pH values, in contrast with animal cells,

The difference may amount to up to 2 pH degrees. This is understandable

in the light of the much more diverse metabolism of microorganisms in
comparison with animal cells and tissues.

lthough the problem of the irtracellular pH value ard its rela-
tionship with the metabolic characteristic has not been inve.tigated
very much to Jate, several p: inciples can te determined nevertheless.
In animal cells the basic energy producing process is respiration with
carbonic ucid as one of the final products. The carbonate system,
as already mentioned, 13 very important for tre maintenance of a neu‘ral
or weakly 1:id pH ranje. Other acid products play no part in aninal
¢ells under womal ~orditions and in this connsction, because oither
they are not formed in the roepir.iion process or they are quickly dis-
posed of ugiln by the nalls,

It i3 differa . in the case of cells of the higher pla.is, They
also brzathae, it der deten:ined cornditions thay can ctore orgaric
acids. These icids probably strongly acidify the protoplasm, if ‘hsy
are not elininited in some way. Since the lack of a circulatory :vstem
and the fim 011 nmambrane prevest slimiration, a reserveir must s
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provided in the cell for the detrimental metabolic products. It is a
vacuole with cell sap, By means of it there is a likely explanatioen for
the fast that plant cells always show large vacuvles, as we never ohserve
in animal cells. Acid metabolic products are found very frequently in
bacteria cells. They can, however, be easily eliminated into the me-
diur, ¥Por this reason bacteria only rarely have vacuoles, and the cell
is usualiy filled with cytoplasm.

IY, Intracellular Redox Potential.

The intracellular redox potential can only be determined colori-
metrically. To date there has been nothing written on microelectrodes
that are inserted in a cell for this purpose. Only the rHs of tissues
can be measured electrametricilly.

1., The Redox Potential of Plant Cells.

Uspenskaya (1939) conducted research on the rH2 in one-celled
fresh-water algae with the following indicators: methylene blue,
thionine, toluylene tlue, o-cresol indophenol and 2,6-dichlorophencl
indophenol. The cells were suspended in buffer solutions; the dyes
were added in an oxidized form and as leukobases in 0.001% concentra-
tionse.

The buffer solutions had pH values fram 5.0 to 7.6 when the oxi-
dized dyes were added. The leukobases were prepared with thiosulfate
ard dithionite or by means of reduction in the hydrogen stream in the
presence of platinized asbestos (ef. p. 38-39). By using thiosulfate
the pH value was at pH 3.5, with dithionite at pH 5.5 and after
treatment in the hydrogen stream at pH 5.0-6.4

Care must be teken that the dye really permeates in the cell,
If it is present in the cell in an oxidized form, this is detected ty
the ~oloration of the cell contents. On the other hand the reduced form
must ve oxidized first. Kj [Fe(CON)g)] is ordinarily used for this
purposes It permeates easily into the cell and oxidizes all dyes
whose rHy is lower than 22-23.

Some :iigae, for examples diatams, can be dyed well, With others,
on the coratrary, vital coloration is not possible. In such cases the
following wethoa can be employed:

Cells of Pediastrum are suspended at pH 5.4~6.0 in a methylene
blue solutiom, in which ¢ 3¢ nnly the membrane is dyed. Then they are
transferred to an alkeline buffer solution at pH 7.3. After five
minutes a gcradual decoloration of the membrone and the penetration
of the dye iats the interior of the cell are observed. Cell colecnies
of Budoriys retain *their motility ever with repeataed use of this
procedurs,

Uspenskaya arrived at the following results: If the intracellu-
iar pH vilue is Imost reuiral and the rH, relutively high. an intensive
coloration resulis with all btasic dyes, both in aa :lkaline and in
an acid nedium. I the intracellular pR value is acid and *ae rK, con-
paratively low, the basic dyes cclor the cell conten* only at a p&
value ahove 4,2-6.2% and acid dyes only at a pH valus under 5.0-5.8.
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Some algas (protococci and Volygx) eould only be dyed after the
cell content had been made alkaline with ammonia (%), that is, after
a change in the original pH value. Obviously its call content is
strongly acid.

Uspensicayra determined the lowest rHp in Spirogyra jnflata at

16.4. In Chalmydanopas and Budorina elegans the rH, lay between 16
and 18. For Spirogyra peglecta it amounted to 17.5, and in Fra
grotonensis, Sypedra ulpa and Cladophora fracta the values lay between
18 and 20.5. More strongly reduced protoplasts are also acid at the
same time,

By attacking aquatic flowers with copper vitriol it turned out
that various algae behaved differently in the presence of the poison.
While blue algae and diatoms stopped their development already with
0.5-0.75 mg of CuSO4/1, algae of the order of the Protococeale: showed
an intensive multiplication with these concentrations. The qu~stion
arose, therefore, whether there was a relationship somewhere batwesn
heavy metal tolerance and intracellular pH value and rH;. Uspenskaya's
experiments demonstrated that cells are more easily permeable in the
presence of heavy metals if they show a high redox potentiazl and
an alkaline reactiom.

Brooks (1725) investijated the intracellular rH, of various kinds

of the sea-alga genus Valonia, after the pH value of the cell sap had
been brouzht from pH 6.4 to 5 2 or 9.0 by treating the cells with CO2
and Nd3. In buffer soiutions the cells had various pH values., The
following redox indicators were used: 2,6-dibromophenol indophenol,
nethylene blue, indigo tetrasulfonate, indigo disulfonate, l-naphthol
2- sulfonate indeophenol, o-chloropherol indophencl and o-cresol indo-
chenecl Lo concen“rations of 0.00035 mol. The dyes were not stored in
the cell sap. Their concentration was always less than in the external
mediuwn. 2,5-cibramophemol indophenol permeated into the cell only

ir. a reduced state, anc indeed thLe more acid the medium was the
ereater the anount permeated. On the cther hand methylene blue perms.
ated only in an oxidized state in which case the amount of permsating
dye was indepeudent of the pH value of the cell sap ard of the
medirn. Indigo disulfonate and l-naphthol 2-sulfonata indophenol
cenerally 4id not penetrate into the cell sap; indigo tetrasulfonate
enly in the yellow nodification. o-chlorophenol indophenol and
o-cresol indophenol permeatad all ths better the more the mediur was
acid.

By cauparing tho results, Frooks came to the conclusion that the
rH, lies between 15 and 18 in the cell sap. A pH value batween 4 and 8
and an 8l betwsen +210 and +480 mv were taken as approximate vilaes fou
the cytoplasm.

Rapkine and Wurmser (1926 h) injected rH, indicators in w
ra cells., The leukobass fram methylene blue was oxidized in the call.
The oxidized forn remaii-ed colored. On the othor hand, l-naphthol
2-sulfonate indophenol and 2,8-dibromophensi indophenol were rediced.
Accordingly, the rfio could probably lie batween 1.4 and 17.6 in the
a'gae cells,
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Ixperiments on plant tissves were conducted primarily with the
alectraietric nethod. The measurements were taken with air excluded,
in order to avold oxidation by atmonspheric oxygen. The following

goes soaethat more into detall abeut the method (Uspenskaya, 1934; Ra-
botnova, 1936).
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Figure 13. JSet-up for neasuring the ell in pilart tissues with
the elertroneti-ic method in a nitrogen atmosphere
(explanation in the texi).

"he sucject (6, Fic. 13) is plsced on a cork base (7) in
a glass recejtocle.  The receptaclz ‘1) is clused with a cork through
woih a U-tube (&) with JC1 agar that is drswn up on one end to a ca-
pillary, 4in cddition a platinized electrode in the torm of a taper-
ing needle (5) and two 7lsse tures (CZ aad 3) for supplying ¥
gas lead into it. The zlass receptacle is sealed vith paraffgn: the
U-tubs and the electrode are breought sc close to the subject that they
almost touch it. In order to displace the air, purified nitrocen is
fed into the receptscls for a period of 15-20 minutes, For measuring,
the electrode snd *h= U-tube are lows.eC unill th.y penetrate the
tissue beiny examined. If it is a question of small subjlectr, for
example thin roots or tubers of leguminous plants, they are rut on a
small sheet of KC1 agar. The U-tube 3s stuck into the agar and the
siectrode is led into the subjsct.




Measursments of the rHy on potato sections and leguminous tubers
under nitrogen and in the air show how important it is to performm the
measurement. in a nitrogen atmosphere. The eH of potato tubers amounted
to 379mv under nitrogen and 400 mv in the air. Considerable differences
also resulted with leguminous tubers (Table 15).

A hycdrogen atmosphere should not be used, hecause ?2 lowers the

el considerably. Thus, for example, in a hydrogen atmesphere the rHy of
a potato tuber is lowered from rHp 25 to rH, 6.4 within an hour.

(4
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TABLE 15

The vH, of plant tissues measured in a nitrogen atmosphere anu in the air

(Rabotnova, 1936)

Subject in nitrogen atmosphere in the air
Pisum sativum 17.0-17.7 22.4
Galega officipalis 26.1 29.0
Vicia craceca 23.1 26.9
Lupinus po 1lus 23.7 26.6
Elaeagnus argenteus 19.3 23.8
Alnus incana 18.7-19.1 2C.4-21.6

In plants with a strongly acid cell sap of the Begonia type (pH 2)
or Bryophyllum (pE 3) and Tradescantia (pH 4.6) Uspenskaya found an rHp
betwesn 16.6 and 23.3., <Jultivated plants with a slight acid content
(potato tubers) have an rHp of 24-25.

In similar organs and tissues ths rH, values changed with the stage
of develrment (Table 16).

During cell multiplication and embryonal growth the vaiues for eH,
ri2 and pH are relatively high (el 200-360 mv; rHz 20-21; pH 4.4-7.1),
which indicates normal respiraticn. During the period of cell division
the values drop (eH 194282 uv; rH» 13.6-18.6; pH 2.8-6.0). This indi-
cates anaerobic processes that lead to acid-storing and a drop in the
pH value. The mature stage is again characterized by high values (eH
270-300 mv, rHp 22-25, pH 5.1-6.7), which msans that the oxidation pro-
cesses preaominate.

Jspenskaya (1939) obtained & low rH2 in growing tissues (Table
17}. In potato tubers of the Silesia species the rH, of the growing
tubers was lower thar the rR, of the mature ones. The tuds (ayes) have
an rHy that is lower than in the parenchyme of the tuber aspecially
in the sprin:; at tne beginning cf germination.

The ;e:=13§tion of tubers and the budding of shoots can e
accelerated by muans of a series of methods. Uspenskaya (1934) suc-
ceeded in praducing germination in dormant potato tubers in late autumn
and in winter by putting them for an hour in a 2§ e~lition of NH4CNS
and for 48 hours in a hydrogsn atmosphore, or both combired. As a
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result of this treatment the rH, of the lubers dropped from 23 to 16-i7.
TABLE 16

Change in the Redox Condition (rHp) of Cells of Fruits and Storage

__gfna in various Stages of Developnent (according to Uspénskaya,
1936) . Iegendx I = Cell Multiplication and Embryonal Growth;

I; = Ce Divggggg, 111 = MPLure Stage.

Development Stages

-

Subject II I
Fragaria grandifolia 20.5-21.1 15.0-16.0 23.9-24,5
Fra vesca 20.9-21.0 16.7-17.0 23.6-24.7
Rubus igdaeus 20.7-21.3 14.8-15.0 22.1.23,2
Vaccinium vitis-idaea —~—— 13.6-13.5 22.3
Pyrus maI {Antonovka) 20.6-21.6 14,2-14.0 24.5.25,2
Pyrus malus (Aport-Apfel) 21.4-21.8 14.9-15.6 24.0-24 .4
Cucumis sativus 20.9-21.0 18.4.18.6 23.0-23.6
Daucus carota 19,5-20.1 17.8-18.0 23.5-24,0
Bata ;Eigaris 20.9-21.3 18,1-18,0 23.7-23.8
Solanum tubsrosum 21.3-21,6 19.4.19.9 22.4.23,8+

*rHy 24-25 after longer storage.

TABLE 17
eH. rHo and pH in potato tubers during various periods of develomment
¥ Saccording to Uspenskaya, 1939}
Dete Condition tuber paren- tissues in
of the period cayma the area of
tuber the buds
ed rHo PpH el rH, pH
15 AUG ] about one e D7 0.7 20l 187 6.0
3 SIp growing month be- 229 21.6 7.0 215 19,1 6.0
fore har-
vest
20 SEP during
harvest 258 22,6 7.0 248 20.8 6.3
20 OCT after one
fully month's 316 23.3 6.4 303 22.0 4.C
developed storage L
20 MAR after six e
month's 380 23.7 é.z2 329 22.1 5.6
storage
1 APR 6&arly 7
spring 375 24.5 6.C 300 20,8 5.4
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IT these data are campared with the above-mentioned rfl, determi-
nations in plants with a special ability fcr regeneration (Begonia, Tra-
descantia) whose rH, amounts likewise to 16-17, it appears that cell mul-
tiplication and growth are preceded by a drop in the intracellular rH,.

Krasinski (1936) detemmined the redox potential in pressed
plant juices electrametrically. Among others, sugar-beets, potato tuvers
and peas were subjects of experiments. The pressed juice was covered
over with a lem thick layer of toluol, in order to avold contact with
air. Measurement was performed with non-platinized electrodes. In the
potato the rHs amounted to 15.5 (lower, therefore, than in Uspenskaya's
experiments), in the peas 20.9, and in various other plants an average
of 3. The pH value in most cases was som~here around 6. However,
such a method is not perfect, because the pressed julce comes in con-
tact with air when it is extracted and may be oxidized. A layer of to-
luol, one centimeter thick, is hardly a reliable protection from at-
mospheric oxygen, since it can even diffuse through viscous vaseline.

It is worthy of note that the rH, values of green, chlorophyll-
bearing cells and cells having nc cLicrophyll do not differ substan-
tially from each other. Low rE2 values, up to 13-14, were observed in all
subjects, although it could be assumed that green cells have higher er
values due to oxygen elimination during photosynthesis.

Obviously the heterogeneity of the cell contents is extremely
important. The elimination of molecular oxygen through the chloroplasts
is superimposed on the cytoplasm by reduction processes. Cyter'asm and
cell sap are preotected from the oxidizing effect of oxygen. Whut we
measure are averagze values with possibly considerably differences in
various areas, even within the cytoplasm.

Chloroplasts, by which the oxygen is eliminated, are active
only under reductive conditions. Isolated chloroplasts dried on
leaves of white clover adsorbed ¢O, and eliminated O, under strongly
reductive conditions (rH2 about 5) (with 0.1% fructose at pH 8.2) Boyt-
schenko, 1943, 104&).

In this way the chloroplasts themselves remain in a reduced states,
whereas the oxrgen eliminated by them oxidized only the solutien over
the chloroplasts.

A1l rH, values of the plant cells found in the above.cited
studies are valid for nomal life-conditions.

Apparently there are no data oan the experimental shiftability of
the redox circumstances in plant ceils due %o a change in the redox con-
ditions in the surrounding medium.

2. The Intracellular Redox Potential of Animal Cells.

The cytoplasm of animal cells also is not dyed by rH, indicators,
so that the nmicroinjection method must be used for determining the intra-
celluiar rH».

The first experiments were conducted by Needham and Neednam (1925,
1626 a, b, 1927). They in‘ected rH- indizators in an oxidized form or
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as leukobases, produced with the aid of #ine powder at 850 C. in the
nitrogen stream, into the cell of Amoeba proteus. The amount of the 1%
dye sclution that was injected did not exceed one fourth of th2 cell
volime, By comparing the coloration of the cell contents with the various
rHp indisators rH, valuss of the cytoplasm between 17 and 19 were ob.
tamed.

Under asrobic and anaercbic conditions in oxygen.. nitrogen., or
hydrogen-atmosphere the .. v.lues remained unchanged for 20 minutes.
Here also, apparently, a strong buffering of the intracellular redox
potential is present in the living cell.

In the living anaercbic protozoa Nyctotherus cordiformis (intestinal
parasite) and Qpalina ranarum the intracellular rHy was 19-20 in the same
experiment under aerobic conditions, therefore, approximately the same
value as in the living aerobic ameba, while under anaerobic conditions
it dropped to 9.5-10.5.

In contrast with the obligate aerobes the rH, of the protplast of
facultative aerobes follows the changes in the oxidatlion conditions in
the external medium.

Dying cells in the process of autolysis reduce dyes with a very
low E&, which indicates that in dying, reducing substances are releasesd.

Experiments on the eggs of echinoderms, mussels and polychaeta
show that the rH, of 19-22 is not changed in these cells even under anaero-
bic condisions. Even after fertiligation it stays at the same level until
the 8.cell stage.

Analogons experiments were performed simultaneously by Rapkine and
Wurmser (1926, @, ¢) and Rapkins (1927). They injected pH and rHp indi-
cators into animal cells in accordance with Chambers's method and they
also used Janus green as an rﬂz indicators.

Salivary glands of Chironamus, larvae of Calliphora and oocytes
of Paracantrotus lividus and Asterias rubens. The pH indicators were
injected .intc the nucleus and cytoplasm as 2% solutions and the rfj in-
dicators as 1% solutions. In both cases the same pH and rHy values were
ascertained (pH 7.2: rHp 19-20,4). Rapkine and Wurmser also assumed that
reversible redox systems are present in *he cells that keep the rHy con.
stant.

The rH, remained likewise at the same level with the simultaneous
injection of €he indicator and oxidizable substances, like sugar. pyro-
racemiz acid and succinic acid. In this case the large cells of the
salivary glands of Chitonomus were experimental subjects.

In the years 1928 to 1933 Chamiers and his colli~' oritors pub-
lished a series of redox studies (Cohen. Chambers and Resni.off. 1928;
Chambers, Pollack and Cohen, 1929, 1931: Chambers. Cohen and Pollack,
1932). They axpevimented on Amceba dubia and tin eggs cf marine eshino-
derms undar asrobic and anaerobic conditions. The reversible reduction
of the indicators was verified by the ianjection of a 1% ferricyaniae so-
lution. If the indicator was in a reduced state within the cell. il was
colorad after injection of the oxidation substance. The humid chamber
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in which the subject was placed could be elosed up airtight so that aerobie

and anaerobic conditions could appear. We do not find this type of pre-
cautiors in Needhon's studies. The rH2 indicators .nd leukobases were
injected into the nucleus and cytoplasm. Speclal attention was pa2id to
the amount of the indicators that were injected, since by injecting too
large an amount the reduction ability of the cell is overburdened., This
can lead to the fact that an indicator is not considered as reducible
merely because its amount was too large.

In contrast to Needham, Chambers found under aerobic conditions
an rH? value of 12.0 (eH -60 mv; pH 7) in aerobic cells, and under an-
aerobic conditions an rH, of 7.9 (eH 148 mv; pH 7). 'The presence
of various geographic strains could not be the cause, for fresh-water
amebas, Paracentrotus and Sabellaria, froam European locations produced
the same result. In contrast with Needham's experiments it must, there-
fore be assumed, according to Chambers, that the intracellular rH; is ;
changed depending on the air supply conditions and that there is no
stable rHp supported by strong buffer systems in the cells Meing exarined.

Chambers, Beck and Green (1933) were able to produce a ccloratior ¢f

the vacuoles and granules in individual subjects. Several drops of a
1/10000 mol indicator solution were added to a 2 ml sterile suspaniion

of starfish eggs. Some indicators vere concentrated in the vacucles znd
granules. It was tested with a 1% ferricyanide solution whether the dyes
permneated the cell and were reduced. The eggs were examined alive and

in a ¢ytolytic condition. Under aerobic conditions the eH amounted to
-50 mv in uninjured and autolyzed eggs at pH 6.8-7.0. Under anaerobic
conditions in a Thunberg iube the eH also dropped below -167 mv in living,
cytolysed cells. The ccrresponding rHy values are ri, 11.9 under aerobic
conditions and rH, 8.4 under anaerobic conditiens.

Beck (1933) investigated the intracellular eH of the same sub-
jects, but he chianged the pH value within the cell., Since a pH change
is only possible within the vacuoles and granules, the results; there-
fore, are valid only for this part of the cell, but not for the cyto-
plasm. The eH drops with an alkalization of the granules and vacucles;
that is, dyes are reduced that normally are not reduced. The eH rises
with an acidificatian of the cell contents.

‘ Machlis and Green (193%) in one case put one drop of the indicator
(1/2500 mol) in 2 suspension of starfish opermatozoa. They checked the
reversibility of the reduction with K [Fe(CN)é]. Tne measurements were
performed under aerobic (shaking in alr for 10 minutes) and anaerobic
conditions (Thunberg tubes). Under aerobic conditions the e¢H of the
sperm cells lay between +77 and +150 mv (rH, 15-17): under anaerobic
conditions. tetween -228 and -197 mv (rf, 5-6).

Machlis and Green assumed that tha redox potential in the cell
depen’- ~ the equilibraum between the dehydrogenase systems, that
grodace low potertiais. and the positive potentials of the oxidarces

Tnis opinio 13 alsc maintained in a later study (Green, Stickl
and Tarr, 1934)., Aftar ocperiments with dehydrogenase preparations
(succinic acid and glucose as substratum) tha socalled anaerobic po-
tential of the cells seems to be conditioned kinetically; that is to
say *hat it depends on the speed of raduction of the indicitor due to

AG




v TR s B

a fermentution system and on its oxidation due to another system,

The eH and rHy of animal cells can, therefore, be measured in two
ways: by the microinjection method and by the suspension method. In the
sacond case only the granules and vacuoles are dyed. but not the cytoplasm,
while the who.e cell is dyed after microinjection.

The results obtained with the microinjection method contradict
each other. According to Needham and Rapkine and Wurmser the rH, in
the cells lies at a definite level (rH, 19-20} and is maintained by
means of a redox system. Chambers and others used the indicators in
small concentrations, and found a significantly lower rH, under anaero-
bic conditions, that is to say indicators are red-ced that, according to
Needham's data, are not subject to reduction. However. in Needham's ex-
periments the quantity of dye used was too large. The rH, is higher
under zerobic conditions than under anaeroblic ones. By using the sus-
pension method, the rH, was also lower under anaerobic conditions than
under aerobic ones. The results indicate that there are no redox systems
in the celis that buffer the rH, to a level of 19-20, but rather that
there are only reducing substances that are activated by dehydrogenases.
They produce strongly reductive conditions within the cell under anaero-
bic conditiond. A higher rH, results from contact of the cell with
atmospheric oxyzens it is conditlioned by the activation of the oxygen
due to the oxidases.

According to Machlis and Green the potential of the cells is,
therefore, built up fram the low potential of the dehydrogenase systems
and the positive potential of the oxidases., The fact that it depends on
a state of equilibrium of these systems, therefore, gives it a dynamic
characteristic. Consequently the aerobic intracellular potential also
has no thermodynamic significance and cannot be used in computing the
energies of the resultant reactions in the cell. The aerob¥e potential
only indicates which more strongly or more weakly reduced systems are
acting in the cell at a given moment.

3. The Iptracelluiar Redox Potential of Racteria and Yeasts.

The rfi, measurement of the cell contents of bacteria is also dif-
ficult, becaije nere vital coloration of the individual cells is impossitle,
fell ciusters .an indead be dyed with indicator dyes. which raises the
questiom, howarer, of whsther the values actualiy correspond to the
intrass.inlar onditivn or only to the conditicns on the surfaze of the
cells ano thoir gxternal enviromment. Vacuoles or chondriosomes in
yeatts are gyed, »u- net the cytoplasm. There are on.iy very few obser-
vattions or. the rfi; in the cytoplasm of yeasts and bacteria.

Aubel aud Genevois (1927) invastigated tbe vital coloring of
Esch, ¢uil aud Jf ywasts that grew on a culture medium dyed with rHj
irdicaturs. They ass.me that they have also determined the intracellu.-
lar rHy wizh the ceil 2.loration., Tnder anaserotic conditions they found
in yeasts a va.. f approximately rf, 7 that was scmewhat lower in Esch.
coli. Jamus gresn and metnyl red did not dye <ne cellis. The rHp of the
cells sn:s nigher inder serobic conditions: Es:h. coii was dyed rose with
Janus green, corresponding to an rA, & 12, In facultative asrobes the
intraceliular rHp w¥7. . rangs of rfi, 5.19 agrees with the rH, of
the enviromma .
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According to Guillemmond and fguatheret (1939) and Guillermond
(1939-40) rH, indicators are not stored in the cytoplasm. They merely
pass through it and can be enriched only in the vacuoles, By cultivating
yeasts in an alkaline medium with Nile blue (rH, of *he mid.degree value
of the dye = 9) and cresyl blue (rH, 15), on the other hand, a vital colo-
ration of the cytoplasm occurred, i? the cells came in éontact with air.
Without access to air the cells reduced the dye in the cytoplasm.

According to Meisel and Pamoshnikova (1952) aeutral red is re-
duced in ‘the cytoplasm of yeasts. Therefore, reductive condiiicns with
an rf, under 3 must occur in living yeast ceils. Reduction conditions
of this kind are, however, not characteristic of living, funciiorating i
yeasts. Moreover the rH; in the external medium may drop strongly
in yeasts: neutral red is partially reduced. Under aerobic condi-
tion the rH, is higher than 12.

Beck and Robin (1934) made use of the fact that yeasts have
natural redox indicators in the cytochromes in their determination
of the rH,. The condition of the cytochrome can be ascertained by
15ing the abserption spectrun. The spectra are different in an
oxldized and in a reduced state, so that indications on the degree of acti-
vity of the oxygen in the cell are given. If wewant to have an idea of
the size of a very low potential, as can occur in yeasts, the cytochrame
system does not suffice for that. It is already reduced at higher eH
values than are obviously given in anaerobic cells. The eH in yeast
cells drops to negative potential values, while the E5 of the cytochrame

has, according to Green, a value of +123 mv.

In order to measure the low rH, of yeasts, other indicators must
be used. The method was the same as the above-cited study by Machlis
and Green. The yeast was suspended in an indicator solution and was
examined on penetration of the dye and its reduction in the cell.

Thionine and all indicators above it on Clark's scale were reduced under
aerobic conditions with a pH value of the -medium at 6-9. This corresponds
to an rH, of 16, All indications except phenosafranine are reduced under
anaerobic¢ conditions in a Thunberg tube; the rH2 amourts, therefore, to

-

5.8,

The reduction power of the cells, that is the raduction ef various
indicators hy, the cell, can be examined with specific inhibiters of the
oxidases and dehydrcgenases.

Because of this the result was a dependency of the eH on the acti.
vity of the oxidative system, The greater the activity the higher the
s was, and vice versa. An intensification of the dehydrogenase activity
led to a decrease and an inhibition corresponding to & rise in the eH,

Raumbercer (1939) measured the eH in a yeast suspension, and de-
termined simultaneously the abisorption spect um of thea cytochrame in the
cells. The resvlt was a clear connection bet:wen the condition of ths
¢ tochrame and *he eF in the suspension. Therefore, he succeeded in
establishin- an acreanent “etween the eH outside the cell and the state
of the crtochrare redox systam inside the cell., The cytochrome is oxi-
dized by contact with air, and th: eH rises to +150 mv., Reduction re-
sults vader anaerobic conditions, and the eH drops to -15C mv. The high
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el vaivne of +150 mv, achieved by the addition of rHy indicators with a
high eH, fcr example 2,6-dichlcrophenol indophenol, is quite detrimental
to the yeastis.

The spectral lines characteristic ot a reduced cytocarome appear

in the range from +150 to +110 mv., That drops off with the E6 of the cyto.

chrome (+123 mv).

A decrease in the eH to very low values, as cccurs under anaero-
bic conditions, is linked to the cuondition of other redox srstems of
the cell that have a lower Eé than the cytochrome,

An argument analogous to the one arrived at by Machlis and Green
in their research on animal cells, can te attained by examining yeasts.
The "rednction power" under aerobic conditions, or, which is the same
thing, the "intracellular potential", is detemmined by means of the
equilibrium betwesn the oxidative and reductive systems in the cell.
The observations also agree with the opinions of Nekrasov on the na-
ture of the redox potential in biological subjects (ef. Chap. 2).
Obviously the cell has a mechanism available that keeps the extraztion
of electrons fram the oxidizable substrate at the same level. If oxygen
is present, it finally takes over the electrons; if oxygen is not pre-
sent, they enter the redox systems of the cell, among others the cyto-
chromes. In this connection it is worthy of note that the presenca of
reductive substances is recorded by an electrode that is ovtside the
cell. The redox systems, therefore, also act outside the cell.

In Baumberger's experiments. not only free oxygen but alsc com-
binad oxygen in the form of oxyhsmoglobin acts as a hydrogen acceptor
(electron acceptor).

Although the intracellular conditions in yeasts can be evaluated
up to a certain degree according tc the coloraiion of the cell, this
is possible only with great difficulty in bacteria because of their small
size. In measuring the potential in Lacterial suspensicns Korr (1935)
was able to measure only the potential of the suspension on the whole.
He experimented on suspensions of the photogenic bacterium Fhotobact.
fischeri in beef peptone bouillon. The culture displayed under anaero..
bic conditions in an atmosphere of pure nitrogen a very low, reproducible
potential, At 24~ . 28% C. and pH 7 it amounted to -214 + 3 mv. cor-
responding, therefore, to rH, = 7, Korr arrived, besides, at the result
that the reductior activity of +he suspension is not conditioned bty auto-
lysis or by the release of reducing substances from the cells, since a
rise in the oH occurs with autolysis. He assumes that there is a great
number of redox systems in the cells, whcse potential depends on the pro-
pertion of the axidized to the reduced form. They douttlessly play a
part in the formation of the eell potential; the total potential built
up by them is, however, not a raversihle redox potential. It is kinetic
in nature and depends on the rel-tive speed of two opposing processes:
oxidation by means :f oxygen and activation of hydroger by means of
dehydrogaan:ses,

Pwrophosphate, arsenite and halogen acetates (monochloracetae,
monobramacetate. monciadacetate) inhibit specifically indificual deny-
drogenase systems and may change the entire system that conditions the
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formation or the reduction potential. In their presence the anaerobic
potential is higher. Increased temperature and narcotice inhibit all
systems., The relative spueds of all reduction processes are lilkewise
siowed down, and tlie size of the anaerobic potential has its normal
vaine of -214 mv, The same principles that Machlis and Green observed
in the sperm of echinoderms and Reck and Raumberger in yeasts appear,
therefore, to he present ir bacterisa.

Judkin (1935) measured the eH in suspensionc of facultative aerobes
(Esch, coli, Bact. alcaligenes) and anaerobes (Clostr. sporogenes). By
adding sugar or another usable substrate to the suspencion a low eH is
built up; to -400 mv in suspensicns of Esch, coli and “5 -300 mv in sus-
pensions of Bact. alcalizenes. Also if the electrode is isolated from
the cells and is put in a collodion saccule, 2 low eH is produced. Ef-
fective substances must also diffuse in the medium. The redox systems
of the cell occordingly appear outside both with bacteria and with yeasts.
The nzture of these substances in yeasts and bacteris is unknown to date.

Rabotnova (1936) attempted to dye tuber bacteria vitally with 19: 0
indicatorz in accordance with the method used by Gutstein.

Rhizob. leguminosarum, Rhizob. lupini and Rhisob., japonicum were
cultivated on mannitol yeast agar with the following indicators: methylene
blue (1:10000), indigo tetrasulfonate (1:3000) and indige disvlfonate
(1:5000). With methylene blue and indigo tetrasulfonate *he colonies
of all three types were pale tlue, "1lnnst colorless. With indigc 4di-
sulfonate, on the contrary, they were dyed an intense dark blue., A
coloration of the cells was not dete~table under the microscope. The
reduction of indigc tetrasulfonate and methylene blue and the strong
coloration with indigo disulfonate indicate a potential of ri, 9.9 -
12.,5. In Rhizovium suspensicns that were adjusted to pH 5.36 wita a
phosphate buffer the rH, after one hour was 10.4 and the added methylene
klue was decolorized. en the culture was agitated, the eH rose im-
mediately, and a blue ccloration appeared. In Rhizob. lupini the :H,
drooped to 11.5 after one and one-half hours. Therefore, in tuber bac-
teria we find tha2 same principles as in yeasts.

Up until now tnere have Geen no experiments on the intracellular
conditicns irn anaercbic bacteria. All th-t is kr wn is *that the rH, drops
down to zero i cultures and suspensions of anaerobes. Tt is net xniown
whzther introcellular snd extracellular redox potentialcs are in agree-
ment in anaerobes.

Warmser (1635) sumnarized all known cbservations ¢ date on the
redox potential of cells: the intrscellular potential 1s the potential
of the electrocctive substances contained in the cell, sutstances that
coan emit or roeceive electrons. These substances are designated as redox
systems and ciso conditlon the reduction potential. Finally, however,
it rever reaches its limiting value which is very low (ri, 6) under anaero-
21¢ conlitions. It is in a kinetic equilibrium with the oxidation pro-
zesses that are linked with oxyyren or other hydrogen zcceptors.

Zuga. and conpounds with SH groups. for example gzlutathione,

are xnown cell reducing substances, No doubt there are others unknown
to us %t present, Wwurmser and Rapkine acttempted tc "titrate™ the reduct-
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ive substances of the cell with dyes and aseertained that their effect
1s approximately ten times greater than the effect of glutathione.

The clectroactive systems play the part of buffer substances with
regard tc the redox conditions similorly to the buffer systems that
stabilize the pH value of the cell. Wurmser's views are still valiid
today. because after 1935 only little has been done about the problems
of the redox potential., The few studies that have appeared after
1935 aerely confirm his explanations. It is of course necessary to
modify accordingly the concepts on redox buffering. Whereas by buf-
fering the pi value the nydrogen ion concentration in the cell remains
constant, the rHy is changed considerably by buffering conditicned by
redox systems. All modifications of the redox conditions in the medium
are taken over by the electroactive substances in the cell or the redox
gsystams, whereby the basic oxidation processes are prote¢ted from an
axc:css or deficiency of hydrogen acceptors and a cinstant course of the
vital oxidation processes is guaranteed.

[Z. Summary

The buik of the cell centents in living plant cells consists
mostly of cell sap. Therefore, all dota on the intracellular pH value
and the rH, of plant cells apply predominantly to the cell sap. Its
reaction is usually weakly acid, but in some plant tissues it is strongly
acld. It is buffered slightly. Its pH value can easily re changed,
if the ceil comes in contact with carbonlc acid or ammonia. The redox
potential of plant cells under normali aerobic conditions is at appro-
ximately rH, 20, although there are also more strongly reduced cells
that as a rule are also acid.

It 1s noticeable that there are no differences in the ri, value
between cells with and without chlorophyll, although the former eli-
ninate o7rgen by means of photosynthesis. Obviously the cell is pro-
tected from Mover.oxidation.

Aninal cells consist for the most part of protoplasm. The vacu-
oles represent only a small part of the cell contents. The intracellu.
lar pH value and the rH, can bLe determined by means of the microin-
‘action method, The pH value of the cytoplasm lies around the neutral
point. Tne jtoplasm 1s strongly buffered: its pH value can scarcely
be altered in Liring celis. The pH value of the vacuoles and granules
on the otner nand .an easiiy be changed like in plant cells.

The intracellalar o, of animal cells is not corstant. Under
aeroble condisiois 1t 1r around 20: .nder anaerodic conditlonc it drops
stronzly. Its vailive dezends on the degree of oxidation or reduction of
the redo- systass %a.. 2re activated vy fermentation. The same is

truo in yoasise

Razteri: .elis nave been experimented on very little up until
now with reard o tineir intracellula st te, In all probability they
rehsve l.xe i1 ¢2ils nd yenst cells: that is, th~ redox coruitions
in them cin e :aaaged dapendine on their access to air or their lack
of 1ir.
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In yeast and bacteria cells there is a close relationship between
the condition of the redox systems in the cell and the measurable po.
tential outside the cell in the surrounding medium.

The differences in the rH, in basteria and yeast cells under aero-
bic and ancerobic conditions are very great and amount to 10-15 rH,
units. They act accordingly as a buffer; that is, the oxidation pro-
cesses can take place with a constant speed in spite of different condi-
tiors (aerobic or anaerobic).

Obviously all living cells have available a specific mechanism
that guarantees a constant rate for the oxidation processes. If they
come in contact with oxygen, this is the hydrogen acceptor. Howe <r, if
the oxygen is insufficient, th:n the hydrogen of the oxidized suvstrate
reduces a series of redox systems. The reduced substances also ap,ear
outside the cell. They produce a formation of a low rH, in cell suspen-
sions from which air has been excluded.
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CHAPTER 4
LIFE ACTIVITY OF MICROORGANISMS AND HYDROGEN ICN
CONCENTRATION OF THE CULTURE MEDIUM

T. Influence of the Hydrogen Ion Conce.itration on Multiplication.

1, Direct Influence of H and OH Ims on Microorganiasms,

Each microorganism is adapted to a2 delinite pH range out-
side of which it cannot exis' The nature of the rela‘ionships is un-
known in detail; undoubtedly the pE value affects the fermentation
activity. :

The 1limits of the pH range within which muitiplication is
possitble are different for the individual types of microbes., Pasteur
was of the opinion that generally bacteria were probably damaged by
an acid reaction and the formation of mould was promoted, while a
neutral or weakly alkaline reaction usually acted in the opposite
manner. tHowaver, there are numerous exceptions to this rule. The
adaptation of Thiobac. thiocoxidans to a strongly acid medium is
especially sonspicuous, because it is unusual for bacteria (Fig. 14).

The autotrophic Thiobac. thiooxidans oxidizes sulfur and thio-
sulfate to sulfuric acid which accumulates in the medium., The optimum
pH range i1s at 2.5 to 3.5. Growth becomes poorer with a decreasing
pH; however, it is still possible down to pH 0.6. Morecver, growth
slackens with an increasing pH(#4 to 6); at pH values over 6 the cells
are autolyzed (Starkey, 1925).

Many sulfur bacteria grow at pH 9 to 10 (van Niel, 1931). An
aerobic bacillus, extremely adapted te an zlkaline reaction, that
still grous at pH 11 and even tolerates a saturated solution of Ca
(CH)? was isolated by Mosevitch (1935) from a tanning vat. The
activity of the decomposition agents tc which the bacillus isolated
oy Mosevitch probably belongs ceases only when a pH valus of 12.4
is reached in the vat. Many microorganisms (Diplo¢. pneum 8
Vibrio camma) have a very narrow pH range (Fig. 15), others (for
example moull~) on the other hand grow within very wide pH limits,
Thus spaiesof the genus Penjcillium are viabls fram pH 1 to 10,

Dernby (1921) conducted the first systematic studies on the
course of develomment at a different pH starting value. The growth
of the microcrganismes was determined visually on the basis of tur-
bidity in beef bouillon mediums with pH values from 3.1 to 8.6 after
6 and 4 hours. At the first reading, growth had occurred in cul.
ture solutions with an optimum pE value; at the second reading it
had also occurred ir culture solutions with a less favorasble pH.

For staphylococci the optimum range was between pH 7 to &; growth
was possible between pH 4 to & (FPig. 1), Scheer (1922) concerned
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himself with determining the pH limits for Egch, coli,

0 1 2 ) 6 4 4 T & 8 Mo

{

Figure 14. “rowth curve cf various microorganisms,
depending on the pR value (according to
data derived from studies on the subject).

I. Thiobac. thiooxidans
II. Chromatium spec.
IIT. Sporogenic decomposition agent from a
tanning vat.

IV. Penicillium spec.
T, Sacch. cerevisliae
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Figure 15. Crowth ranze of some saprophytic
and pathozenic bacteria, depending
on the pHF value (aceording to Dernby, 1021)

T, "sch. coli;

T+ Proteus vulgaris;
ITI. Serratia margenscens;
Y. Diploc, pneumoniae;

TI. Vibrio comnma.
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Figure 15. Devendency of staphylococei multi-
niicatisn on the pH value of the medium
(cceordin~ to Dernby, 1321).

1. After ¢ hours:
2, After LB hours.

Followinz Dernby we experimented on types of Azotobac-
ter. The strains were cultivated in Ashby's culture medium with
a pif fran 5 to 8, in intervals of 0.3 pil. ([lote:] In place of
calciw carbonate, calcareous tap water was used.) The optimum
for Azotob, chroococcum, azilis, b-ilerinckii (designation ac-
cording to frzssiiﬁikov; and vinelandii §idem) was at phi 5.5 to
£.,7. Mt Pl 5 and 8 still no growth was observed after one to two
days. 4 :ultiplication at pH 5 and pH 7.7 could bte detected only
severcl days later. The number of bacteria was approximately the
sarie in five to seven day-old cultures at various p! volues,
The initial »F value had shifted to alkaiine in an acid mediu: and
to tie acid range in an alkaline medium. Speclal attention nust,
therefore, ve paid to the pH regulating influence of the bacteris,
It is poasible to attain the optimum range only in the esrly .rowi
stare, because the cells in unfavoratle pF ranges shift the pH
value of the medium toward the more favorable range for them. The
srroneous finding of Fedorov (1252), who assumes a lack of sensi-
tivity with re-vard to the pH values of the medium for Azotobacter
in usin; two to four week-old cultures is obviously dus to the fact
that he disrecarded this.

Coren and Clark (1915) determined the generation period at

var.ous pil volues. Specific types of diffsrences resulted here
also (Table 18).
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TABLE 18

Number of jpienerations during one hour of the logarithmic growth
phase | ccording to Cohen and Clark. 1919

[l

pH range average number
Sub ject of constant of generations
periods
Esch, coli 5.0-8.1 245
Aerob, aerogenes 4,7-.8.4 2.7
Shigella flexneri 5.6-8.3 1.6
Shigella dysenteriae 5.5-8.5 1.1
Proteus vulgaris 6.5-8.8 1.5
Alczlicenes faecalis 6.9-9.7 0.9

The observations of Cohen and Clark on Lactobac. bulezaricus
are worthy of not~. No growth was detected at pH 4.5; from pH 5.1
to 5.8, 1.6 generations per hour grew; at pH 7.5 multiplication was
still possible. Although no growth could be cobserved at a starting
pH of 4.5 in the medium, in old cultures the pH value was changed
to 3.9~ The authors concluded that in acid mediums a fermentation
is quite possible, but at the most a neglible multiplication. Rabot-
nova riade the same observations (unpublished) with acetic acid bac-
teria. Thus at an initial pH of 3.1 Acetob. schfitzenbachii ({[Note:]
This type of desimmation is not recognized either in Bergey or in
Krassilnikov) cannot grow. In this kind of olé cultures, to which
alcohol is supplied continuously, the acid content, on the other
hand, inereases still more at pH 2.8,

The activity of old bacteria cultures at a pH value that
does not allow a multiplication of young cultures, therefore, cannot
he ewnluined ~cenrding ‘o Cohen and Clark., If assimilatory meta-
BoLle Lo inbaccted due to unfavorable pH conditions in the mediunm,
Be zells zul sroveals carry oa an active fermentation. It 15 nore

cuanlo ot o2 cells siny have adrpted themselves sradially to
n her deee of widity during the development of the culture
maoe soocaoted ooidification of the medium, These cells .an
o develor ninder conditions under which uradapied cells ure not
verowinsiits (193) experiments cu acetic acid tacteria
indic "o tnis expinnation: With Acetou. vini aceti ([Note:] This
type of desi maition 15 not recegniced eliner in Berge)y or in Kras-
siliiko) *he Licrease in acid also stops with the temination of
¢21Y vilmaplioatics, It computins tihe amount of acid formed by a
celi 1t el wme esident that the cells were most productive in the
period of enaereii~ nultiplication. in the quiel stage they were

sy Lo 0 Luri. Cellsthat nave completely lost their ability
Lo AL .ue i o.5ly annot oxidize alcohel to acesie acid.

The depencaucy of cell de—elopment on the pH value of the
madisy 2uvi0t te considered separately from the rest of the culture
condition, A oonm other things ihe compesitior of tne edium is
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very important. Thus Esch. coli (Speysr, 1924) grows equally well
in peptone-bearing beef bouillon at pH values of 4.7 to 9.0, Multi-
plication at pH 4.5 to 9.0 is also possible in a plain synthetic
medium with ammonium lactate as a source of nitrogen and carton,
although minimal at the limiting values, Growth is especially dif-
ficult in this medium in the acid range in which it is possible
only after previous adaptation of the cells at pH 5.4. In compar:-
son with beef bouillon the optimum growth range for a synthetic
mediun is very narrow and lies around pH 7 (Fig. 17, a).

Paratyphus bacteria also have a broad optimum pH fram 5 to
8.4 in beef bouillon. The optimum pH in a synthetic medium with an
ammonium salt as source of nitrogen and acetate as source of carbon
is at 7.1 to 8.4, A parasitic microorganism in cocld-blcoded animals
has an optimum pH at 6.6 to 7.8 in beef bouillon (Kondo, 1925), and
at pH 7.1 to 7.8 in a synthetic medium with acetate and an ammonium
salt.

The wide pH rangs within whish growth ensues on very richly
nutritive culture mediums is probably conditioned by the fact that
bacteria have more opportunities to control the pH on these mediums
than on plain culture mediums. Growth slackening at the pH limiting
range is particularly conspicuous in mediums containing toxic sub-
stances, Thlocystis, an autotrophic purple swlfur bacteria expe-.
rimented on in detail by van Niel (1931), reveloped at pH 6.5 to S.5,
but only with low H2S concentrations. Hydrogen sulfide is certaialy
oxidized; however, it acts toxicaily in higher concentrations. This
applies especially to the acid range in which H»S is present as a
non-dissoclated molecule, few toxic sulfides appear in the alkaline
range. With an increase in the H3S concentration in the medium the
pH range, in which growth is possible, becames more and more narrow
esrecially on the acid side., Growth is still possible, finally,
only)in a pH range of 8.5 to 9.0 with C.1% to 0.2% H,S (cf. Fig.
17,¢c).

The scological behavior of microbes is determined, among other
ways, by their ability to adapt themselves to wider or narrower pH
ranges, Saprophytic living bacteria, that are widespread in soil
and water, can exist under very diverse conditions, among others in
a different atxd content of the substrate. In general they are
adapted to wide pH ranges . That is true, according to Dermby (1921),

for example, of Esch, coli (pH 4.6 to 9.6), Proteus aris (pH
4,5 to 8.5), Serratia marcescens (pH 5 to 8), Bac, subtillis (pH 5.5
tO 8.5)' (Cf. Fig. 15 L]

Microorganisms that are adapted to special locations and
special ecological conditions, samewhat like pathogenic bacteria in
animal bodies, have for the most part a narrow pH rang=, for example
typ.us bacteria at pH 6.5 to 7.5, pnieumococel at 7.5 to 8.2, cholera
vibrios at €.,5 to 7.5.

Types of the genus Mycobacterium grow under very diverse
ecological conditions {Kondo, 1925). Some live in the so!l and on
the surface of plants a- saprophytes; others live as parasites in
cold-tlooded animals- !lrcobact. tuberculosis lives in humans and
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sone :nivi=blooded animclse If representatives of these three _roupc
are cultivated in beef bouillon at various pH values, they behave
in aecordence with thedir ecologiccl characteristics, The saprophye-
tic t,pes develop in a broad pH ronze from 6.0 to 8.4; the ones that
are parcsitic on cold-blooded animals grow in narrower pll limits

~

frair (.0 to 7.0; !lrcobact, tuberculosi: grows only between 7.5 to
7.0 (efe Fise 17, DR

,, .
L=\
4 § 7 s 1

b

Tgure 17

a. ~rowth curve oY Egch, colli in a medium with
amoniwn lactate (cross-hatched) and in
“eef touillon (according te Speyer, 1924).

b. Zrowth curve of three representatives of the

senus ;fycobacterium (according to Xondo,
1925),

¢. 7Jroith curve of Thiogyatis spec, at various
st concentrations., ross-hatched area:
Growth at a high H,S concentration
{according to van ffiel, 1931).




2. Indirect Influence of the Rydrogen Ion Concentration
on Microorganisms.

The degree of dissocistion of vitally necessary substances
for the ce.l depends on the pH valus of the cu.ture medium. In an
acid mediun weak acids appear pradominantly as molecules, in an
alkaline rzact’on as ions, becsune the salts of weak acids are
strongly dissociated and the acids ‘hemselves are only weakly disso.
ciateds Tach acid and each salt, therefore, has a critical pH range.

An indirect pH effect depending on the abore was described by
Uspenskl (1927) in experiments on the importince of iron for the
propagation of algae in bodies of water. Since the dissclved iron
coritent depends on the pH value and is Ligher in an acid range than
in an alkaline one, algae that are sersitive in the presence of higher
iron concentrations prefer water with a weak alkaline reaction, and
vice versa. Cladophora fracta is an alga that does not grow in water
with pH values under 7.2. Uspenski ascertained from laboratory cul-
tures that it still grows in smthetic mediums with 2 low iron con-
centration at pH 5.8.

Another case of indirect pH effect comes up when organic acids
play a part in metabolism. The degree of dissociation of fermentations
leading to the formztion of neutral products is important for their
persistence. Thus acutone and butanol result from the acetone-buta-
nol fermentation of acetic and butyric acid. Acetylmethyl cartinol
and butylere glycol are formed fram ketopropisonic acld by means of
fermentation of the aerogenes type. ([Note:] It was formerly as-
sumed that the acids themselves were not changed into neutral sub-
stances, but ratlior the compounds preceding them fram which the neu-
tral products are formed in an acid envirorment, the acids being
foi:ed by mears of an alkaline r:action.)

In all these cases the fewma ion of neutral products results
only in an acid enviromment, if & anids, therefore, are present
primarily as nor-disciciated molecules. In neutral mediums, in which
the acids appear in the form of strongly dissociated salts, no
neuiral products can be formed, but rather the acids sre stored.

Sim:lar sarvations were also made on other acid producing
alcroorgarian . Brucella (Gerhardt and others, 1953) oxidizes a
serias f acds (ketoggutaric acid, suceinic acid, fumaric acid,
oxeiacet- 7 acid, acetic acid and ketopropionic acid) at pd 5.5 and
more s.sow.y atv pH 6.3. It is possitle that unaissociated moleculas
are more elsil” 4. :9ssible also in *his case. The authors asso-
c1ate thi; £1 . wlth the different permeability of the cell for ions
and mole yiiose

As has 2lready been nentioned, some purple sulfur bacteria
prefar aliadiie sonaitions, becanse hydrosen »iifide is tovic as H,S3
in larper 1i115i:iss 1. an acid envirommen®. but 1s mucl less poi-
S0NMULS 17w 4.Kac1ine nedlum in an ioniczed state.

The S..> 18 1182 true of sulfiwe reducing tacteria that,
according *v Rubentschik (1947), do not ~row, howsver. in acid
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mediums. Their pH range in which growth results extends primarily
over the alikaline range probably because of the toxicity of the
non-dissociated Hp5 molecules at pH 6.5 to 9.5.

With dyes also the toxic effect depends not only on the con-
centration but also on the degree of dissociation. Kobs and Robbins
(1936) cultivated Rhizopus nigricans, Fusarium, Oxysporum and
Gibberella on potatc agar with sugar and on a synthetic medium at
various pH values from 4 to 8 regulated with phosphoric acid and
NaOH. Acid dyes (eosin, rose bengal) znd a basic dye (dahlia)
were added to the culture medium. The result was determined by weight
in liquid, synthetic mediums, and by the size of the colonies in
potato agar. A medium with the same pH value but wlthout dye served
as control. The basic dye had a toxic effeci in a more alkaline
medium, the acid dye in a stronger acid medium. Moreover, dyes, as
free acids or bases, are more strongly toxic than dissociated salts.

The entire molecule is not always responsible for the toxic
effect of acids. Occasionally the harmful action is associated
only with the anion. Dervichian and Mousset (1949) have descrited
such a case for lauric acid. They cultivated Esch. coli and Proteus
vulearis on a synthetic medium with sugar, ammonium nitrogen, nico-
tinic acid as an indispensable biocatalyzer and lauric acid which
is non-toxic in concentrations of 0.047 to 0.4% at 7.5 and below,
but which inhibits growth over 7.6. In relatively low concentrations
of C.O4% to 0.15% it acts bacteriostatically, and bactericidally
in concentrations over 0.15%. It is to be assumed that the toxicity
of acid anions or of the entire acid molecule depends on their abi-
1lity to permeate the cell. Ly

Summary. Life activity of microorganisms is altogether pos-
sible in the very broad pH range from abou: 0.6 to 11.0. For the
individual types the range is considerably more narrow. Basophilic

nd acidophilic microbes can be differentiated according te the pH
demands.

Microorganisms that have become adapted to srecial living

conditions usually srow only in narrow pH ranges, f - example

patheozenic Lbrcteria, On the other hand, saprophyte. that are
dlfxuoed ever;wrere in .nature can exist within wide pH ranges.
The influence of the pH value on microorganisms can be direct
(due to direct antion of the H and CH ions on the cell) cr in-
direct (due tu the influence of the condition of the intermediary
produzts formed in neiabolism).

II. Infiuence of the Hydropen Ion Concentration on Metatelism.

The offact of the pH value is seen quantitatively in a zrowth
retardntior parsicularly at the limits of the characteristic range
for the respentive trpe. The effect is of o qualitative nature
within this min-e. "etqnoli' nrocesses and *‘P formation of the
f1na preoducts for example in the course of fermentation, are

inSYuoaced Borhe oF ovalue,  Therefore, the pH value is one of
-ho mott Imporiant facdors in the requlation of technicosly im.
portant ferment-tion processes, Alon- the wry it influences the
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courss of the reastion by means of the formation and activation of
enzymes. The degree of dissoctation and the solubility of metabolites
are modified by means of which ‘heir further production or storage
is determined. The redox conditions are also dependent on the pH,
in accordance with the following formula:

i, = 8 __ 4+ 2oH
2 0.029 P

Under otherwise equal conditions the rR» is changed due to an al-
teration of the pH value, Oxidative conditions prevail in alkaline
mediums, reductive conditions in acid mediums.

The studies made by Gale (1943, 1948; Gale and Epps, 1942,
1944) are important in this connection. In their research on the
effect of the pH value on the biochemical activity of microorganisms
he came to the conclusion that bacteria probably have a great number
+f ferments available, Depending on the external conditions, espe-
cilally on the pH value, in different stages of development only part
of the available ferments are present at any given time in an active
state,

The research performed by Gale and Epps (1942) was made on
Esch. coli and Microc, lysodeiktirus ({Note:] This type of desig-
nation is not recognized either by Bergey or Krassilnikov.) A
culture medium of casein hydrolysate obtained with the aid of trypsin
was nsed. FEsch. coli grows at pH 4.2 to 9.5 on a first-class medium
like this. pH values from 4.5 to 6.0 were regulated with phthalates
(M/60 concentration), from pH 6 to 8 with phosphates and fram pH 8
to 9 with borates. The pH values could be kept constant within
0.5 pH units by using thess buffer solutions. The activity of the
various ferments was determined in washed cell suspensions after
the addition of the substance belng used as a substrate. The acti-
vity was determined with amino acid deaminases by measuring the form-
ing ammonia, with decarboxylases by means of COp, formation, with de-
hydrogenases in accordance with Thunberg's method. It appeared that
some ferments are formed and activated, independently of the pH
values at whish the microorganisms grew (group I). The dehyro-
genases of formic azid and of alcchel, in addition to catalase,
urease, fumarase. belong to these ferments that cause above all
tne destructior of toxic metabolic products. They are entirely
active in a broad pH range fram 5 to 8. ({lote:] According to
Virtanen and Winter., 1928, catalase is formed at pH 4.8 to 8.5 in
an aguai amount.)

Other ferments (group II) on he other hand are focrmed Je-
pending on the pH value. like hydrogenase. succinic acid dehydro.
genase, the iymase .omplex tryptophanase, alanine desaminase.
glutamic acid desaminase. arginine decarboxylase, lysine decarbo-
Xylasa, histidine desarboxylase.

The fermerts that split the carboxyl group fram amino acids
and -onsequently reduce the excessive acid content are particularly
active in an acid enviromment. They are Brmed by cultivation in a
median from pH &,5 to 6.C. Alkaline compounds, the amines




RCHNH,COOH — RCH NH5+C0,

result from the amino acids after sararation fram the carboxyl
groups.

Théy dissociate in the following manner:

RCH,NHq* + OH

Decarboxylases are produced only in small amounts when they
are cultivated in an alkaline medium at pH 7.8, On the other hand
the desaminases are active, g0 that ammonia and acids result from
amines:

RCHoNHp — RCOOH + NH,

Ammonia is released and escapes due to deamination of the
amino acids; the resulting acids cause a decrease of the pH valus
in the medium,

Galefs conclusions are not generally valid. In some cases
the formation of the decarboxyiases result with uniform intensity
at various pH values, for example, according to Mardasshov and
others (1949), 4n Clostr. cadaveris and Pseudobact. {designation
according to Krassilnikov) spec., while the observations on Esch.
coli agree with the results of Gale's research.

; A further case of the affect of the pH on the process of meta.
holisn is the influence of the state of metabolites, especially of
acids, that appear free or as a salt depending on the pH value.

The:r are present as undisscciated molecules with a definite aci-
dit;, characteristic of each acid. Theay are neutralized in a weak
acid medium and appear in the alkaline range only in the form of a
stro&;é; dissociated salt. (cf. Osburnm and others, 1937, in this
resnecL)

Neubers and Firber (1917) were the first to discover the de-
pendency of the feruentation process on ths acid and alkaline content
of the mediun in alcoholic fermentation. In the following years
relationéﬁips of this type were established in many fermentations
thst oceur on formation of neutral preoducts.

™e fomation of ocher products (for example of acids by
means of fungt and bacteria) is also deperdent on the pH.

Alcocholic fermentation. The fermentation of living cells
(Neubery and Hirsch, 1919) and of cell sap of macerated cells
(Neuberg and Flirber, 1917) occurs toth in an acid medium and in
the presence of alkaline salts and tases with uniform intensity.

oH information was missing fram Neulerg's first studlies,
However, it can be assumed {ram the salis used by him that he
perfomed the fermentation at atoul 9, whereas normal fermen-
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tation without any additive occurs at about pH 4.

A 10" suzar solution was completely fermented after the
addition of 107 press-yeast (strain M) within #° hours in the
presence of the followinc salts and bases:

I{?COH secs000t0vrene
R

l\',’l:PO]. as0s0ensernsee
& :

.':O ees oSO COEOIEITIOIRREERES

:::‘3?04 eesssss0crsse
::C»;:POu '12?20 (AR RN NI

ZD(CH)Z esosseovesone

0.1 mol or 1.47

1.0 mol or 17.4%
€.125 "ol or 0.5%
€.125 mol or 2.1°
1.C mol or 36.07

C.5 mol or 5.Cx

Considerable additives like these without a doubt kept the
pH value 2f %la nedium in an alkaline range for 43 hours, On the
other hand, in normal fermentation other fermentation products ap-
peared, naiely acetic acid, more glycerin, less alcohol.

According to Neuberg normal alecoholic fermentation occurs

in the following manner:

C,H,0, — 2CH,COCHO + 2H,0

)

CH,COCHO H,+H,0 CH,OHCHOHCH,0H
+ - (2)
CH,COCHO CH,COCOOH
CH,COCOOH - CO, » CH,CHO 3)
CH,CHO H, CH,CH,OH
CH,COCHO 0 CH,COCOOH

=3
o3

ad of (k)

CHCHO H,

+ e d
CH,CHO (g CH,COOH

alikrLine conditieons tie followir:s reactior takes

CH,CH,0H

{5)
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Methylglyoxal serves simultaneously. replaced by acetalde-
hyde, after reaction (2) as an additional source of glycerin and
keto-propionic aéid. Although nowadays msthylilyoxal is no lunger
considered an intermediary product in fermentation, the representa-
tion of reaxtion (5) is none the less probable.

Peynaud (1940) demonstrated that yeasts form acetic acid av
pH 7.5 up to 2 grams per liter, which disappears at pH 3.5 to 4.5
and is reduced to alcohol when it is added to the medium. Acetic
acid, therefors, appears at the begiuning of the yeast growth on
neutral mediums and causes a drop in the pH value that is character-
jstic of alcoholic fermentation. No more acetic acid is formed
after acidification of the medium. COp and alcchol result as
final products of the fermentatlon.

We are in a position, by means of experimental alteration
of the pH value, to take advantagewf the biochemical activity
of yeasts for forming at times variog§ products.

-

+anol~isopropancl fermentation was thoroughly investigated
by Werkman and colleagues. The Clostr. butvijcum, isolated by Bei-
jerinck and described by van der Lek, forms various neutral products
by fermerting sugsr: butanol, isopropanol, ethanol; in additiom,
acetic and butyric acid (besides these acids formic, lactic and
keto-propionic acid could be established), and gases (coz and Hy).

At first acetic and butyric acid result from the fermentation
of sugar or of salts of keto-propionic acid. If the pH value of the
medium drops below pR 6.3, the formation of acid ceases and butanol
and other neutral products come into being. The critical pH value
for btutanol fermentation is, therefore, at pH 6.3. By adding a base
(for example chalk) only acids are formed and increased in the medium.
In this way it i# possible to regulate the fermentation process
so that either aleohcl or acids result.

A~etone-bitnol fermentation is used industrially teo obtain
butardl id cuacone. The Clostr. acetobutylicum, so intimately
conneuted with butyric acid bacteria, ferment starchy products to
acids (e w1 and butyric acid), to neutral products (ac=tone,
butanol, etharol) and to gases (Hp and CO,).  In studying this
fermentation Shaposhnikov (1939) was the Sirst to express the thought
that feenb.iion proceeds in two phases. According to numerous
studizs made by iam a two-phase precess is assumed for almost all
bacterial fermentations.

During the first hours of an acetone-butanol fermentaticn acids
(azeti. nd butyric acid) that decrease tge pR value in the medium
same prinarily into existence. In tie ensuing second phase neutral
produ.ts 2re formed predaminantly (Fig. 19). The amount of the acid
de.reased due - soaversion into neutral products. This fermenta-
tion process - ! mediumc contadning starch and sugar results under
optimun nutrition and temperature conditions.
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I Prase 1 Pose

Fizure 13, The two phases of acetone-butanol
fermentation (according to
Shaposhnikov, 1939).

1. Acidsg
2. Neutral products.

A tymical butyric acid fermentation can Le produced by the
influence of the reaction conditions. The addition of chalk is
sufficient to hold the pH velue in the neutral range and the fermen-
tation in tie first phase (Table 1¢).

TABLE 19

Fermentotion products in mg per 50 ml of a 6° corn-mash in acetope-

butanol fermentation

(according to Ternhauer and others, 193F)

Fermentation with 2 g of chalk
product without chalk per 50 ml of culture
solution

butrric reid 32.h 630

butanel 411,55 Ls.7

acetic acic 1C2.1 230.7

ethanol b, § 22.2

acetore 222.3 13.2
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The physiological age of the bacteria must also be considered.
The bacteria can regulate the pH value particularly in the second
phase of development by means of more or less intensive conversion
of acids to neutral products. Since the different processes have
a different pH optimum, specific processes predominate in the indi-
vidual fermentation periods. First acids, then neutral products
are formed. Therefore, the optimum pH of the fermentation is con-
stantly shifting during the course of the fermentation. After four
hours it is at 5.1 to 5.9; after 18 to 19 hours, at 4.6 to 5.3; after
28 hours, at 4.4 to 5.2

Acetone-ethanol fermentation has not been used to date in-
dustrially. However, it is possible that in time practical importance
will be achieved. Bac. acetoethylicus ([Note:] This designation
is not recognized either by Bergey or by Krassilnikov) is an agent
that ferments starch or sugar by forming acetic acid, alcohol, ace-
tone and gases (CO, and Hy).

According to Shaposhnikov, this process also iz carried
on in two phases. In the first phase Cannizzaro's reaction occurs
under neutral conditions between two molecules of acetaldehyde.
The resultant acetic acid shifts the pH value to the acid side.
In the second phase an aldol ccendensation of two acetaldehyde
molecules results from simultaneous oxidation at the expense of the
acetic acid, in which case acetone results as a neutral product.
Since this second process occurs without the formation of acid, the
pH value remains unchanged. o

Fermentation takes place within wide pH limits fram about
L to 10. Growth sets ip within these limits, if the pH conditions
are more favorable. The optimum initial pH value is at 6.5 to 7.5
(Saizev, 1939)0

Arzberger and others (1920) studied the fermentation process
of Bac., gcetoethylicus (a type of designation not recognized either
by Bergey or Krassilnikov) with different pH values in the medium.
The pH value was around 5.8 in fermentation with chalk. Stronger
alkaline conditions were produced by means of a daily addition of
alkali to the fermenting medium with bromcresol purple (pH 6.2)
or phenol red (pH 8) as an indicator. With an increase in alkalinity
the amount of volatile acids (formic and acetic acid) increased,
the quantity of neutral products (alcohol and acetone) decreased,
although the intensity of the fermentation, judged according to
the amount of the fermented sugar, remained approximately the same
(Table 20).

Saizev (1939) made similar observations with the fer-
mentation of potato-mash. The pH value was maintained specifically
by the addition of HCl or NaCH. This war not possible with a
phosphate buffer, because the regulated pH value dropped to 4.6 to
4.8 within 24 hours. The amount of acids formed increased with a
rising pH value (Table 21).
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TABLE 20
products in

Influence of the pH value on the formation of some
acetge—ethano lermentation., Yedium with 0.5%
KHPOy, apd pi 2% carbohydrats, Duration of experiment: two

weeks, Fementet_;g.ron products in grams per liter (ac.
cording to Arzbarger and others, 1920).

fermentation '
substrate s o acetic ethanol acetone unfermented
acid . portion
5.8 0.72 4,11 1.3 2.29
glucose. 602 3027 3.12 0968 301}9
8.0 5.04 2,08 0.9 3.33
A 5.8 2.55 4075 1006 ’4’-86
sucrose 6.2 4,40 5,06 1.53 4,60
8.0  5.40 3.46 1.20 5.07
TABLE 2

-.

r to Salzev

pH ethanol (1) acetons (2) volatile proportion
: acids* of (1):(2)
5.5.6:1 192 . 8210 3.1 PN
6.3.6.6 2025 7.8-9.7 5.0-5.4 2.6
7.0.7.8  19,6.21.2 4.5-5.9 h-29 4.5

*Data in am3 of 0.1N solution per 10 cn’

The proportion of the neutral fermentation products also
changed, depending on the pH value, In each case more ethanol than
acetone was formed. In the range of pH 5.5 to 7.5 the amount of
alcohol was only slightly dependent.on the pH. On the other hand
the formation of acetone seemed to depend considerably more on the
pH value. Double the amount of acetone was formed in the acid pH
range than in the alkaline range.

The proportion of ethanol to acetone was, therefore, greater
with an increasing pH value. Acetone was produced so abundantly
in the acid pH range that the pH value went up; in the alkaline
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range volatile acids were accumulated in a greater amount,

It is necessary fur a technical application of obtaining ace-
tone to know the pH range in which the acetone yleld is greatest
and the yield of 11e other products is smallest. The most favorable
pR value of 5.5 tc 6.1 for this is attained if the fermentation is
perloried with the addition of 1% tv 28 of chalk.

With fermentations that occur with the formation of acetone
the following general principles can be determined: The proportion
of acids to neutral products can be influenced by means of the pH
value, An alkaline environment excludes the formation of neutral
products, especially of butanol and acetone. The formation of ethanol
on the other hand is less strongly dependent on the p. Up until
now it has not been studied whether the pH value also influsnces the
proportion of resultant acids, although this question can have practi-
cal importance, perhaps for obtaining butyric acid.

Butylene glycol fermentation appears with bacteria of the aerc-
genes groupe Types and strains that form neutral products (butylene
Blycol and acetylmethylcarbinol) are also of interest from the point
of view of technical microblology, because the products formed by
them find application in the chemical industry.

Mickelcon and Werkman (1938) studied the dependency of the
butylene glycol fermentation of Aerobacter indologenes on the pH
value with washed suspensions and growing cultures. The critical pH
value of this fermentation lies at 6.3, as it does with butanol.
isopropanol fermentation. Outside of this value the fermentation
takes place with variations /Table 22), The formation of neutral
products (acetylmethyleattiinol and butylene glycol) occurs only in
acid mediums. Acetate is converted to neutral fermentation products
in a medium containing sugar. No formic acid results; in its place
€02 and H2 are formed as gases,

No acetylmethylearbingl appears in a more alkaline environment
in the sourse of the fermentotion; butylene glycol is formed only
in small armounits. lMuch fornic ccid but little gas is formed. Acetate
addad tc the iediu: is not converted.

TABLE 22

Fermeniation Products (in m mol per iiter) of a culture
L medium with glucose

»f Aerovacter oiorenes in
nd acetate (accord to Mickelson Wariman
1938).

ams, o7 formic a1cetdc lac- ace- 2,3- etha- C
pH farmientad CO2 Hz acid acid tic tyl- buty- nol in
sutAr actd methyl- lene

carbi- gly-
nol col
over
6.3 113 50 9 95 1C9 £.3 C 2.3 75 8¢
“gdi: n: 20 30 1 £ 27 0 87 60 100
L= -95.
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rale (1043) formulated the course of coli-aerorenes fer-
mentation as follous:

: Glucose
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1) The bo:ed products are accumulated in the medium.
2) Succinic -eid results from COp and a 03 compound.

3) Acetylnetliylearbinol and 2,3-butylene glycol are formed
only by bacteria of the aerogenes group.
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Part of the acetic acid is present in a free state (pK =
4.62) in acid mediums at pH values under 6.3; it is neutralized at
PH 7. It can be assumed that acetic acid is further converted in
the formation of neutral products if it is at least partially in a
free state, which is the case at pH 5.6 to 6.0.

Another group of metabolic products that are subject to the
effect of the rH are formic acid and the gases resulting from it,
CO, and Hz. At pH 7 acid is increased in the medium, whereas in
this case 002 and Hz are formed only in traces., Formic acid is fer-
mented to CO5 and Hz in the acid range.

Acetic and lactic acid appear as a third group of metabolic
products. Lactic acld predominates in an acid medium; in an alka-
line medium on the other hand acetic acid predominates. By fer-
menting 2 definite amount of sugar to lactic acid the medium is less
acidified than in the case of acetic acid formation, because the
lactic acid molecule consists of three atoms of catbon one carboxyl
group acetic acid, however, consists of two carbon atoms one carboxyl
group. The effect of a pH regulating mechanism is seen here. Gale
and Epps (1942) studied the pH conditions in neutral products for the

formation of the enzymes concerned by means of Esch. coli and Microe,

lysodeilticus (this type of designation is not recognized either in
Bergey or in Krassilnikov).

Silvermann and Werkman (1941) cultivated Aercbacter aerogenes
in an acid and a neutral medium. The ferment that catalyzes the
formation of acetylmethylcarbinol and butylene glycol in a cell-
free extract of mechanically broken up cells can be identified only
if the cells have been cultivated in an acid medium. In extracts
of cells from a neutral medium the enzyme whose optimum activity was
at pH 5.6 was not identiflable. The ability to form the carbinol-
producing enzyme with Aerobacter asrogesnes itself is not completely
lost after mmerous passages in a neutral medium. Under these con-
ditions no neutral products are formed; fermentation ocours as with
Esch. coli. However, acetylmethylcarbinol is formed again already in
the first transfer to an acid medium.

Orlova's (1950) experiments on the fermentation process in
growing cultures of Aerobacter aerogenes confirmed the data of
Mickelson and Werkman (1938): The more the initial medium was
alkaline, the more time was required to lower the pH value to 6.0-
6.5. The formation of neutral products camenced only then. At a
hish alkaline initial pH value these conditions were achieved when
a considerable part of the nutritive material in the substrate had

21lready been used up, so that the neutral products were formed only
in small amounts.

The proportion of the acids (acetic and formic acid) to each
other also depends on the pH value, With an initial alkaline pH

of 8,1, 64.5% of the total amount of acid was acetic acid; only
acetiec acid was formed at pH 4.98.

In addition to the bacteria of the Aerobacter aerogenes
type a strain of Bac, subtilis (imown as the Ford strain) produced
-7
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& similay Iermentataon. Neish and otners \iy4>) 1lnvestlgailsu wuc
intluence of the pH value on the production of fermentation produots,
in order to make the industrial extraction of butylene glycol pro-
fitable, A medium containing sugar was used as substrate. In one
case fermentation occurred without pH regulation under increasing
acid conditions; in the second case the medium was kept constantly
at a neutral reaction during the entire fermentaticn process by ad-
ding IN NaOH (Table 23).

TABLE 23

Fermentation products of Bac. gubtilis (Ford strain) in m mol per

100 m mol of femented glucose in an acid and a neutral medium
aceord to Neish and others, 19

fermentation products pH 5.8-6.2 pH 6.8-7.6
2,3-butylene glycol 56.15 36.16
acetone traces traces
glycerin 26.28 16.39
~“ethanol 18.24 28,70
lactic acid 3%.13 53.08
succinic acid traces 5.05
formic acid : 9.97 30.14
acetic acid - 3.98
butyric acid - ‘ 2.76
COo 130 101.01
glucose fermented in 4 days 73.7 68.2
C.n ¢ 100 97

The formation of-butylene glycol depended on the pH in the
same way as with bacteria of the aerogenes group: In an acid medium
it was greatest; the same was true of glycerin. In contrast with
the other neutral products ethanol wds formed in large amounts in
neatral médiums. Volatile acids were produced prinecipally under .
neutral conditions: likewise lactic acid that 1s {'ormed more in-

‘--tqnsivﬂy hy Lacteria of the co]i-aerogenao group in acid mediums.

Neutr.al Cq, products appear predminantly at acid pH values
4n the course of butylene glycol fermentation. Here the formation
fof gas is also strongest. At a neutral pH value formic acid and
acetic acid are formed, while lactic acid is produced at an acid pH
value (except for Bac, subtilis). Ethanol is obtained with this
fermentation, as it is with acetone fermentation, both in acid
* and in alkaline mediums.
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TABLE 24

The fermentation of glucose by means of washed cell suspensions
of Esch. coli in phosphate buffer at a different pH value.

Fermentation products in % of fermented glucose in two‘parallel
experiments (accordingz to Tikka, 1935)

Fermentation PH 6.3 PH 7.0 PH 7.4
products after 16 ars. after 9 hrs, after 20 hrs.
lactic acid 4.3 40.8 20.4 21.5 4.1 2.7
acetic acid L,5 6.0 18.1 20.3 29,4 34,1
formic acid 2.8 3.7 16.2 12.0 20.2 26.8
alcohol 2.1 196.3 21.0 22,0 22.1 2.1
hydrogen in cm3 18 146 45 b6 29 37

Tikka (1935) studied, by means of the fermentation of Esch.

coli the pH influence of the fermentation process on suspensions

of cells washed in phosphate buffer (Table 24). Quite small changes
in the pH range around 0.5 units produced considerable shifts parti-
cularly with respect to acid formation. Volatile acids (acetic and
formic acid) were produced predominantly at pH 7.5, but only a little
lactic acid. The proportions were reversed in a weakly acid medium
at pH Z.3. Just as was the case with bacteria of the asrogenes
group, €Oz and H2 were formed principally in an acid pH range.
Ethanol was present in an approximately equal amount in weak alkaline
and acid mediums.

Stokes (1949) obtained approximately the same results. The
amount of the volatile acids merely grew somewhat more slowly with
increasing alkalization; the alcohol yield remained the same at
a pH range of 6.5 to 7.9 and decreased only under pH 6.5. The
formation of succinic acid dropped with an acid reaction (Table 25).

TABLE 25

The influence of the pH value on the fermentation of Esch. coli.
Fermentation products in mol per mol of fermented glucose
(according to Stokes, 1949)

resulting acids

pH lactic succinic volatile alcohol
acid acid acid ! '
5.62 0.95 O0.14 1.05 0.48
6.00 C.74 0.19 0.75 0.50
645 0.32 0.31 0.79 0.78
7.0 0.10 0.26 1.51 0.81
7446 0.07 0.26 1.39 0.82
7.96 0.05 0.24 1.44 0.83
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Cook and Alcock (1931) determined the activity of the ferments
of Esch. coli at different pH conditions. They studied the oxida-
tive ferments of the cells worked up with toluene under aerobic and
anaerobic conditions with methylene blue as hydrogen acceptor. It
turned out in these experiments that the dehydrogenases cf formic
acld, lactic acid and succinic acid were inactive in an acid medium
at pH 4. At pd 5 to 6 the activity increased: it attained its ma.
xirmim in the neutral range and with alkalization above all it remained
at the same level. A decrease resulted only at pH 9.5. The results
were approximately the same under aerobic and anaerobic conditions,
with a slight shift of the optimum toward the acid range with aerobic
conditions (Table 26).

TABLE 26

The optimum pH of the dehydrogepnases of various acids with Esch,
c¢oli and the pK of the respeective acids Zaccording to Cook

and Alcock, 12312

acilds
Experimental conditions formic acid . lactic acid succinic
acid

Initial pH under an-

aernbic conditions

with methylene blue 7.0 7.4 8.5
Initial pH under

aerobic conditions 6.0 6.3 7.6
pK of the acids 3.68 3.86 5,28

Fram the above it follows that the dehydrogenases act only
on neutralized, dissoclated acids, but never on free acids. The
resulting acids are oxidized only under slkaline conditions, while
they accumulate under acid conditlons. This holds true for lactic
acid. On the other hand formic acid can be oxidized or -- in acid
mediums .- fermented to H2 and COZ‘

Moreover with Esch. coll fermentation is a complicated pro.
cess with which the pH acts on a whole series of partial processes:
on the formation of lactic acid which is produced primarily in an
acid medium, and on the-production of gases trom formic acid which
is alsc to be observed principally at an acid pH value, In addi.
tion same products -. ethanol and in part suceinic acid -~ are
formed independently of the pH value.

Lactic acid fermentation, for example by means of Lactobac,
delbrueckii, for the industrial extraction of lactic acid. The
bacteria ferment maltose, in which case lactic acids results ex-
clusively in amounts up to $8% of the fermented sugar. It is
known from many years! experience that lactic acid fermentation
accamplished by Lactobac., delbruackii occurred independently of
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whether or not the resulting acid is neutralized. There is, how-
ever, a substantial difference quantitatively. The fermentation
quickly stops without the addition of chalk. The pH value drops

so far that further multiplication becomes impossible (pH 3.9). In
this case a maximum of 1.7% acid can be produced. Considerably
greater amounts of sugar (up to 10%) are converted with neutraliza-
tion: the reaction of the mediuwm remains neutral,

Lactobac. delbrueckii apparently has only 2 limited number
of ferments and can only ferment sugar to lactic acid. Since the
acid is not converted further, its degree of dissoclation is insig-
nificant; the fermentation process is independent of the pH value
of the mediun.

Streptoc. faecalis var. liquefaciens can also supply ap to 90%
lactic acid from sugar, although it is not strictly homofermentative,
The fermentation caused by it is susceptible to pH changes. Gunsalus
and Niven (1942) found that the amount of lactic acid formed de-
creases with increasing alkalization of the medium, whereas the amount
of volatile acids and of alcohol becomes greater (Table 27). The
fermentation process, therefore, becomes heterofermentative under
alkaline conditions.

TABLE 27

Fermentation products of Streptoec. faecalis var. liquefaciens in m mol

with fermentation under various conditions (according to

Gunsalus and Niven, 1942

fermentation products H 5 oH 7 PH 9
lactic acid 87.0 73.0 61.0
acetic acid 6.1 9.4 15.6
formic acid 7.7 16.8 26.4
ethanol 305 703 11.2
fermented glucose 63.6 112,0 112.0
Cin % 95.0 90.0 88.0

White and others (1955) obtained similar results with
Streptoc. pyogenes. The shift of the fermentation in a hetero-
fermentative direction was especially strong here under alkaline
conditions (pH 7.8 to 8.2) in a medium with galactose, consi-
derably weaker on the other ‘hand with glucose.

Further research was conducted on Streptoc. faecalis
(Gunsalus and Campbell, 1944). Citric acid was used as sub-
stratum, because it is more strongly oxidized than sugar. By
this means the characteristic was alfected substantially. .In
addition to lactiec acid, €O, and acetic acid were also produced.
Lactic acid, acetyimethylcagbinol and CO, resulted in an acid pH
range in experiments in a nitrogen atmosphere with growing and
dormant cells. At pH 8.5 the formation of lactlc acid was less;
COp, formic and acetic acld appeared in its place as fermentation
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products.

According to Campbell and Gunsalus (1944) homofermentative
types, llke Lactobuc. delbrueckii and Lactobac. casei, can also
grow in mediwums with citric acid as a source of energy. With it
other fermentation products (acetic aeid, COZ) are also formed
i1 addition to lactic acid. In this cese the different degree of
oxidation of the substratum seems to cause the conversion.

According to Shaposhnikov and Semenova (1949) the hamofer-
mentative bacteria (Lactobac, brevis) can not only produce lactic
acid but also utilize it. Lactate 1s consumed at the beginning
of growth at pH = 6 in a peptone medium with sugar and calcium
lactate. Lactic aecid formation begins when the pH value drops to
> 6. On the other hand acetic acid results already at somewhat
higher pH values (Table 28.)

TABLE 28
Ch%e in the E value and fermentation process in a growing
ture of Lactobac, brevis {according to Shapos ov
Semenova '
duration m mol fermented substrate
of expe- pH laetic acetic aloohol in m mol
riment acid  acid in glucose lactic
in hours m mel acid
O 7.6 L1 ] - - - o
4 6.6 0° 9.6 4.6 4.5 L.
8 6.3 O 9.9 604 6»& 6:2
2k 6l 4,2 13,2 5.1 11.7 0
120 502 18.0 17.0  17.5 30.0 0

Different types of lactic acid bacteria react differently,
therefore, to pH changes in the medium. It holds true as 2 gensral
rule that lactic acld is formed in aeid mediuns; however, at some.
what higher pH values volatile acids (acetic and formic acids) are
fomado

The production of acids bty fungi is frequently described
under the heading "fungus fermentations" whose process is often dif-
ficult and unreliable to reproduce, presumably because the external
conditions are not yet sufficiently lmown. First of all it is a
question of the production of citrie, gluconic and oxalic acid
by aspergilld and cf lactie, sueeinic and fumarie acld by mucora-
ceae,

Aspergdllus niger has been studied most frequently. It pro-
duces citrie, gluconic and oxalic acid as well as CO, when cultivated
on rediums with a large amount of sugar. Individual strains of Agp.
piger have been used for the industrial extractlion of eitric acid.
Butkevitch (1924) made a detailed study of acid producticn by Asp.
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niger. This fermentation occurs under strongly acid conditions

that the fungus itself creates by means of acid production. At the
same time its growth ceases with neutralization of the acids by means
of chalk (Table 29),

TABLE 29

Fermentation products in g with Asp. niger. with and without the
addition of chaik to the medium Eaccording to Butkevitch. 192K)

Fermentation products with CaCO3 without CaC0O4
gluconic acid 0.840 0.280
citric acid 0.051 0.727
oxalic acid 0.474 0.0
fermented sugar 2.235 2. 247
unfermented sugar 0.265 0.253

The growth of the fungus takes place egually well with and
without caicium carbonate at a measured consumption of sugar. On
the other hand the formation of metabolic products is different.

The principal fermentation products of fermentatlion in an acid me-
dium are c¢itric acid and some gluconic acid. In a neutralized me-
dium zluconiz and oxalic acid were produced mainly, but only:a 1’itle
citric acid, Apparently gluconic acid is made'in a medium without
chalk at the beginning of fermentation before the pH value drops.
Fermentation takes place in an acid medium when eitric acid is pro-
duceds pH 2 is given as the optimum for Asp. niger. The optimuwm

pH value with another citriec acid producing fungus, Citromyces glaber
is between 3 and 4 (Frey, 1931), Jacquot (1938) investigated in detail
the dependency of oxalic acid formation on the pR value. Oxalic
acid is produced only under alkaline conditions in which the optimum
pH value is different for the individual types. For Asp. niger it is
at pH 6.6.5: for Pen., solitum, at pH 7.5-7.8, and for Asp. oryzae

at 8.0 8050

Here the self.regulating mechanism of the pH value by means
of fungi is seen plainly. In Asp. niger with citrie acid as a earbon
source a weight-yield of 197 mg resulted, in which case no oxalic
acid was produced., With potassium citrate as a source of carbon
the medium became alkaline due to consumption of the citric acid,
and 0,01 g of oxalic acid resulted, so that the alkalinity of the
medium was campensated.

Sumnary. The hydrogen 3ion concentration of the culture
medium has considerable influence on the course of the metabolic
processes. It affects the production and the activity of the fer-
ments, the type of intermediary products, their dissoclation and so-
lubiiity. Considerable alterations in the proportion of fermentation
products can be attained by means of pH changes.

The following general principles apply: Fermentatlons in
whose course neutral products are to be formed require an acid
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reaction., Neuiralization excludes the formation of neutral fermen.
tation products. This applies to ace‘one, butanol, butylene glycel,
acetylmethylecarbinol and ethanol,,which is certainly formed in some
cases both with an acid and an alkaline reaction.

The proportion of the acids fcrmed by various microorganisms
is also changed depending on the pH value. Thus formic acid is
obtained ii; neutral and alkaline mediums, while it is broken up into
CO, and H_ with an acid reaction. Volatile acids are formed prima-
riiy in néutral mediumc, and lactic acid is produced principally
with an acid reaction. Fungli form mainly citric acid in an acid
mediun, oxalic and gluconic acid on the other hand in neutral and
alkaline mediwms.

By altering the pH value, therefore, the composition of the
metabolic products is changed in a way that is advantageous for
further growthe. It is a question of an adaptive process that de-
pends on the activity and the combined action of the individual
enzymes.

I1T. ce of Microor the Hydrogen lon Concentration
of the + M N

Microorganisms are able to modify in the course of their
development the pH value of the medium. If we start out with the
nutritional requirements, three large groups of microbes can be
distinguished: Fermentation microorganisms that use nitrogen-free
substanees as scurces of carbon and energy; poly-fermentative
microorganisms that utilize both nitrogen-bearing and nitrogen-
free suhstrates as emergy sources; saprogenous microbes that
nake use of albumin and its fission products as sources of carbon
and energy.

Only acid and neutral products, but no alkaline products,
are produced in the course of fermentation by the microbian conver-
sion of nitrogen-free substances, primarily of carbohydrates. Con-
sequently the medium is more or less acidified. Two types can be
distinguished: wmieroorganisms that formm only acid and microorganisms
that also produce neutral products in additiom to acid.

Homofermentative lactic acid bacteria, butyric acid bacteria
and acid-forming fungl are to be included in the first ~roup. Homo-
farmentative lactic acid bacteria and many acetic acid bacteria that
oxidize alcohel to acetic acid cannot regulate or modify the fermen-
tation process. Therefore, the process takes place as long as the
acids support the life act vity of the agents. Fungl and some of the
acetic acid bacteria have a fermentation metabolism that can be re-
gulated. They are highly resistant to low pH values. Even if
the supply of fermentable carbohydrates and other substances
is exhausted, they do not stop their develomment, but ratucr they
utilize the acids formed by them and they usually oxidize tham to
COzand Fp0. By that means the pH valu= roes up. Autolysis sets
in"only after utilization of their own metabolic products. It
is tiad in with an alkalization of the medium, because armonria
and organic bases are released from the native albumin,
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The production of acetic acid from alecohol by acetic acid
bacteria is characteristic of over-oxidation. The acetic acid
bacteria probably are not always able to do this (Dratvina, 1937).
They perform an over-oxidation when the pH value has not dropped too
much after exhaustion of the alcohol supply and the life activity
has not coampletely stopped. ' Then the types that are resistent to
a low pH value commence over-oxidation and in this way shift the
pH value from acid t¢ the more favorable neutral range.

The acetone-butanol bacteria, the butanol bacteria, the
acetone-ethanol bacteria and the types of the aerogenes group belong
to the sscond group. The formation of neutral products is a pro-
cess for preventing an excessive productlon of acid and for regu-
lating the pH in the medium. In the growth of acetone-butanol bac-
teria on carbohydrates acetic and butyriec acid are formed at first.
When the hydrogen ion concentration has reached a certain value (pH
4,5 to 5.0), the process begins that prevents further acidification:
the acids or their initial stages are converted to acetone and buta-
nol. The fermentation of bacteria of the agerogenes group, that have
a further ability to regulate the pH, takes place in a similar man-
ner: Formic acid is formed in alkaline mediums, with the result that
the pH value drops. Formic acid is broken down into CO2 and H2 under
acid conditions. Since carbonic acid acldifies the medium less
strongly than formic acid, the pH value is regulated in this way.

Saprogenous bacteria and polyfermentative mieroorganisms
utilize albumin, peptone or other amino acids as material for energy
metabolism. The carbon chain can be oxidized to CO, by using amino
acids, The amino group is supplied to anabolism for the formatien
of native albumins. Since the amount of nitrogen necessary for ana-
bolism is usually smaller than the amount included in the amino
acids, excess ammonia nitrogen is released in the medium. The
pH value in the medium goes up more or less; therefore, in general
an alkalization occurs with cultivation on albumin mediums (Kopaczewski
1931), Ammonia 1s dissolved in the water as NHjOH, in which case
the pH value goes up to 8 or 9. In the presence of alkalization the
individual microorganisms behave differently. Proteus vulgaris and
Alcaligenes faecalis belong to the types that tolerate a strong al-
kaline reaction. Other types prevent the accumulation of ammonia,
since they form urea. Thus Ivanov and Smirnova (1927) established

that Bas, megaterium, Bac. tumescens (designation according to
Krassilnikov?, Bac. mesentericus (designation according to Krassil-
nikov), Bac, subtilis and Bac. cereus var. mycoides form 12.8 to

15.5 mg of urea on 10 ml of peptone-bearing gelatin. Urea is not
increased in acid mediums, because urease is active in the acid range.
The relationships are reversed in alkaline mediums. Therefore, a

detrimental alkaMeation is prevented by means of the production of
urea, This process is especially important on albumin mediums.

An exsessive alkalization can also be inhibited by the for-
mation of acid. Butkevitch (1903) made known the first information
on this subject. Asp. niger, as a polyférmentative fungus, is
able to grow as well on carbohydrate mediums as on peptone. Am-
monia is enriciued in the medium by cultivation on peptone; however,
since Asp. niger forms large amounts of oxalic acid from psptonme,
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ammonia 1is neutralizei. Pen. glaucum and Mucor do not have such a
mechanism available. However, they form only small amounts of ammonia
on peptone mediums, and they alkalize the medium only slightly.
However, they decompose peptone only incompletely in catabolism and
not all the way down to CO,, R, 0 and NHB; acid amides are formed,
causing only a weak alkaliZation.

Esch, coli has available a pH regulating mechanism similar
to the one described by Butkevitch for fungi (Sierakowski, 1924).
The pH value approaches the neutral point in each case with culti-
vation in beef peptone bouillon at pH values of 6.3 to 9.5; in old
cultures, howsver, the medium becomes increasingly alkaline. The
amino acids are extremely decomposed in an alkaline medium; co,
is formed, neutralizing the excessive alkali content. The more a
mediwm is alkaline, the more CO, is produced and retained in the
medium. If a substrate is acid, the resulting CO, is not retained
but given off into the atmosphere, so that a neutral reaction gra-
dually sets in as a result of the increasing ammonia content. In
this way originally a=id and alkaline mediums slowly become neutral.
Then. as the culture ages the amount of ammonia, produced simulta-
neously with €Op, becomes so great that not enough CO, is present
for neutralization. The subsequent alkalization fina%ly reaches,
regardlaess of the initial pH, values of pH 9.0 to 9.5 that stop all
life activity.

Gale and Epps (1942) also called asttention to the self-re-
gulation of the pH value in coli cultures. Varlous ferments are
formed by cultivating on altumin mediums under acid and alkaline con.
ditions. The decarboxylases that separate CO2 from the cartoxyl
groups of the amino acids are very active in an acid medium. On
the other hand deaminases are produced by cultivation *., alkaline
mediums, so that amines and amino acids are destroyed and the alkali
content of the medium decreases.

According to Manteyfel and others (1949) growth of Bact.
formicum on 2 peptone medium takes place with calcium formiate at
<3 7.3 without pH modifications. On the other hand both an alkaline
mediun (pH 8.5) and an acid one (ph 5.3) are regulated to about pH
7.6. The fact thet no alkalization results in a culture at pH 7.5,
although formic atdd is consumed and a base (calcium) remains, is an
indication of the presence of a process that counteracts alksliza-
tion. The more strongly azlkaline a medium is, the more acetic
acid is formed. On the othe:' hand no acetic acid is produced in an
acid medium. Its production occurs only when the alkalization has
reached a definite degree (pH 7.4). If acetic acid is .dded to a
culture at pH 6.5 4t is corsumed and the pH value of the medium
g£08s up.

Finally it must still be mentioned that there also are mecha-
nisms in higher plants for reguleting the pH wvalue. S3abinin and
Minina (162%) observed that when roots of oats, tuckwheat, wheat
are put in solutions with pH values from 4.5 to 7.7, the pH vaiue
of pH 6,0 appeared in ons to two hours. The underlying process
15 camplicated; it 1s a question of 2 non-equivalent adsorption of
cations and amons, an exosmosis of the cations and an elimination
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of organic acids. Martinec and Rypacek (1947) and Cetl and others
(1952) described a regulation of the pH in tissues of Potamogeton.
Vicia faba, etc. in solutions of O.O0IN NaOH and HC1 with pH values
from 3 to 9.

Sumary. In cultures on carbohydrate-bearing mediums the
production of acid van be so strong that the microorganisms concerned
die off. Too strong an acidification may be prevented by means of
the formation of neutral products in place of acids or by means of
oxidatic~. of the acids to CO, and H,0.

An alkalization of the medium, in cultures on albumin mediums,
ensues as a rule due to elimination of ammonia released by the de.
composition of amino acids. Some microorganisms are adapted to
strongly alkaiine conditions: in others soecial regulating pro-
cesses prevent the ammonia content from rising toc high. The
alkali content for example drops with the formatior of urea from
ammonia. Another process for decreasing the alkal: content con.-
sists of the production of acids that yield only weakly alkaline
ammonium salts with free ammonia.
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CHAPTER 5
GROWTH OF ANAEROBES AND THE REDOX POTENTIAL

I. Theory of Anaerobiosis

Anaerobiosis, life without oxygen, was observed for the first
“time by Pasteur in the year 1861. He found that liwing creatures
are able to exist when they draw the energy necessary for living
not from the oxidation of the substrate with atmospheric oxygen but
rather fram a transformation of this substrate without the parti-
cipation of oxygen. He called this way of life fermentation.

Pasteur subdivided microbes into aerobes and anaerobes and
differentiated strictly between them: oxygen is a prerequisite for
life for aerobes, for anaerobes, on the other hand, it is a poison.
Chudyakov (1896) conducted experimental studies on obligate anaero-
bes, butyric acid bacteria and some viruses. He determined, like
Pasteur, that oxygen not only destroys vegetative cells but also
spores, However, in addition he came to conclusions that are con-
trary to Pasteur!s opinions. Chudyakov considered the difference
between aerobic and anaerobic microorganisms as only quantitative.
This point of view 1s based on the fact that cultures of obligate
anaerobes consume oxygen at a low oxygen partial pressure (10 mm).
Moreover, anaerobes can be adapted to higher oxygen partial pres-
sures. Thus, for example, butyric acid bacteria that giew at a pOs
of 5 mn succeeded in adapting to growth at 50 mm in six months. On
the other hand, strictly aerobic microorganisms also grow at a low
pOo. Bac. subtilis and Asp. niger still grew, for example, at an

.oxygen partial pressure of 10 mm. Both anaerobes and aerobes nan

exist, therefore, at certain oxygen rartial pressures.

Beijerinck (1899) supported virtually the same opinion
with respect to anaerobiosis. "Respiration patterns" result by cul-
tivating aerobic and anaerobic bacteria in a hanging drop. Aerobes
accumulate on the edge of the drop, thersfore, closer to the air;
anaerobes (butyric acid and saprophytic bacteria) accumulate at
same distance fram the edge. According to Beljerick's opinion this
is proof that anaerobes avcid an excess of oxygen, although they
require a slight oxygen partial pressure.

Obligate anaerobes, therefore, are not aerophobic, but rather
microaerophilic, Beljerinck doubted that obligate anaerobes can
live over an unlimited period of time without any air supply. He
assumed that they store a small amount of oxygen required for their
growth as a reserve in the cells, so that they can exist for a°
certain period of time under completely anaerobic conditions.

On the other hand, the opinion is also advocated that life
is impossible without oxygen. Windisch, Haehn and Neumann (1953)
point out that yeasts, which are facultative anaerobes, do not
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grow"uith a complete lack of atmospheric oxygen. According to their
opinion only the energy of the oxidation processes is suitable for
the support of life activity.

However, it is not possible to agree with opinions like these.
There is a fundamental, gualitative difference between fermentation
and respiration. In fermentation an intramolecular displacement of
oxygen occurs, due ¢ which one part of the molecule is oxidized
at the expense of the other.

At present there is no doutt that this kind of reactions can
supply energy for the life of microorganisms. This has been par-
ticularly studied in detail in the case of alcoholic fermentation
which causes the formation of energy-rich phosphate compounds that
are utilized by the microorganisms for the support of their life
activity. Atmospheric oxygen does not participate in this. The
same 1is alSoftrue of other anaerobic energy processes.

At present this concept is generally accepted. Thus Shaposh-
nikov (1955), Elsden (1952), Werkman and Wilson (1954), Veselov and
vthers (1954, 1955), emphasize that material for systhesis is sup-
plied by fermentation processes,

Oxidation represents another type of the energy process
in which the introduction of a hydrogen acceptor from without is
necessary.

Anaerobic and facultative anae=r"..:® microorganisms have a
fermentation metabolism in which the su/ . crate is effectively oxi-
dizing and redueing simultaneously.

Aside from this, in anaerobes the hydrogen can be extracted
from the substrate to be oxidized and stabilized without participa-
tion of a hydrogem acceptor in the form of molecular hydrogen (Hz)
as a fermentation product (Gest, 1954. According to the opinion
of Shaposhnikov and others the hydrogen is not directly produced from
the substrate, but rather by way of formic acid that is accumulated
or decomposed to 002 and H, according to the type of microorganisms
concerned. )

Aerobic microorganisms require an additionsl Poxidator® as
a hydrogen acceptor besides the substrate to be oxidized. Atmos-
pheric oxygen assumes this role in them,

Qnelyanski (1904, 1953) talks about aercbic or oxidative
and anaerobic or fermentative microorganisms that are assocliated
with each other by means of changes. Facultative anaerobes occupy
an intermediate position, because they can live agcording to the
alr supply of the medium both under aerobic.oxidative conditions
and under anaercbic._fermentative conditions.

The question of why oxygen that aerobes tolerate in large
amounts is toxic to anaerobes remained unanswered for a long time.

McLeod and Gordon (1923 a, 1923 b, 1925 a, 1925 b) were
~113.




air. Bacterioides wvulgatus belongs in this group
- Hanke, 1 .

the first to treat this problem. Anasrobes are particularly sensi-
tive in the presence of hydrogen peroxide; a 0.0003%-0.0004% 0,
content in the medium already prevents growth. On the other hand
aerobes tolerate up to 0.015% Hz0,. Hydrogen peroxide results in
bacteria cultures from the oxidation (dehydrogenation) of the sub-
strate by atmospheric oxygen. Aceording to Wieland oxidation of
the substrate (AH;) occurs as follows:

AHz + 02 - A + H202

Aerobic bacterla, which are relatively reslistant in the
presence of H,05, have a specific ferment (catalase) that
reduces hydrogen peroxide to water. Anaerobes, on the other
hand, have no catalase available. By cultivating bacteria on blood
agar it is possible to establish very small amounts of H202 that is
being formed. Within the growth area of the bacteria the originally
chocolate-colored agar takes on a greenish color due to reaction
with hydrogen peroxide. Holman (1955) cultivated clostridia on agar
mediums with access to air when the surface of ths sgar was coated
over with an extract of beef liver containing catalase,

The hypothesis of McLeod and Gordon, however, is not com-
pletely satisfactory. Sherman (1926) referred to the fact that pro-
pionic acid bacteria have catalase and, nevertheless, remain anaerobes
and are sensitive to oxygen. According to Virtanen and Winter (1928)
they produce more catalase, for example, than the facultative anae-
robe Esch, coli that forms catalase in an approximately equal amount
under aerobic and anaerobic conditions.

Not all obligate anaerobic bacteria form H,0, by contact with
(Gennesland and

Quastel and Stephenson (1926) tried another explanation.
Their experiments demonstrated that oxygen does not desiroy anaerobes,
but rather only stops their life activity. It is possible to pass
oxygen for many hours through a washed suspension or a beef bouillon
culture of Clostr. sporogenes and then the cells multiply again as
the result of a hyperinoculation in a favoravle medium, certainly
after a period of latency extending up to 66 hours. If compounds
with an SH group, acting as a redox system, are added to the me-
dimm, the latency period can be shortened.

Other reducing substances, for example glucose, also act
in a similar manner. Quastel and Stephenson concluded that anaerobes
cannot multiply any longer at a redox potential above a definite li-
mit: that is to say, a low eH is necessary in the medium. They pro-
duce in the medium a low redox potential favorable for them, while

_they release, by means of albumin decomposition, substances with
"SH groups (like cysteine, glutathione). ([Note:] eH measurements

were taken only later in anaerobe cultures by other researchers.)

We are grateful to Kligler and Guggenheim (1937) for ex-
perimental data that demonstrate that anaerobes are less sensitive
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in the presence of free oxygen rather than in the presence of a high
rgdgx potentiel. (Clostr., welchii does not grow under aerobic con-
dltigns in the usual beef peptone mediums. However, if a reduction
§ubstance. for example ascorbic acid, is added to the medium, growth
is also pussible under asrobic conditions. The more peptone is
contained in the medium, the less ascorbic acid is needed. because
the reptone itself acts as a reducing substance (Table 30).

Since the medium comes in contact with air, it contains dis-
solved oxygen. The amount of dissolved oxygen was determined colo-
rimetrically with an alkaline pyrogallol solution; in beef bouillon
with the addition of ascorbic acid it was almost exactly as high as
in ordinary beef bouillon. An oxygen content of 95% was tolerated
in the presence of vitamin C, while without ascorbic acid, contact
with air (oxygen content 100%) was sufficient to inhibit growth.

In spite of the presence of oxygen, the redox potential of the
medium was lowered. Growth was possible when indigo carmine was
reduced to 75% in the medium, corresponding to an eH of .125 mv.

TABLE 30
The iafiuence of various sptone and aszorbic acid concentrations
in_the medium on the growth of Clostr. welchii (according to
Kiigier and Guggenheim, 1
assorbic _peptone in %
acid in
g per L 0.0 0.25 0,5 1.0 1.5 2.0 3.0 4.0 5.0
1.0 - +  + H o e e
0.2 - + + + H o
0.05 o . - - - + +
0.02 . » o~ - - - - - -
0.00 o o - - e ‘ - - -

- = ny growtar  + = growth

The objection tc a specific action of oxygen (Knaysi and
Dutky, 1936) has been refuted by Van Niel (1937).

The importance of the eH as a supporting or inhibiting factor
in the growth o¢f anaerobes is acknowledged nowadays (Smith, 1949;
Werkman and Wision. 1954).

It is entirely possible that the role of compounds with an
SH grovp is nct oniy eonfined to a lowering of the eH. According
tc Messing®s (i934) data, substances with an SH group do not lower
the eH substantially in a sterile medium, approximately 60-70 mv.
The growth of anzerobes (for example of butyric acid bacteria), on
_the other hand, is ascelerated considerably. Messing assumes that

SH compounds astivate the reciprocal effect between microbes and the -

medium, without, However. developing concrete notions in this re-
specto
LTABL
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. It must not be forgotten that substances with an SH group not
only lower the eH of the solution but also the eE within the cells,
It is conceivable that a slight change of the intracellular condi.
tions affects the life activity of bacteria considerably.

The reason anaerobes do not tolerate 2 high redox potential
of the surrounding medium must depend. according to Engelhardt (1944),
on the fact that same vitally important ferments are inactivated at
a high eH. Consequently the organism living anaerobically loses its
capability for normal nutrition and dies for this reason and not
because of polsoning as Mcleod assumes.,

Coenzyme A, which performs the transfer of acetyl groups,
contains an SH group due to whose oxidation processes dependent on

‘coenzyme A are inactivated with the result that in this way the or-

ganism loses its ability to live (Schapot, 1954),

‘the problem of the most favorable redox potential for anae-
robes has been studied repeatedly. Aubel and Aubertin (1927) cul-
tivated anaerobes and aerobes in an agar medium on high layer with
the addition of various rH, indicators: methylene blue that is
reduced to 50% at an rH2 of 14.5; Janus green (green-rose at rHy
12,0, rose-colorless at er L.5; neutral red at rH, 3.0; safranine
at rE> 2,5.

They concluded from the behavior of the facultative anaerobes
Bsch, coli, Proteus wvulgaris, Ps. fluorescens and of the obligate
anaergbes Clogtr., botulinum, histolyticum, sporogenes, putrificum
(designation according to Krassilnikov), perfrigens that facultative
anaerobic bacteria grow in an rH, range of 0-20 and higher and that
obligate anaerobes, on the other hand, develop in a narrow range of
0-12.

Yeasts grow in an rH, range fram 7 to > 20 (Aubel, Aubertin
and Genevols, 1929). Growing colonies take on specifically the color
of the medium, If the medium is dyed by means ¢f an indicator, the
colonies are also dyed; if the medium is colorless due to reduction
of the dye, the colonies are also colorless,

. Repeated attempts have been made by using indicator dyes to
éstablish the limits of the rH, ranges at which growth is possible
for anaerobes and aerobes (Aubel, Aubertin and Genevois, 1928;
Prevot, 1938). The results vary and have an approximate value at
most. For example, Prevot gives rH, 14-20 for aerobes that grew
on the surface of an agar medium, rﬁg 7.4-14 for anaerobes of aver-
age sensitivity, values under 7.4 for strict anaerobes.,

Since the colorimetric method is not satisfactory. an attempt
has been made to arrive at more accurate delimitations electro-

metrically.

Plotz and Geloso (1930) ascertained colorimetrically and elec-
trometrically that Clostr. tetani grows in a beef bouillon culture
betwean rH, 14 and rH, 5.5. Growth was not possibla either at rH, 0
(addition of dithioni%e), or at rHp 27 (addition of quinone) or af
rH, 15. The upper limit for the germination of spores of Clostr,
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tetani lies at about ri, 17. 18 according to Knight and Fildes (1930).
zTﬁ:te 1 Cumputed by us from the pH and 2H values of Knigh* and
Fildes. The different eH values in the medium were obtained by in-
troducing various mixtures of N, and Op.)

Ascording to Vennesland and Hanke (1940) Bacteroides vulgatus
gruss at rH, 16.8, but no longer at 18.2 ([Note: ] Same method as
Knight and ﬁiluesn}

Different eH values can also be adjusted in the medium,
according to Hanke and Katz (1943), with the electrolytic method,
by means of which oxygen or hydrogen is generated on an electrode
inserted in the medium. ({Note:] The second electrode is in another
recaeptaizle connected with the culture receptacle by means of an
agar bridge, According to the “hook-up™" of the direct current
source the electrode in the experimental receptacle is either anode
or .athode.,, The eH zan be regulated rzther accurately by varyirg
the current intensity. For Bacteroides vulgatus and %lostr. sporo-
genes ri, 16,8 (computed by us) resulted again as limit value,

The introduction of oxygen with the si@ultaneous lowering of
the eH by elestrolysis proved to be harmless as long as the limit rHy
value was not exceeded,.

Approxaumately the same limit values resulted in ~xtensive
experiments on various types of Clostridium by using the electolytic
method at different pH values in the medium (Hanke and Rniley, 1945;
Table 31) »

A greater uzcuracy can hardly be attained, because it is
difficuit to maintain the el value of a growing culture constant
over 10 to 30 hours.

An rH, Jf 8 resulted 2s optimum value for Clestiridimm types
when graduated amounts of scdium thioglycolate and glucose were
added to the medium as reducing substances (Reed and Orr, 1943).

Aubei, Ruserberg and Gruenberg (19'5) found good growih of
Clogtsa_5ac il dbutyracun (designation according to Krassilnikov)
anda DEJIV gy oo rH5 11,2 to 12.4 ane exceptionally still at 18.8.
In other =2xperments tne cultures were kept under O, and No. Con-
cermin- the 0> .ontent of the cas mixture growth was detected only
with 1.4% G- ipﬁ 6,8 el 4116 mv' rH, 17.4) and below.

The d.verse results of electrometris experiments made only
on the same uypes of bacteria demonstrate the difficultiss «f this
kind of experimen+ts. Alsc the amount of seeding affects the limit
potani.a. ¥ ~rowtn  The greater the amount of seeding. the higher
the 1umi, putantiaw.

We f.i..4ea the course of rH, chanves and growth in cultures

of in:er.be.. L osder to establish in this way the optimum redox
cundl L ionSe
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TABLE 31

Upper eH limits of growth at different pH values of the medium for
three Clostridium types according to Hanke and Railei; 1§E§E
zrﬂz val

lues computed by us)

Clostr. welchii Clostr. sporogenes Clostr. histolyti-
cum
PH el ri, pH eH er pF el er
6.0 106 15.7 6.0 €100 15.4 6.4 85 15.7
6.2 131 16.9 6.2 130 16.9 6.6 90 16.3
6.4 160 18.3 6.4 144 17.8 7.0 60-76 16.0-16,5
€.6 150 18.4 6.6 136-152 17.7-
18.2 %% Lo -

6.8 114 17.5 7.0 114 18.9 - - -
7.0 2] 17.1 - - e - . -
72 80 17.2 —-— e - - _— —
7.“’ 37-70 1509"17t2 - - - —— s -
7.8 0-30 15.6-17.6 - - - - - -
Average value 17,0 Average value 17.3 Average value 16.1

** Determination not made

As 1s'known, a strong drop in the rH, appears in the culture
in the growth of anaernbes. If an uxidation substance that prevents
a lowering of the rf, and maintains the redox polential at a defi-
nite level is added fo the culture, its reaction on cell multiplica-
tion can be followed., It is recomended that in experiments of
this type, rH, indicators be used according to a method employed bty
Dubis (1929 b?. If an indicator is added to a culture in which the
ri is dropping, this lowering is stopped at the level of the rHp
interval at which the added dye is reduced. From the mament at which
reduction starts until the time when the dye is aimost reduced, it
holds the rHi, at a certain characteristic level. In this way a
kind of "plateau® recults an the curve of the rH, decrease in a
graphic representation; after reduction of the entire dye the rH
berins to drop again. How long the er is neld at the sams levaf
jepends on the amount of dye added.

Mligate anaercbic saprophytic bacteria that obtain their
eneryy from connected redeox changes of amino acids served as subjects
of experiments, (Rabotrova, Toropova and Rabayeva, 1955). Stickland,
(1934, 1935) demonstrated that Clogtr. sporogenes reduces proline
with cirmitaneous oxidation of alanine during formation of amino-
valeris acid. Valine. leucine and «-ketopropionic acid were
established as hydrogen donators; in additiorn to proline glycine
can also> be a hydroyen acceptor. If usable sugars are present
in the mediun, they are femmernted according to the butyrie acid
type of fermentation, ss was demonstrated by Rodopulo (1946) for
Clest=. botulinum and is also prebably the case with other sapro-
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At tiic bewinning of the experiment the rl’, value goes down
and ~n intensive cell rmltiplication starts only after that (Figz.
1¢). Thesefore, first =€ all the reductive conditions to which
srottir 15 tied arc produced in the med;um.

/

Yuaber
of cells
- nillion {v
ver nl
T
3 7
St ron Lours

Tisure 19, Craphic representation of the rH, .
chanees in a culture of Clostr, gggrogenes.
Hunber of cells and their morphology.
l= rFfz; :
2 = number of cells,

Verious ril, indicators were used to buffer the er value
(Table 32): thes“completely delayed the growth of Clostf. putri.
ficia, Their action was less strong on Clostr, sporogenes: lere
neutral. red wac uwithout effect., Already after 1C hours an intensire
malitiplicotion beran without the addition of dyes; in the presence
of dres it set in only 24 to &8 hours later,

Wiih a definite xem content the growth of the bacteria

could be coanletelr stopped by means of an appropriate concen-
tration of &re (Table 33).
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TABLE 32
rH, indicators for buffering the ng value

rf, indicator decolorized to 50% molecular weight
at er
neutral red 3. 288
Jamus gree 5.5 511
phenosafrenine 5.9 322
indigo disulfonate 10.0 498
indigo tetrasulfonate 12.3 611
methylene blue 14.5 305
thionine 16.1 R

TABLE 33

Concentration of rHi; indicators that stop the growth of anaerobes
at a germ content of 2,0 X 10/ cells per ml

RS —

rH2 indicator Clostr. sporogenes Clostr, putrificum
0.5% solrtion ml per  concentra- ml per concentra-
10 ml tion in the 10 m1 tion in the
culture medium, in culture medium, in
solution mnol solution mol
neutral red 1.5 0.,0026 0.7 0.0013
Jamus green 0s5 0.0005 0.5 0.0005
phenosafranine 1.2 0.0023 0.7 0.0014
indigo disulfonate 2.5 0.0025 2.0 0.0020
* indigo tetrasul-
_ fonate 245 0.0017 2.0 0.0014
methylene blue 1.5 0.0025 1.0 0.0016

The limit concentrations of the various dyes, with the ex-
ception of Jamus green, were relatively close to each other, The
inhibition of growth can be explained by the fact that the dyes
keep the rH, value at a level that is too high for anaerobes.

The dyes themselves are not toxic; in a reduced form in the pre-
sence of NaySp0p they inhibit growth only insignificantly (Table

34). For Closir. sporogeres the inhibition held good only with
phonosafranine also in the presence of sodium dithionite; ob-

viously in this case the dye as suchws toxic. Clostr. sporogenes
grew only at an ri, «<5. Neutral red permitted the growth of

Clostr, sporogemes, although somewhat retarded. Therefore, multi-
plication is quite possible at rH, 3. Clostr. putrificum is still
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more strongly anaerobic. It did not multiply in the presence of
neutral red, That means that an rH, value of 3 is already too
highe The action of other reduction substances, ascorbic acid or
of hydrogen for example, was analogous to the effect of dithionite.

TABLE 34
The effe:t of sodium dithionite on the toxicity of the ril, indi.
TaLors
Clostr, sporogenes Clostr, putrificum
rHy indicator, - p3 of No. of ml of
0.5% solution  dye per cells in dye
10ml NaS50; mill, per per Na25204 growth
ml after 10 ml
the sud
of the ex-
periment
neutral red 1.5 - 146 0.7 - -
1.5 0.015 201 - 0.7 0.015 +
Janus gjreen C.5 7.8 0,5 - -
0.5 0.015 150 0.5 0,015 +
phenosarranine 1,2 - 10 0.7 - -
1.2 0.015 10 0.7 0.015 +
indigo disul-
fonate 265 - - 2.0 - ~
2.5 0.015 150 2,0 0.015 +
indigo tetra-
sulfonate . 2.5 - kg 2.0 - -
265 0.015 145 2.0 0,015 +
methylene hlue 1.5 - 9,7 1.0 - -
1.5 0,015 208 1.0 0.015 +
control - - 210 - - +

Durings the time in which a lowering of the rH, value from
the injtial value results until multiplication sets %n at a lower
ri, value, the cells undergo considerable morphological modifica.
tionse First they increase in size significantly, scpesislly in
lenith, but they do not divide. As soen as the rH. value has
reached 4 certain low level, an intensive cell mulgiplication
takes piacse The long filaments that begin to divide immedlately
at many piaces are changed into chains of cells that divide, This
resuits in the picture of an ephemeral culture consisting of in-
dividual notile colls (Fig. 19).

Imediately after inoculation the r¥, valve was at about 22,
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At that valve growth started without cell multiplication, that is,
this rH, v.lue was still not the upper 13nit. All growth stopped
only at“rH, 23.8, as can be seen from experimeats with the addi-
tion of oxidation substances (Table 35). An addition of dithionite
increases the inhibitory action of Ky (Fe(CN)¢] and Na.S,04 tut not
of Ky [Fe(CN)g e ‘

TABLE 35

Inhibition of growth of anaerobes by adding K, [Fe(CNj¢],
K;[Fe (CN)g ) and Na55,04

additive asount of rH2 values

additives at start of growth
in % experiment

Ku[Fe(CN)6] Clostr. sporo-
genes C.02 25.8 -

Clostr, putri-
ficum 0.015 -

Kq {Fe(CN) 6 ] Clostr. sporo-
genes 0.02 23.8 -

Clostr, putri-
ficun 0.015 -

R325203 Clostr. sporo-
genes 0.02 23.8 -

Clostr. putri-
ficum 0.015 -

Control
without Cloatr. sporo-
additives genes - 21.6 +

culture in Clostr. putri.
high layer ficum - +

control
without Clostr, sporo-
additives, genes - 24,7 -

aerobic Clostr. putri-

ficun - -

The drop in the rHo value is not a peculiarity of the culture
£luid but rather is bound to the activity of the living cells. Cen-
trifuged young cells, free of culture fluid, again eliminate reducing
substances and develop normally when they are put in an appropriate
mediun.

Stolp (1955) obtained the same results with Clostr. buty-
ricum. Ascording to Stolp the low eR in the culture does not depend
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so mueh on the svictances eliminated into the mediu ng
rather on the prescnce of the livine cells themselves. We
also found thrt first an e¥ drop occurs in the culture and
onl then “ors cell fission berin.

Jis+le is 'mowm ahout the nature of the reducin- suh-
strrees elininnted -v annerohes. Quastel and “tephenson (1925)
susnect sw-stonces with S osrouns;  Aubel and collatorators
(1243) ossuwue thet it is hydrowen. Nenardless of how the
che.:iecol notuice of these materials ner he constituted, their
bhiolo-icol irmortance is elear: They serve the nurnose of
providin: » fevorable medium for the multiplication of bac-
teriz. Annorotes are widely distributed in nature. They
are %0 b2 found rnot only in places where they meet with
suitable conditions with a low e'', they themselves provide
fayorohle redox conditions for their srowth since they eli-
7incte consideratle reduction substances.

"he r¥» limit for spore cermination lies somewhat lower
then for the zrowth of vesetative cells. At r', 21.9 no zermi-
nation occurs; at rllp 26.% a normal zsrowth of %he culture is
o=served after 2 hours.

FARr- zes of zermination can be followed and compared
with the ri7, value of the medium in preparations that are pro-
duced hour £-r hour durinz the zrowth of a culture of Clostr.
snoro~enas from spores. At the start of the experiment the
snores, in conirast with the vezetative cells, were not dyed
with rentian violet after a one-mirute dyeing period without
heatin-=., After 2 two-hour period of incubation they could bhe
dred without change in size and shape. "hen ther increased in
size and o%teined the dinensions of miant cells characteristic
of the la; nhase in the zrowth of vegzetative cells. The rkj,
value dropped sinultsreously. The multiplication of the
vesetative cells te-an at rf, 3-5 (Fiz. 20).

~n 1292 activity of anaerobes is carried out in 2
broad 7. ronce frow C to 22, However, multiplication is
anzsible oy ot very low rﬁ? values from 3 to 5. The redox
potenticl, therefore, is the“primary zrowth limiting factor in
anceroies, and not oxzzen or hydrogen peroxide.
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The Zollowing conditions, for exsmple, can h:e creatsd:
thae =271 of Whe nediwn 1s lowered by adding reducing substances or
saturcting the mediwn with hydrogen and the mediun is enriched
simulianscusly by passinz air throu~h it or by eimple air contact
with ox7en. Anoerohes ~row under these conditions. 7The;” react
soonar o the el’ of the medium than to the oxyrren of the air.

e loc phase that staris with seedin~ in » fresh mediw:.
' the introduced cells do not n:ltiply; however,
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e Obhrce of old o ¢ or prorecsive decth of the culture.

The 1o phase has heen investipated in numerous studiec
(ef. Poriey, 1o e and amount of the inoculum, speecific type
fectors cnd culture conditions affect the len;th of the ln; phase.
Up until ot there are only varue notions on the ori-ins of the
inhibition of :mltislication. It is only certnin that iaportent
chones ocewr in the cells during this phace and also extend into
the nediwi, "he redox conditions also belon: to the factors thet
are imorisnt Jor 2 normal rmltivlication. Cultures of anaerobes,
nerefore, o Lein multiplyine when the hih redox potentinl
of uiediw:, uswrll; wresent, has hHeen lowered.
aud Prrznischni-

v

Mg oceurs during the laz phase (Rahotnove

kova, 1955).

7he duration of the 1ar phase also depends on the a«ve of the
inoculu; %he older the inoculur, the lonczer the lac phase (Tizs.
21 mad 22).

"umker of cells,

Yumber of cells,
nillion per ml

tuter of eells,
7111lion ner nl million per ml
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Tigqure 21, I-TIIT

Tffect of dithiionite on the duration of the lav phase of Clostr.
snorastenes - seedin: inoculum of various ases. Inoculum fron

a siz=nour old oreculture (I), a 1h,5-hour old preculture (II)

a ) a Zhehour old preculture (III). rEy; =---- germ content;
1 = iediwn itk dithionite; 2 = medium without dithionite.




Ther~fore, aultiplication always lezon onls when ihe o
valae i :h: cuitures ol onaerovic =aoronh1v;c Lacteris h=d Rroopeﬂ
10 2hout 73, A. addition of dithionite almost completely elimie
note the 1r; coe in a seedin: of 2 siv-hour culture; i. a seedir ;
of an older cul1u"e it was guortened girnificantly. ¥ith a smz2ll
seedin s the la 3,159 is lenzthened considerably (Fi:. 72). itk
the addition of Jithionite Here also it uss extremely or even coi-
nletel: elininated,

Tren thourh the la: phase was eliminazted with 2 loweriy; of
the v vith dithionlte, the stage of the long cell filaments holds
roo¢ (cee e 128), at least for a short time,

T eddin, an oxidation substance, for exemple thionine, th:e
riy veluc was vuffered to a hizh level, at approximately 14. Thig
causzed the la_ phiese to extend over many hours. Jdscorbic ecid ond
also nortially zlucose zct like dithionite, that is, they shorten
the la. pnese with acetone-tutanol fermentation bacteria. The
lowerin; of the rH, value to almost O occurs very quickly in these
cultures; however, multiplication begins with a great delsy. The
batric acid bacteria of this group are epparently still nore de-
finitely suaerovic than Clostr. sporogenes. They require practi-
cally a saturation of the medium with reducing substances. ilever-
theless, an initially higzh redox potential may survive and drop.

y s

I“/ I f_"/,

/ - Figure 22. Clostr. sporogenes.
\

l X I '\ \ / Cell forms from a medium with
\ the addition of dithionite,
. seeded from a 6<hour old
;! culture (4) and a 24-hour

W r old culture (F). Cell

/ forns of the inoculum (I),
of the 10-hour old culture
(I1), of the 2.5-hour old

- culture (III) and of the
-1 b4 1:; 3.5-nour old culture (IV)
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offect of dithionite on the lag phase of
Clostr. spororenes seeded with different
asounts of inoculum.

3A)
1

.2;
= culture with dithionite;
control without dithionite

=== Zerm content;
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Firure 24, 7ifect of
dithionite on the lar
phase with acetone-butanol
fermentation bacteria
(1“ inoculum)

4
8
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~—r,;
-~-~ rerm content;
| 1 = culture with dithionite
J ? = control without

dithionite
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i ure 75, Clostr. acetobutylicum.

Cell form in cultures with and without
dithionite. A4 = inoculum; R = control
cuzture; C = culture with addition of

razszou.

after 2 hours of culture zrowth;
after 4 hours;

after 6.5 hours;

afier 9 hours.

I
II
II1I
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Fi ure 2%, T7fect of dithionite on the la: phase with
acetone-butanol fermentation bacteria.

rﬁz; ~==- Cerm content;

culture with dithionite;
control without dithicnite

o

iU

'ere clso an addition of dithlonite accelerated the deve-
lopuent of the culture (Fiz. 2%). Durinc the lag phase the cells
increased iz size and elon;ated, less pronounced,however, than
with Clostr. snovosenes (Fig. 25).

O.gervations on red~x poi-ntial and multiplication of
facultative cnaerobic acetone-ethanol fermenta.ion bacterie
show that sulti:lication be:ins already at a relatively little
lowered ril; volue (Fiz. 2€). An "elonzated cell™ stae does
not occur i~ the acetone-ethanol bacteria. A certain polymorphiem
is characteristic of these bacteria. The len~th of the cells is
different ¢t the several a:es (Figz. 27). The addition of d’thionite
loverel the »7, value and cccelerated multiplication here also
as uos *he case with strict anaerobes.
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Tizure 27. 2011 forms of Zac. acetoethvlicus

(tyve of desiznation not recognized by
Sersey or Erassilnikov)., | , _

I = inoculum; II = after 2-hours growth of
the culture; III = after 4 hours;

IV = after 5 hours,

III. Chapies in the Redox Poteptial in the Srowth of Anaerobes,

Ther'e are numerous observations that refer to :the drop of
the redox notential in cultures of anaerobes. Pasteur observed
already that blue indizo dye is decolorized in cultures of Clostr.
cutyricun. Plotz and Zeloso (1930) traced the eH and r¥, values
during the growth of Clostr. tetani in a beef peptone megium.

The culiures stayed in a vacuum in a special receptacle that was
specially suitable for eH measurements and could be sealed herme-
tically after pumping out the air. (Fig. 28). Contact was made
between the calomel electrode and the culture by means of a thin
laver of electrolyte that was on the surface of the glass as a film.
The rZ, value had dropped to 10 one hour already after seeding, and
as the™process went on it dropped to 5.5 (ed 245 mv to 285 nv).
Surin; the experiment the pH value went up from 6.3 to 7.5; the .
hizher the pil value, the greater negative rH, values were measured.
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Firure 2C. Txperimental apparatus for measurinz el

during the growth of a bacterial culture in

a vacuwn (according to Plotz and “eloso,
930). I and I' = hermeticzlly sealed ends
of the tubes throuzh which the 2ir was with-

drawm; IT = calomel -- half element;

IT!' = bacterial culture; III and III' =

insulating naterial.

The potential built up in the culture is apparently .
conditioned Ty a systen with an approximately stable rH,
value, while the eH and the pH value can change. Character-
ization ;- means of the 71, value, therefore, seems to be
justifiable. In a sterile medium the el fell off slowly
when ogrzen wac withdrawn: up to the 7th day to -2C =v and
later to -20C mv.

A cinilar curve of e¥ decline resulted also for
Clostr. mutrificun, Clostr. botulinum and Clostr. sporo-enes
with on ris drop to 5.5 % C.0.
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Fijure 27. #ffect of different ell values in bacterial
cultures under anaerobic condiiions (according
to Plotz and Zeloso).

1 = Clostr, )i¢erﬂentans

2 = Bsch, c011

3 - Clostr,

L= tyne of desiznation not recognized by

Terzey or Trassilnikov)
Cloctr. - zutrificun
Cloct—, cotulinui
Clostr. sooro~enes

=3 s\

The 1iait velue to which the potential finally adjusts does
not depend oa the initial e of the medium. Txperiments on the
effect of various el values at the commencement of ¢rowth resulted
in hisher values beiny lowered to rH 5.5; telow this value they
are rcised Lo it ("i,. 23). ([liote The mediums contained
the followin additives: 0.2% cysteinc (ed -180 mv, ri, 2.3),
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0.03¢ Nay5,0;, (eH -490mv) and titanium citrate (eH -440 mv).

The potential values appeared also in alkaline glucose so-
lutions. A low potential wes attained especially rapidly by using
platinized asbestos as a catalyzer. Plotz and Geloso suppose that
platinum black and the bacteria catalyze the same reaction of sugar
dehydrogenation and that this reaction is expressed in a definite
er value.

Gillespie and Rettger (1938 ¢) obtained other results by
studying the eH changes in cultures of Clostr. tetani and Clostr.
botulinum in a nitrogen atmosphere. Each of the two types formed
a characteristic potentizl in the medium. With Clostr. tetani the
el dropped to =350 mv (rH 3.8); with Clostr. batulinum it dropped
to ~270 mv to -280 mv (rH 6.2). The different eH values were
maintained during the entfre duration of the experiment. The pH
value was almost the same with 7.8 and 7.7 in both cultures,

Different potentials also appeared in cultures of lactic
acid bacteria belonging to different types. Lactobac. acidophilus
and lactic acid bacteria ¢° the oral cavity produced with caltiva-
tion in a nitrogen atmusphes. with 0.58-1% CO, a lowering of the
el value in the first case to -100 mv, in the second case to -200
nv. The difference reached 10:3.110 mv and maintained itself stable.
The pH valus in'the medium was zpproximately the same in both cul-
tures by means of buffering.

Potential differences also appeared in cultures of Aero-
bacter polymyxa (type of designation not recognized by Bergey or
K“dssi*nihovg and Bac, macerans in a nitrogen atmosphere. The eH
amcunted with the first type to -200 mv, with the second tv ~260
mv to -260 mv. The el differences between each of four different
strains ¢f the same type were less great. It seems possible to
use the eH value of cultures as a taxonomic characteristic for
type determination.

According to Plotz anc Geloso the eH of different cultures,
therefore, adjusts itself to a constant value, while Gillespie and
Rettger find differences in the individual types. If we consider
the graphic representation of the results of Plotz and Geloso (Fig.
29), it is obvious that the final point at which the indications
of the elactrodes meet actually inciudes a ssries of values with
differences up to 50 mv. It appears that Pletz and Geloso ignored
these differences, while Gillespie and Rettger directed their at-
tentiqn precisely tc these slight differences. It is shown, how-
ever, by both studies up to what limits the rH, value in the enl.
tivation of anaerobic and facultative anaerobic microorganisms is .
lowered.

Still lower rH2 values have heen observed by other authors.
Boyarskaya (1939) detsrmined the eH in cultures of thermophilic
anaerobic cellulose oxidizers. The rH, value dropped quickly from
29 to 1,5 in medium with 25% feces extrFact. In other experiments
with thermophilic cellulose oxidizers on the same medium with pep-
tone ths ri, value decreased from 25 to 0.4-2 (Ratmistrov, 1939).
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Desulfurizers also follow the genergl ruie. In a medium with
gsodium lactate 2s carbon seurce the ri, value dropped from 2C to 7;
in a medium with formic acid, frem ril, 21 to 3.5 (Aleschina, 1938),
([Note: 1In a medium containing H,S the possibility of a change in
the platinum electrodes due to H,S must be considered: this could
impair the accuracy of the measured values.)

Molland (1944) likewise found in experiments in an argon at-
mosphere a normal decline of the rH, values, greater with obligate
anaerobes (€lostridia), less proncunced with facultative anaerobes.

According to Aubel, Rosenberg and Gruenberg (1946) with
butyric acid bacteria the lower eH limit ir a medium at pH 5 was
—27“' nvy (er 0.9)0

The group of the non-spors forming, strictly anaerobic bac-
teria of the intestinal tract of animals is different from the sa-
prophytic anaerobes diffused in the soil. Dack and Burrows (1935)
found by studying six strains of gram-negative rod-shaped bacteria,
that had beer isolated fram the excrements of monkeys, that an €H
of -100 mv appears in cultures of these bacteria in a nitrogen at-
mosphere at pH 6.%-6.9, That corresponds according to our calcula-
tion to an rH, value of 10. It is the highest value that we know
of in studies on anaerobes.

The Rhodopseudomonas palustris, belonging to the ecuvlogical
gronp of purple bacteria, produced with an anaerobie culiure in the
light in a medium with acetate an rH, decrease from 3C to 6, with
glucose fram 27 to 10 and with thicsulfate from 28 to 18 (X ndratyeva,
1953), The decrease in the rH, took place slowly in = period of
time of over 100 hours, corresponding to the slow growth of these
bacteria, The redox potential has a very low value at 8 in a medium
with Na,S5, a strong reduction substance., Ir this c:se the rH
value in cultures of Rhpdopseudomonas palustris did net drop %arther

but rather rose slowly and after 10 days reached a value of li.
In this case NasyS is used up by oxidation during photosynthssis.

The question of which factors cause the redox wotential to
drop in a mediuwm of anaerobes has not been explained up to the pre-
sent time. It has merely heer est~bliched that stiong reduction sub-
stances accumulate in the growing cultures by which rH,, indicators
are decolorizsd and slectroue potentiais are lowered.

Quastel and Stephenson (1926) gave thought to compounds with
SR groups (cysteine, glutathione, etc.) that are released by prote-
olysis. Frequently it is a question of hydrogzen being released by
fermentation, Aupbek, Hosenbers and uruenberg (1946) assume that
every anaerobic.living cell is surrounded by an area that is sa-
turated with hydrogen and other reduction substances.

Buler and Hasselquist (1955) supposs thet groups ~f = b-
stances or the aldehyde type, having reducing characteristics, are
formed by the decomposition of sugar by the nicroorgenisms and also
by treatrment with alkali "reductors®. For this type of substances
Puler assumes the following formuls:
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HC=C-CHC
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Tt is not known if these substances are identical with the
ones formed in the metabolism of the microorganisms.

It can be imagined that in the course of & cemplicated redox
process transitory, labile acceptors saturated with hydrogen are
formed, which give up their hydrogsn easily and have a reduction
actions In this connection it must be considered that the oxidized
substances, for example 002, are stable .and can be brought again
into the redox process only with an expenditure of energy.

In addition to carbohydrates, as is well known, organic
acids and albunin compounds can also be decomposed by anaerobes
(Strickland, 1934, 1935).

The biological importance of anaerobiosis lises in the fact
that both obligate and racultative anaerobes can utilize, in loca-
tions poor in oxygen, organic substance that is not available to
aerobes.

Anaerobes certainly do not die in the presence of oxygen with-
in broad limits. Moreover, they do not pass over into the state of
anabiosis, but rather at rH, values of 20-22 they precipitate reducing
substances into their enviromment until finally a low redox potential,
favorable for their growth, is reached. In loose, well aired soil,
perforated by capillary cavities, there are in this way microloca-
tions in which anaerobes can grow. Aerobic microorganisms contribute
in this respect in that they consume oxygen and on their part also
give off reducing substances.

IV, Methods of Cuitivating Amaarobes.

1. Importance of the amcunt of inocuium,

The amount of the inoculwn is very important for the cultiva-
tion of anaerobes. It is well-known that an abundant seeding is ne-
cessary for growing a culture,

The culture fluid in which anerobic microorganisms have grown
has a 10 eH. The introduction of culture fluid lowers the eH of
a fresh wedium and prepares it for the cultivation of anerobes, Re-
gulation is absent when too small an amount of inoculum is seeded.
The inoculum can be mixed with the medium or added locally without
mixing. In the first case the amount of the inoculwx must be larger
than in the second case. If, for example, it is put on the bottom
of the culture receptacle without its being thoroughly mixed with the
entire medium, the growth of the bacteria and the lowering of the eH
begins fram here on out.

The beharior of acetone-butanol fermentation bacteria will
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be adduced as an example (Yerusalimski, 1934). In order to start
growth in a culture rasceptacle with 500 ml of culture solution in
contact with air, at least 3 ml of a young, active culture are
necessary as inoenlum. If the inoculation is made with an open
anpule containing 0.3 ml of inoculum, growth begins quickly in spite
of the amall amount of inoculum. The bacteria precipitate hydrogen
as a fermentation product which lowers the ell around the ampule

tnd makes it possible for the bacteria to spread out and multiply
in the medium,

Solid matter, perhaps strip: of filter paper, dried agar,
sand, etc. also contribute to locating the inoeulum and facilitate
the cammencement of the culture.

According to experiments by Tschistyakov (1932) acetone-
butanol bacteria grow in fluid mediums only after inoculation with
about 7°107 cells per ml, If additional sand is put into the me-
diwm only 1.5°105 cells per ml are sufficient.

2, Importance of the Viscosity of the Medium,

The use of a viscous medium creates favorable conditions for |
the growth of anaerobes. The diffusion of oxygen from the surface into
the depth is made difficult in 2 medium with high viscosity, and a low
potential already appears in the medium not far from the surface.
Prevot {1938) found that in a beef peptone medium with 1% agar the
rHy value =i the surface is about at 20 and it drops to 7 with ir.
ereasing distance from the surface.

Rabotnova took electrametric measurements in cultures of ace-
tone-butanol bacteria in a 7% corn mash. The redox potential of
a sterile mash held at 9 for a long time at a depth of 4-5 em, where-
ag on the surface and in the same period of time it amounted to 20
and more.

' Experiments on the eH at various depths of besf peptone me-
diums with 0.75% agar were performed by Williams (1939). In an
alkaline agar (pH about 8) the eH fell fram +100 mv at the surface
to0 -.150 mv at a depth of 35-40 mm. In an acid mediwm (pH 5.2) the
eH barely changed as the depth increased; it held steady at a posi-
tion of about +70 mv to +80 mv. Apparently the acid content increa-
ses the permeability of a viacous agar for oxygen. The 05 contsnt
of the agar rose under an oxygen pressure of 82 kg per em<. The el
amounted to +200 mv at the surface and to + mv at a depth of 85 mm.

It results from all the observations that the viscosity of
the medium is important for its redox state, In general i* suffices
to add 0.2f agar to the medium for anaerobes to be able to grow with
locai seiding at the bottom of the culture receptacle.

3. Removal o ) olyed Yo
A further method for lowering the ¢H value in the medimm is

the removal of the dissoclved oxygen. A freshly sterilized and
quickly cooled mediwm is used or the oxygen is driven off by boiling.
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The oxygen dissolved in the medium may also act indirectly,
since it oxidizes components of the substrate. The resulting pro-
ducts in many cases disturb the growth of the anaerobes, Facultative
anaerobic bacteria like vnmeumococci, hemolytic streptococci and Staphy-
loc, aureus grew in beef bouillon only when at least 1% orf the culture
fluid was supplied as the amount inoculated (Dubos, 1929 a). Only a
fraction of this amount of seedirg was necessary with a bouillon
freshly sterilized in the autoclave or freshly boiled.

A simple method for excluding contact of the medium with air
is cultivation in a Burri tube. ([Note:] Cf. in this respect Janke,
A., Arbeitsmethoden der Mikrohiologie EWOrking Methods in Mierobio-
logy]. Dresden and Leipzig: Verlag von T.eodor Steinkopff, 1946).

Good results were obtained by cultivating in a vacuum. This
procedure was first used by Pasteur. It is possible {0 evacuate the
alr from test tubes after inoculation and to seal them hermetically
or to put the culture receptacles in a vacuum exsiccator made of glass
or metal, ([Note]: When cultivating in vacuum it must not be over-
looked that €O, is vitally necessary for many bacteria.)

The oxygen may be absorbed by means of an alkaline pyrogal-
los solution, ([Note]: Pyrogallol is dissolved in soda, not in
NaOH or KOH, in order to avoid the simultaneous absorption of CO5.)
This procedure was used for the first time by Nenzki (1879). Today
the experiment arrangement described by Buchner (1388) is used mostly.

An apparatus developed by Rabotnova is useful for cultivating
under anaeropic conditions with simultaneous eH measurement (Fig. 30).

The enlarged section (2) contains alkaline pyrogallos solue
tion. Part 1 contains the inoculated medium. The S-shaped glass
tube (4) is filled with KCl agar and serves as a bridge for the ca-
lomel element, The external end is sealed with a firm stopper made
of filter paper in order to prevent the agar from drying (5). Flec-
trodes for measuring the eH are fused into the apparatus (3). Part
2 is sealed hermetically with a rubber stopper (6).

In order to guarantee sterility. the individual steps are
taken according to the following plan: The S~shaped tube of
the apparatus is filled with KCl agar up to the indicated height,
after which the external end is closed with a rubber stopper. Aftsr
the whole apparatus has been wrapped in cottcen. it is sterilized.
After sterilization and after chillling he agar in the S-tube,
the rubber stopper is replaced by a paper stopper that has been dam-
pened in a KCl solution. The inoculated culture medium is put into
the inner section of the apparatus; soda solution + pyrogallol is
put in the outer, broad section([Note)] + 1 cem of a 20% pyrogallol
solution + 1 ml of a saturated NaglOy solution absorb oxygen from
220 ml of air. It mast be observed. however, that the camercial
grade "Pyropallol A for Gas Analysis" absorbs oxygen from the at-
mosphere of the apparatus only slowly. in the course of several
hours.) The pyrogailol is wrapped in paper so that it is not im-
madiately dissolved and absorbs the oxygen already bvefore the
receptacle has been sealed hermetically with a rubber stopper.
The S..shaped form of the tube proved to be necessary so that the
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oo Lo w90 forcen imraide with the crection of 2 vecuun cfithin
the ~ \""""u' ~Ler ctsorption of the oxyien. It is possivle, in

AN

o ‘:"w ol ayisrctus, to moiatain onaerobhic conditions and to
perior: ecmureeats of the redox potential durinz the srouth of
thr culiare,

l.’

isuce 3C. Aspvorztus for cultivating anaerobes with
sl teneous measurement of the eF (ac-
codin: to “2botnove). Description in text.

Sodiw: ¢ithionite vhich absorbs oxyjen faster may also-be
used in place of Frozallol. 1 ml of a 207 alkeline HapSsCy so-
lution taltes w» 10.7 nl of oxyzen. 2 ml of a freshly prepered
20} solution of lia,5,0) and 4 nl of 507 UOH are used for a re-
censacle with a 6%1 capacity. Oxyzen is also absorved Ly
net:'llic iron (P‘_r'.:er. 1955). If steel-wool is treated with Cu,
_,01, 2ad o net naterizl, it is oxidized, that is, it absorbs oxy;en

o L o Crusin; 10 z of steel-uool 2 J-liter exsiccctor hecones
oz:;,cn—,.rﬂe 2% 200 C. within 4-3 hours. Since €O, is 21so absorbed
a2t %he cone tise, the atmosphere in the exsiccator must be enriched
additionally irith carbonic acid. The following combinations of

asurated corsonate solutions ensure the CO, content, indicated
after each one, in the ztniosphere of the experiment receptacle.

1.
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NayC0, 0.14% co,

NayC05 + NaHCO3  0.60% CO,
MgCOy + NaHCO;  1.40% €O,
¥aCl + NaHCO3  k.50% CO,

CaC0y + NaHCO3  5.00% CO,

Ncho3 10.30% co,

Another method for absorbing oxygen depends on its catalytic
combination by means of hydrogen when platinized asbestos is used
(Oitkenitzki, 1955),

The following mixture may be used as an oxygen indicator
(Parker, 1955): solution A .. 3 ml of a 0.5% aqueous solution of
methylene blue in 100 ml of water; solution B -- 0.5 g of glucose
in 100 ml of water at pH 10 (NayC0;). Both solutions are mixed
before use, The mixture is dyed &% long as the oxygen partial
pressure amounts to more than 0,05 atmospheres.

Oxygen may also be replaced by means of an inert gas, for
example nitrogen, argon or helium,

The most convenient method of maintaining constant condi-
tions in the atmosphere is to pass inert grses through the medium.
In this way the atmospheric oxygen dissolvod in the medium escapes
very quickly first of all and later also the precipitated gases.

Hydrogen as a reduction substance is not an inert gas and
can be used only with this reservation to create anaerobic conditions.
Carbonic acid is also not an inert gas: is toxic in high concen-
trations and produces an acidification of tﬁe medium.

The gassing method of creating differint redox potentlals in
the medium was used in & series of studies. In this case a gas
mixture consisting of purified nitrogen and oxygen is passed through.

b, Reduging Substances

The oftenmentioned addition of reduction substances to the
medium ylells wvery good results. Pasteur already used this method,
in order +» maintain growth of anaerobes also with exposure to air,
He recamended the addition of sugar to the medium.

Kitasatc and Weil (Cf. in this respect the summary in Omel-
yanski, 1953) suggested the addition of 0.3.0.5% of sodium forhiate
sotutiun Or a i% pyrocatechin or eikonogen solution. Beijerinck
obtained good resu.ts with sodium dithionite: Trenkman used 4.10
drops of a 10% NapS solution per 10 ml of bouillon: Tarozzi ob-
tained normal growth of the most important pathegenic anaerobes
with unimpeded access to air by adding raw. aseptically cruched
liver, splszen o’ kadney tissue to the bouillon.
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Reducing substances are always contained in organic complex

mediums; they are found also in peptone. Thelijher the psptone
concentration of a medium, the better can strict anaerobes grow
with access to air., It is true that peptone alone cannot lower the
el to the required value, even 5% concentrations are insufficient.
It is necessary tv add still another reduction substance, for example,
ascorbic acid (Kiigler and Guggenheim, 1937). Glucose is also a use.
ful reduction substance (Wurmser, 1535). 4n rH, of 6-7, that remains
congtant at pH values of 7-11, results in sugar sclutions.

Other sugars also have reducing properties similar to glucose,
for example, xylose, arabinose, lactose, galactose, mannose and
dioxyacetone. Saccharose is not a reducing sugar and does not
lower the eH of a medium.

The reducing properties of various sugars were studied in
detail by Aubel, Genevois and Wurmser (1927). They give the fol-
lowing data (at 80° C.):

levulose at pH 8.2, eH -260 v
Glucose pH 8,2, el -400 mv
lactose pH 8.2, eH ~325 mv

galactose pH 8.2, eH =235 mv
levulose pH 7.5, eH =180 mv (at 20° C.)

The nitial eR value of +250 mv was lowered to =100 mv to -200 mv
in sterile beef peptone bouillon in the presence of 1% of glucose.
It must be observed, however, that in microbiological practice this
kind of stromg reducing action of sugar cannot be relied on, be-
cause except for the consumption of sugar, the formation of acid
usually appears and the pH value goes down. The reducing action in
an acid medium is considerably less.

The often.mentioned substances with SH groups have strongly
reducing properties. They react in the following manner:

2R —-Sh —» R S S R+ 28
The following belong here:

@Cysteine that is transformed into cystine:

imzsﬂ GB, S S 'cnz
szr{z--—-ul:mz CHNA,
cooR ~  COoH Looa

Thioglycolic acid:
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and glutathione -- the dipeptide of cysteine ard glutaminic acid:

o
o
CHZ !)OOH
"2
L,
boor

The eH value of approximately +4 mv formed by cysteine does
not change its magnitude at various pH values. &n addition of 0.1%
53dium thioglycolate lower:s the eH value of the medium from +250 mv
to =175 mv to =200 mv; with 0.01{ -50mv were reached {Reed and Orr,

1943).

Therefore, all reducing substances only maintain a low eR when
the viscosity of the medium has bsen raised somewhat by the addition
of agar. According to observations of Reed and Orr a 0,02% agar
concentration is already aimost sufficient, 0.05-0.25¢% act quite
well. (The medium remains fluid up to about 0.1% agar.)

Beef peptone bouillen + 1% glucose +0.05¢ agar + C.1% sodium
thioglycolate is very well suited for cultivating anaercbes in the
air (Brewer, 1940).

Substanees with SH groups are found in plant and animal tis-
sues, Tarozzi's method, the cultivation of anaerobes in bouillon
with the addition of pieces of liver, is based on the action of SH
carpounds contained in the liver,

When ascorbic acid is used the rH. value is about at 1,
The oxidized form is unstable, so that the poteniial depends only
an the concentration of the reduced fom (Ilienyi and Puesing,
1939+ Lember:, 1956).

Inorganic reductisn cubstances can also be used to lower the
er value. Thus, for axample, sulfides and hydrogen sulfide have a
strongly reducing action. They are certainly involved as reduction
substances only for such mic.oorganisms that tolerate these toxic
substances, for example for desulfurizers and sulfur microbes. Small
consentrations of HZS are also tolerated by rany saprophytes. So-
dium dithjonlite has strongly reducing propertias: however, it is
unstable, decomposes with long storage und does not tclerate steri-
lization in th® autoclave. However, since the dry =alt invariably
elininates a smali amount of tae toxic H,S, it can be coasidered
as sterile and may be added to the culturs fluid without prior steri.
Jization. The soncentraticn in the mediwe should not exceed 0.1%;
hicher concentrations have a toxic effect. Titanium citrate i3 a
very strong rednction substance. Plotz ard 5eloso (1930) give the
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followinz method of using it: 3.5 g of titanium chloride are dis.
solved 4n 200 ml of M/20 citric :cid and neutralized with soda; a
few drops of this solution are used in each culture tube.

.Another method consists of saturating the medium with hydro-
gen by means of electrolysis of the culture solution (Hanke and
Katz, 1943),

Prevot (i954) suggested a method for the selective enrich.
ment of anaerobes in a microbe mixture. If ten drops of a 0.1%
NaN. solution are added to the medi.m, *he growth of aerobes is
chectked as a result of a blocking of the oxidation process, while
anaerobes grow rery well,

5. doint tivation of Aerobas and Apgerobes.

This method was already proposed by Pasteur and was further
developed by Ru, Penzo, Kedrowski and Scholze ((melyanski, 1953).

Vinogradski cultivated the anaerobic K, -fixing Clostr.
pasteuriarum on a fluid film in a mixture with aerobes.

Clostr, pectinovorum can be cultivated together with Ps,
{luorescens (Omelyanski and Kononova, 1926). Clostr. pectinovorum
oas net grow under normal conditions when seeded in water and
straws However, if 1t is inoculated simultaneously with Ps. fluo-

rescens, pectic fermentation already begins alter 24 hours,

Ps, fluorescens can be replaced by Esch. coli, Bac., mycoidas
Bac, mesentericus (designation according to Xrassilnikov) and Oidium
S. Imschenez ure

m (1939) used a similar procedure in growing pure
cultures of thermophilic celluloss oxidizers, Esch. coli and cellu.
lose osidizers were inoculated simultaneously in a medium with fecss
extract and celluloss and incubdbated for 24 hours at 37° C, At first
only Esch, coll grew, because the redox potential was still too high
for the anasrobic cellulose oxidizsrs., After 24 hours the ri, valne
had dropoed from 23 to 17. If the test tubes were then incubated

at 60° C., growth cf the thermophilie, anaerobic cellulese oxidizers,
while the megsophilic Bsch, coll dies. The final result was a pure
cuiture of thermophilic eallulogse cxidizars, -

Ve Sumary.

The natare of anaerotissis must be considered as explainad
at present in iis principal characteristies,

Anasrobes are microorganisms that only growv under specifiec,
low redox conditions. The hypothesis ssems to be based on the fact
that the rfl5 values in cultures of anaercbes during growth of the
culture drop down to a value that is characteristic of the individual
types, but 4s dets:minad simultanecusly by the caulture corditioms.

The following factors are important for the production of low
redox potentials on wvhich the growth of anaerobes depends:t MNigh seed-
ing, addition of solid substances to the mediwm, increase of vissosity,
renoval of atnospheric oxygen by mr-ns of various methods, addition
cf reduring substances, joint cultivation wi. aerobes,
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CHAPTER 6.
GROWTH OF AEROBES AND THE REDOX POTENTIAL

I. The Concept of Aerobiosis.

Microorganisms that grow with access to air are designated aero-
bic. The concept of aerobiosis with reference to its real importance
and its limitations has been discussed very little to date in writings
on microbiology.

The following are the principal characteristics:
Aerobes can grow with access to oxygem.

Aerobes need oxygen by itself or they use it as a hydrogen
acceptor,

Aerobes, in contrast with anaerobes, are adapted to a higher
redox potential that is usually produced by oxygen.

Obligate aerobic bacteria have the tendency to grow in the shape
of thin films on the surface of fluid and solid mediums.

Motile microbes accumulate on the surface; however, they can
grow in the culture solution. Nonmotile microorganisms, for example
obligate aerobic ysasts (yeast-moulds), fungi and Actinomyces grow ex-
clusively on the surface and only sparsely under the surface of the
fluid, Only dead cells are deposited on the bottom. iAerobic bacteria
that are motile and become nonmotile as they age frequently grow prin-
cipally with a turbidity in the entire column of fluid. After they
have lost their motility they form a thin film on the surface and the
mediwn again beccmes clsar.

Growth on the surface does not entirely mean. however, that
all cells come in contact with air. On the surface of the film, where
doubtlessliy strongly oxidative conditions prevail. the air has unim-
peded access to the cells, Put the second cell layer already contains
less air, and it is possible that the deeper cell layers live in an
enviromment relatively poor in oxygen. since the oxygen is intsrcepted
by the cells above,

For this reason it is difficult to visualize how the redox con-
ditions under which aerobes grow are constituted, and whether aerobes
need absolutely a high redox potential. This question cannot be rea-
dily answered, because it is hard to study the action of the potential
and of axygen separately and independently from sacht other. A higher
potential aiways sete in when oxygen is present. Flectrodes and redox
indicators show a rise in the rH, in the presence of cxygen.

There are observations on the fact that too great a supply of
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air is nct alltogether favorsble for the growth of aerobes.

It was already noticed by Beijerinck (1893) that aerobic bac-
teria, cirsumstances permitting, avoid direct contact with air. If
a bean is coated over with water in a test tube, after about 24 hours
a sharply defined, upwards and downwards, paper-thin *bacteria sheet"
appears in the fluid 2.3 cm above the bean. It is formed where the
air diffusing down from above and the nutritive material diffusing up-
wards fram the bean produce favoarable growth conditions. The bacteria
sheet sinks down when oxygen is passed over the fluid; when hydrogen
io used it rises. :

Bactaria sheets also appear in pure cultures of motile and non-
motile bacteria, for example with Bact, fluorescens non Iliquifaciens
(designation not recognizad by Bergey or !'{rassilnikovg , Serr, mar-

_ adicicola (designation not recognized by BErgey or
nikov), Bsch, coli and typhus bacteria. In these experiments

beef bouillon agar coated over with 0.1% water agar served as source
of the nutrient.

Under these conditions aerobes grow preucminantly beneath the
surface of the substrate in an area in which favorable nutriment coun-
ditions prevail,

Egunov (1900) described in detail the growth of bacteria sheets
with sulfur miorobes. He demonstrated that oxygen is always found and
HES never over the bacteria sheet, while oxygen is absent under the
sheet, but HpS 1s present. The ievel is formed at the contact zone
of both gases, of the oxygen diffusing fram above and of the st rising
from below,

Zycha (1932) demonstrated with tuber bacteria and same other
species that the localization of the bacterla sheet depends to a great
degres on the camposition of the medium., In a mineral salt agar that
contains only the slight contamination of the agar as a source of or-
ganic carbon, the bacteria distributed in the agar grew only in a thin
sheet about 5.10 mm under the surface. When an organic nutrient was
added to the medium, for example glucose, peptone or asparagin, the
bacteria sheet formed closer to the surface or directly on the surface.
In an oxygen atmosphere it formed deep in the agar. Tuber bacteria
that are typlcal aerobes, therefore, avoid direct contact with air on
a medium poor in nutrient, while they grow on the surface under other.
wise equal conditions in a medium with glucose. 2ycha assumed that feru
the conversion of a larger amount of nutrient more oxygen is needed.

The minimum amount of oxygen necessary for aercbic organisms is
very small, According to Chydyskov's (1896) data Bac, subtilis and
Asp, niger can still grow with 0,262f of oxygen or a p0z of 10.5 mm.

) Omelyansicly (1904, 1953) also mentions low limit values (Table
36).
According to Knaysi and Dutky (1934) oxygen deficiency sets

in only at a partial pressure of 10 mm in cultures of Bac. megaterium
in a rarefied space.
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Practical experience with the fermentation of mash by means
of yeasts in the alcohol industry (Sabrodski, 1946) shows that yeasts
can utilize for their growth the small amounts of oxygen that are ad-
sorbed on the solid pieces of corn-mash or potato-mash.

TABLE 36
Oxygen reguirement of soze miiroorﬁinigﬁs (according to Omel-

Maximum O, content that Minimum oxygen con-
permits life activity, tent, in %
in atmospheres

red yeasts 1.68.1.94 0.00016-0,06

Ps. fluorescens 1.94-2,51 0.00016-0.06

Sarcina lutea 2,51-3.18 0.00016-0.06

Pen. glaucum 3.22-3.63 0.06 -0.66

According to the latest studies oxygen deficiency becomes per-
ceptible with aerobes only with a complete withdrawal of oxygen from
the surrounding atmosphere to about 0.0001% (Windisch, Haehn and Neu-
mann, 1953).

The determination of smaller amounts of oxygen was possible
only by using the polarographic method. According to Longmuir's (1954)
data the method worked out by him makes it possible to determine
traces of oxygen to 10-? mol. It showed that the intensity of respi-
ration of Aerobacter aerogenes, Microc. candicans, Bac. megaterium,
Azotob, indicum, Acetob. suboxidans, Serratia I marcescens, Esch, coli
and yeasts is reduced to half only with an oxygen concentration of
10-6 to 10-8 mol.

Aercbes can, therefore, exist at very different oxygen partial
pressures, at very low values and at a pO, of one atmosphere and more,
The optimum values are dependent on the composition of the medium.

In many cases a high concentration of oxygen seems not to be optimal.
In certain mediums growth is better with a lower oxygen partial pres-
sure in comparison with air.

The question of the optimal redox potential of aerobes has been
studied by Aubel, Aubertin and Genevois (1929) in an agar medium with
redox indicators. The rH, value fluctuated between 14 and 20 near the
surface in the jrowth arsa of aerobes.

Provot (1938) assumed that aerobes. like anaerohes have ri>
optima that are specific to the specles and that are occasionally
within very narrow limits.
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Colorless aerobic sulfur microbes, like Beggiatoa, only grew
in enriched cultures after formation of a certain optimal Melectrode
potential®, in experiments conducted by Bahr and Schwartz (1956).
The value of this potential may fluctuate for various reasons, De-
pending on this, the bacterial level shifts in the medium.

Allyn and Baldwin (1930, 1932) and Brown and Baldwin (1933)
studied the problem of the redox potential. Tuber bacteria grow iu an
agar medium in the area in which the eH 1s optimal. Since peptone,
glucose and asparagon act as reduction substances, tuber bacteria grew
in mediums that contained these substances nearer the surface than in
a mineral salt agar.

Therefore, the composition of the medium 1s not altogether ef-
fective (Zyeha, 1932), but rather the redox potential that appears
in the medium corresponding to its composition.

If two agar mediums are compared, one of which contains mammi.
tol + KNOB, the other mannitol + yeast extract, it is seen that in
wae more strongly reductive yeast extract medium growih results closer
to the surface than in the KNO3 medium (Table 37).

TABLE 37
Localization of the bacteria sheet with tuber bacterixz in various agar

mediums (the fi s give the position i the tacteria sheet in mm under
the surface., (According to Allyn and Baldwin, 1930).

Rhizobium strains fram

substrate lucerne clover peas beans sova lupine
mannitol-nitrate

medium 7 6 5 é 13 12
mannitol.yeast

extract medium on the surface 4 2

In a medium with yeast extract and an increasing amount of an
oxidation substance (KMnOy) the distance of the bacteria shest frow
the surface increases with an incrsass i1 the content of oxidation
substance, as far as growth generally results {Table 33).

Numerous other experiments peinted in the same direction.
Ferrous oxide and cysteine can counteract the action of KNOq in a
KNO, modium. Tuber bacteria do not grow in an agar strongly re.
duced by cysteine or ferrous oxide. Ir lumpe of agar with an oxi-
dation substance (KMnOy, KClO. 205) are laid on the agar
layer, growth oc.urs in the cinity of *go agar limps. On the
other nana if ¢u3ps of agar soaked with reduction substances are
laid on 3 toc strongly oxidized medium, the bacteria grow around these
agar iumps.




TABLE 38

Influence of KMnOu on the localization of the bacteria sheet with
tuber bacteria (according to Ailyn and Baldwin, 1930)

KMnOu concentration 0.001 0,002 0.005 0,015 0.020 0.090

in %
Depth in mm at
which the bacteria on the 4 6 10 to 10 no
sheets are formed surface growth growth growth
of the weak
bacteria
sheet
only in.
plied

When solid mediums with a different degree of oxidation are ino-
culated (mannitci-nitrate mediums with the addition of 0.003%, 0.007%,
0.0075%, 0,010% and 0.050% eysteine) the greatest number of colonies
is formed on the medium with 0.003% cysteine, that is, the redex condi-
tions of this medium are optimal for tuber bacteria.

Measurements of the redox potential using polished platinum
electrodes gave an eR of +500 mv in the mannitol-KNo? medium, +100 mv
to +0 mv in the yeast extract medium. In fluid mannitol.nitrate medi-
ums there was no growth of bacteria; when the eH was lowered by adding
thioglycolic acid, growth occurred.

Growth ceased in fluid mannitol-yeast extract mediums when the
el was raised to +500 mv by the addition of hydrogen peroxide. When
thioglycolic acid was added as a reduction substance, growth was again
possible. If we subsequently compute the rH, values, the result is
that an rH, value of 30-31 is too high for tuber bacteria; at a value
of 26.27. however. good crowth results.

Rabotwnova (1939) attempted to determine the redox conditions
within the bacteria sheet of tuber bacteria. The bacteria shee’s grew
in test tube cultures in a medium with 0.2.0.3% agar. The measurements
were taken irn situ without any shaking or stirring by using platinum
electrodes that were inserted horizontally in the tubes at the height
of the expected bacteria sheet.

A mneral salt agar with and without the addition of organic
carbon campounds served as medium. ({Note:] 0.25.0.35 g of reducing sub-
stances are contained in this medium; these substances result from the
partial hydrol;sis of the agar during sterilization or are contained
in th~ agar as an infusion.) In numerous separate determinations with
Rhizobi m strains fram vetch and peas rH, values between 20 and 29 oc-
curred a* the level of the bacteria sheef (Fig. 31).
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i-ure 31, The redox potential in a bacteria level
of tuber bactéria from veteh (1,2) and
peas (3,4).

1 = “lineral medium with glucose;

2 = with :lucose and an extract of
Asp. niger containing bios;

3 = nineral medium with ¢lucose;

4 = with traces of glucose.

"he rance of fluctuation is wide, because the rH
measurement in a bacteria level that often is only a fraction of a
millimeter thicl: nresents difficulties. Part of the horizontally
arranged electrodes is either above or below the growth zone,
However, without doubt the rH, value is different at different
depths.

Ir. order to establish accurately the rH. limits, “hizob.
leguminosarui was cultivated on 2 mineral medilim with 27 glucose,
1% bean meal and 0.%% a~ar in an atmosphere enriched with oxygen
or nitrozen in the exsiccstor. The eH of Lhe sterile medium in
an oxyeer. atnosphere was at +360 nv (rH, 26); in a nitrogen at-
mosphere, at +27C nv (rU2 23), Tacteria sheets developed in
the incculoted test tubes that were kent together with the
sterile controls: At 2 depth of 2-3 mm i:. the axsiccator with
oxyzen; on the surface of the medium in the exsiccator with nitrozen.
Obviously the optinel r*'s must be soucht within the above-mentioned
limits, The e:merinents confirmm the fact that tuber bacteria do
not crow »t ~n indefinite, hich r¥*, value, but rather witain
a3 certain »an ;e those upper limit lies at er 29. The aerobic
Rac, me:ateriw:, studied by Wood, Wood and Taldwin (1935) by
usine indicotor dyss, requires a still lower rcdox potential.

"won the dro» in the o, value is obtained in a culture
by means of indicators, a distinct olateau is obtained on 2
curve of the e’ chan-es per uanit of time, that is, a section
in which the (ecroase of the r¥, value ceases. The extent of
this plateay is »roportional to the amount of indicator added,
the hei~ht corresnonds to the ’6 of the dye (ses page 119,
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The result was that an eE =>»-55 mv is too high (Table 39).
Good growth occurrel then only when the bacteria could lower the
] eH without delay to -55 mv, or when the eH was lower fram the start,
! The growth-inhibiting indicator-dyes, had in a reduc:d form, no
effect .n the growth of the culture.

TABLE 39

Influence of indicator-dyes on the growtn of Bac. megaterium
{according to Wood, Wood and Baldwin

-

er indicators 4 growth after
(at pH = 7.2) 24 hours

o-chlorphenol indophenol +218 -
phenol indophenol +212 -
o-cresol indophenol +180 -
l-naphthol-2.sulfonate indo..

phenol +111 -
tnrionine + 56 -
methylene blue - U4 -
indigo tetrasulfonate - 55 +
indigo trisulfonate - 91 +
indigo disulfonate -134 +
indigo menosulfonate -165 +

The addition of a reduction substance (K,503) to the bouillon
works favoral.ly on multiplication. When this substance is added in
var.ious concentrations (0.003%-0.03%), mediums with an eH of +450 mv
0 .50 mv are obtained. The optimal eB for Bac. megatecium was at pH
7.2 within a range of +0 mv to -50 mv. Growth occurs already on a
medium with an optimal eH with small amounts of inoculum in the shortest
time. Therefore, Bac, megaterium can no longer grow above a "critical®
potential., The unusually low value of 13 results for the redox po-
tential. That means that this typical asrobe not oaly tolerates a
relatively low rE,, but rather even requires it.

Ilyaletdinov (1954) made similar observations with Bac. cereus
and Bac, mesentericus, Mcthylene blue and dyes with a high Ex had a
toxic action in cultures exposed to ths air in a synthetic medium to
which suzar and a small amount of yeast autolysate as a vitamin Bource
had been added. while indigo tetrasulfonate and dyes with a low E} were
innoxious. The toxic action of dyes with a high 56 appeared only when
small amounts of colls (1.5 ¥ 10% per ml) were inoculated: with a larger
amount of seeding it was absent. Reducing substances are probably in-
troduced with the inoculum so that the oxidizing action of the dyes is

neutralized.
h Bac. subtilys behaves similarly (Rabotnova). On the other hand
X with a seeding of 1.0 X 105 cells per ml it is sensitive to dyes with

an Bl over .50 mv {rH, 12.5). Dyes that “uffer the redox potential
H hi:her than 12.6 preventsd growth with small amounts of seeding.

By seeding 3.5 X 105 and more cells per ml dyes with a high 36




merely delayed the multiplication of cells.

The same was the case on mediums with large amounts of reducing
substances (beef bouillon or beef bouillon with sugars) with a small
inoculum (5.0 X i05 per ml). The inhibitory effect of the dyes was
absent when greater emounts were seeded {Table 40),

Culturs oc.urred in these experiments in a synthetic medium with
the addition cf glucose, yeast autolysate and indicator dyes at pH 7.1,
The culture receptacles were shaken for 48 hours at 30° C. in an agi-
tator,

TABLE 40

The influence of rH, indicators on the multiplication of various

Baciiing spevies §§enm content in mill. per ml. amount of
seeding 1,0 X 10) per ml, duration of experiment 30 hours)

. - 2 - S M - —r—

rH2 of heef-peptone beef. peptone
the dye bouillon bouillon with
reduced 1% sucrose
to 506 Bace Bac, Bag,  Bac.  Bac.
rH, indicator mega-. ce- mycoi. mega. ce-
ferium  reus des. terium reuvs
ng per
nl*
neutral red 3.0 107 432 700 73 900
indigo disuifonate 10.0 105 522 700 56 900
methylene biue &5 45 78 200 - -
thionine 16,1 40 224 200 73 500
control - 93 L3¢ 800 69 1000

* Pac. mycoides has a filamentous growth: conssjuently the number of
cell. canmnot be ascertained by direct count as with the other sultures,
but must be computed from the weight of the mass of bacteria in mg per

ml.

A1 the above.mentioned species of bacteria are typical aerobes
and grow withoat difficulty on the surface of solid mediuwms., It is o
be assumed that atmosphoeriz oxygen does not penetrate the interior of
the cei. s, while the rH. indicators are diffused and produze an oxida.
tion ir the interior uf“the cell that prevents growth.

The preferense for more or less reducing conditions and the re .
sistan.e power of aerobes with respect to a low rH, in the melium have
been ver fied by further observations.

Dubos (.929) found an acceieration of growtn in the presence
of reda.iion substaniss in facultative aerobic staphylococei and
streptov .o

Alcnough yeasts are not included among obligate aerobic orga.
nisms, thay muoiply greatly in fluid mediums only with access to air,.
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Collingsworth and Reid (1935) demonstrated that an addition of 0,02%
thioglycolic acid or 0.1% Na,S 0, as reduction substances to a synthe.

tic medium with a small amoun.tzog seeding makes a faster growth possible
than without addition of these substances.

Nitrifying bacteria can also exist in locations with a very low
rH, value. Lyubimov (1937) studied the distribution of nitrifying bac.
teria in the mud of water-bodies and determined at the same time the
redox potential of the mud with the electrometric method. The result
was that nitrifying bacteria are found in the mud to a water-depth of
30 m. On the wholn they are found down to 5 cm beneath the surface
of the mud. Here the rfi; was at 15-16; on the surface of the mud it
amounted to 20. 0.15 mg per liter of oxygen was dissolved in the
water above the mud. In colonies grown on silicic acid gel and with
reference to the nitrification process, nitrifiers from the surface
and from a depth of 2 meters showed no appreciable differences. They
were also active in deep mud layers. The result of isoistion was that
it was a question of a Nitrosomomas strain.

Kingma Boltjes (1935) found that in cultures of Nitrosomonas
and Nitrobacter with an air deficlency the eH dropped in the first
case to -B0 mv and in the second case to -160 mv with an initial eH
of the medium at +300 mv. However, the nitrifiers were not killed off
because of that. After remaining for a rather long time under anaerobic
conditions the cells began to multiply again when they had access to
air.

All the studies indicate that aeroblc microorganisms both tole.
rate reductive conditions and grow with access to air. Growth under
reductive conditions does not at all mean that aeroblc bacteria are
able to do without oxygen. Obviously some aerobes need at the same
time oxygen and also reducing substances that lower the redox potential
in the medium. The rH, limit value lies considerably higher for aerobes
than for anaarcbes that multiply only in a range of rH, 0.5, although
they remain capable of living at a higher rH,.

The reason aerdbes avold strongly oxidative condit: ns is pro-
bably based on the fact that, just like anaerobes, they hase important
ferment systems that are agilve orly in a reduced state.

Brown and Snell (1954) also support this point of view and refer
to coenzyme A whose SH group is active only in a reduced stale. Addi.
tions of reduction substances (Nazs) increase the activity of coenzyme
A,

The problem of the requirements of aerobes for oxygen in con-
junction with the importance of the redox potential is more compli-
cated than it seemed to be originally.

Knaysi and Dutky (1933, 1934) tried to determina the limits of
the need for oxygen in aerobic bacteria and their requirements for the
redox potential in comparison with each other. Growth continued at an
eH of ..1€0 mv when sodium sulfite was added as a reduction substancs
to a bouillon culture of Bac, megaterium, The medium was free of oxygen
under these conditions. Without a doubt the reduction substance causes,
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in addition to a lowering of the eH value, a bonding of oxygen. Baz,
megaterium could not grow under these conditions. For a second expe-
riment an oxidation substance (FelIl ammonium citrate) was chosen that
supports in a vacuum without access to oxygen an eH just to -40 mv, a
value that is high enough for Bac. megaterium. However, the bacteria
did not grow in a vacuum on this medium. A favorable eH alone, with-
out oxygen, therefore, still did not ensure growth, that is, aerobes
as such need oxygen.

If aerobes do not utilize oxygen for the creation of a high re-
dox potential except as such, this means that not every hydrogen ac-
ceg}:or whatsoever is usable, but precisely oxygen. Thus, for exsmple,

I ammonium eitrate cannot replace oxygen as hydrogen acceptor for
Bac, megaterium. The question arises whether any other oxidation sub-
stance can replace oxygen. Methylene blue is frequently used as hy-
arogen acceptor in experiments on oxidative ferments.

Wieland and Bertho (1928), for example, oxidized alcohol to
acetic acid with washed acetic acid hacteria cells that were no longer
growing. With quinone as hydrogen acceptor oxidation occurred twelve
times faster than with atmospheric oxygen; with methylene blue it took
place more slowly. On the other hand, according to Stokes (1952),
methylene blue camot replace oxygen in the oxidation of acetates with
a suspension of Esch. coll.

The problem also remains cpen whether other hydrogen acceptors
can replace oxygen for all the processes of life activity, including
multiplication.

There are also optimal ranges for oxygen just as there are for
nutrients. The same is true of the eH of the medium. I% is higher than
the eH for strict anaerobes; its upper and lower limits, however, have
been determined only in individual cases.

II. Changes in the Redox Conditions ir Cultures of Aerobic
Microorganisms.

In general, changes in the redox potential in cultures of dif-
ferent speclies of aerobic mieroorganisms agree in their principal cha-
racteristics: The potential drops off more or less rapldly, remains
constant for same time and then rises again. The course of the drop
in potential, duratimm of the minimum and progress of the rise in the
eH are different, however, in the individual species,

Obligate aercbes, like nitrif, 'ng bacteria, according to Kingma
Boltjes (1935), lower the eH of the medium during the logarithmic growth

phase. With Nitrosomonas the potential dropped from eH 200 mv to 80 mv;
with Nitrobacter, from 250 mv to 100 mv. After exbaustion of the oxi-

dizable substrate (Nﬂu and NO.) the eH went back up to the original
height. It went down again wfien the multiplication rate increased
after the addition of oxidizable substances (Fig. 32).

The drop in th+« 2H may be absent with the slow growth of nitri-
fiers, Zobell (1935) cultivated nitrifying bacteria at a temperature
of 200 C. At p 8, in this case, the e fluctuated between 280 mv and
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350 mv. Accordin; to our caleulation this corresponds to an rH

value of 2.2, A lowerin: of the el was not observed, which
perhaps can be explained by the fact that at the low temperature
of 200 C, {Tin'‘ma Toltjies cultivated nitrifiers at 300 C,) the
solubility of oprzen is ~reater; however, growth and elimination
of reducin- cubstances take place slowly so that the reducin: sub-
stances cie oridized aain in the same measure as they are former.
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Acetic acid Lacterla are also obligate aerobes. Agcord-
iny to Lyuhinov (1950) the ', in cultures of Acetob. xylinoides
(desigmation not reco nized by Tercey or Krassilnikov), vini acetati
{1dem) and cwm: (ideq) in a reast-water ethanol rmedium remzined ot
the saie level untll the typiecal bacterial film had formed on the cul-
ture solution. Then the potential dropned. ''ith species that fom o
thick filn (Jor example with Acetob. xy1linoides), the ri'y reached the
10? value of 5=" that remained constant for a rather long tize (Tiz.
3?, .

Tith lesto:. vini acetati that fores & thin film that sinxs
easily the redeos notential attained values of 7.9, however, then
it reose » rin ropidly. ''ith Acetob. curvum the redox potential drop-
ped to about 1C (Ti:. 34),

st
L )\ 1 e i A L "
5 v 5 X2 5 v 15 X
days days
"ioure 33. Coursc of the el Tigure 34. Course of the el
in s cultare of ‘cetob. qrli- in a culture of ‘cetob. curvw:
noides ‘avers e vnlues fron (averar~e values from 4 exveri-
5 experinenis) {(~ccordin~ ments) (accordins to Lyuhinmov,
to Lyubiney, 17350) 1750)
1 = upner elect.rode in the 1 = upper electrode
“acteris Tilo ‘
2 = lowel elccirode under ? = lower electrode (both
the tacterin fil: heneath the bacteria fils

.



When Acetob. xylinoides was oultivated in a medium +-at was
only 7-8 mm thick, the slime film soon almost co:pletely fai r1 the
medium. Measurements with one of the electrodes inserted in the film
gave a decruase in the er value to 13.7 within 24 hours followed by
a new rise to about 20.

Phycomycetes displayed, as aerobic organisms, typical growth
only when there was contact with air on the surface ¢f the substrate.

Observations by Labrousse and Sarejaenni (1929) on cultires of
fungl on agar mediums showed that strongly reductive conditiocns de-
velop in the agar so that methylene blue, indigo disulfonate, Nile
blue, Janus gzreen and neutral red are reduced. The rHy values in the
med%.um went down to 5 (Janus green) and further down to 3 (neutral
red).

The decrease in the rH, value in Phycomycetes can also be

established with the electrametric method (Kanel, 1935). In a cul-
ture of Rhizopus nigricans in a synthetic medium with 10% glucose

the redox potential dropped to ri, under the fungi layer, remained at
this level for 19-20 days and then went up again. The rH, reached a
value of 5-6 in the same mediw: with another Rhizopus strain.

According to experiments by Rabotnova aerobic Actionomycetes
follow the same general rule. Actinomyces globisporus grew without
access to air in the already-described experiment receptacle for culti-
vating anaerobes (cf. pp 138, 182 ). The drop in the rfl, appeared
under the £ilm surface after 48 hours on a glucose-peptone medium.

The redox potential dropped from 31 to 21 after the third day and to
16.3 on the sixth day. It remained at 15-17 until the seventeenth
day and then rose again more or less rapidly. Occasionally the ri,
value went down slowly, but always to the above-mentioned value.

The redox potential also decreased very much under the bac-
teria sheet of tuber bacteria (Rabotnova, 1936). It reached the
value of § on a medium with glucose and remained at this level for
30-40 days (Fig. 35).

The rHl, value fell to 12-14 on the same substrate with the
addition of yeast extract. The oxygen of the air was obviously
used up in the bacteria sheet and did not reach under it.

On a mineral medium with nitrates and mannitol the redox
potential under the growth area dropped very slightly, reaching
about 23-28 {Fig. 36).

Therefore, depending on the composition of the medium,
the redox potential can decrea=e in varying large amounts under a
bacteria sheet. It can reach very low values (rH, 7-8) on same
mediums,

While the decrease in the ri, value in cultures of strict
aerobic bacteria is especially surprising, it is quite under-
standable in facultative aerobic bacteria, since facultative
aerobss can change their metabolism to anaerobiosis at a low
redox potential.
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Figure 35. The redox potential in 2 culture of
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r !
or ~ 2
13 '
Iz n N L 1 | i L J
7 + 6 8 0 1Z & 16 B X
days
Fizure 36.

The redox potential in a culture of Rhizob,
jenonicurs on a mannitol.nitrate agar.

1

electrode values at a depth
of 3 ma.

2

at a denth of 3-.1C mm.

Tsch. coli, a typical representative of the facultative
aerobes, lowecred the e almost to the potential of a hydrosen

electrodes Tsch., coli can 7row no: only under aerobic condi-
tions, but 2150 :Ath camnlete exelusion of air, for example

in a hydro-en atrosphere (Clifton, Cleary and Reard, 1934; Clifton
and Clear;, 1934),
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As loa as tic “ncteris were multiplyin~, the notential
maintained its Lo value. 'fhen multinlication ceased, the el
went up. In continuous culture experiments performed -y the
above~nontionnd ~utlors the nunher of cells cavable of livin~z
a lon; tine (o to © ders) did not decrease; durines this time
the e'l nlco "c‘ﬂ'ncﬂ Low,

A sizohle Aecrerse to -200 mv occurred in culturers of
lactic acid Lacteria Ly zrowinc in milk (Frazier and Vhittier,
1031).

Shanocimiliov and Sacharov (1929) observed decoloration
of methylene Llue cnd reduction of S and !'0, in srowing cul-
tures of lLactobne, delirueckii. This also gndicates a decrease
in the I‘,";za

Accordin  to experinents by Hewitt {1930 a-d, 195C) in some
pathozeric acteris there is a relationship tetween the course of the
e curve and the ability of the bacteria to form hidroren peroxide.
The e" dro»ec here 2lso, then either rose arain rapidly, for
exanple with hoiolitic streptocoeeci, or remained for a lont time
at a low level with other species, for example Corynebact, dipth-
theriae,

In culture of hemolytic streotocosci the eV fell durinz the
losarithiic -rovth phase to +1A0C mv and then rose azain, especially
when air wec ~diltesd tc the culture, to values that were hisher
than the initicl ones (7 "1 37). 1,0, could Le established in
the culture, 12

.....‘r;____ !
A

P X ¢ & N W W
hours

Figure 37, The 20" in Lneterial cultures supplied with
air (accordin- to Fewitt, 1650).

1 = Pheuwroccr=i; 2 = Streptococcd;

= “*°1Lflococci: L = Corynetact.
dinvatheriae.
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Pnew:cencei, which are catalase-nerative, produced hydro:en
peroxide and attained a hijher eH, L20.510 mv, in a culture sup-
plied with 2ir than the catalase-positive streptococci. ‘lhen a
catalase preparation was added to a Pneumocooci culture, the el
decreased 1iore than 100 mv,

Since the ariouni of the el decrease in cultures of Strepto-
coccl is specific of the species, accordine to observations by
Parnes (1956), an attempt was made to utilize e¥ values for
characterizin- individual species. Differences in recduction ahility
can be detemined in a simple way by usin- indicators., The el' in
the culture does not always follow the form of a curve with a descend-
ine and a risin, section. Accordinz to Vewitt (1231, 1950) the addi.
tion of lrsin aents led to a sizable drop in the redox notential
due to 1lsis. The introduction of lysozyme to “icroc. lvsodeicticus
(desitnation not recoonized by “er-ev or Yrassilnikov) acted in this
manner. 'iith the dissolution of the protonlast reducing substances
obviously -o into solution and affect the potential. After death
of the culture the potential rose arain (Fi~. 3%).

&r
a1t

720 o

,0', r

-0

hours

Ti~ure 3%, The e" in a culture of Yicroc¢. lysodeikticus
(accordin- to Mewitt, 1950).

™he ~ddition of lysozyme is indicoted by an
AT 0W.

In a culturs of 1ct. dysenteriae {desi—mation accord-
in~ to Krassilnikov) containin+ bacteriophares -rowth was ab-
sent and the notential did noi change. Wher the pha.es were
added to an o~lrenrd:r Towin: culture, the el decressed stron:ly
above all, and rose a-2in with the death of the culture.

Cultures of AzotolL., chroococcur shoved, accordin- to
wbalkine ‘17°37), n tiice.repeated lowerin- and risin- of the
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el value, so that a curve with two maxine was produced. Accordinz to
microscopic o.serveiions the el fluctuations seemed to be related to
the growth staes of the culture. The second lowerinc of the el

value was always associated with the release of the cell content. ™he
more cells died, the more pronounced was the second decraase of the
votential (Ti~, 30),

l{d
80 -

Fizure 3¢, Course of the e in 2 culture of Azotob.
chroococcun (according to Rybalkina, 1937).

1 = oun- celilz;

2 = ranulor cells;

7 = 4 rive, Tonular cells;
Y, 8, = autolrels stacves

ith Azotol. acile (desi nation ~ecordin-t to Vrassilnikev)
the cells sivived fo » lon; culture time. ™ie second drop and
the sacond o0 of the cotontial were missin: here, “Rabotnova
(1841) o iained the sae results with toth specles, although
the potential differences vere nct so pronounced (Fi-. &0).
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Firure IC. ™o o under the area of rowth of Azotob.
100COoCCWwl on an ajar medium (accordin: to
"~ otnova, 104&),

Potenticl shiftz also appesr in the blood and the livin:
tissuez of slautc and animols. Deiss (1043) and Mes (1242) de-
teridine” Tor ernidlz s redox potential of blood in vivo and in
vitro. e ril, values of lood ir the veins of a dog were at
about 20-21; i1 the cavitel veins of a human, at 22.2. ‘ith a
supply of air in vitro the ell ;oes up to 300 mv. Under anaerobic
conditions it saxk to +20 nv and lower,

Pavlov snd Issakovz=Yeo (1329) determined the eY in hen's
erzs. As o elryo rew the el dropped from +24C mv to +1CC nv;
when rowch stopded, it went up. In the opinion of the asuthors,
therefore, it st be assuned that the embryro :ives off reducin- sub-
stances in its developnent.

The e drons in a2 serminating seed as a result of accumula-
tion of I coidounds and ascortic scid (Virtanen znd “putanen, 1952),

Mmoo s cpcinue potions on the causes of the decrease in
the 2™ in ¢dtwres of aerphes,

Toultar ~nd Tsants (19720) assurme that all the oxyrren dissolved
in the enlture Sluin 1c consured in cultures of tvphus uvncteris i
tha lo-rrithecie iroe. ‘s confirmation it is determined that the
ot pent dotm o T2a0C s (P 7.4) in a sterile touillon evacuated
“4th nitro-en., TLh e decth of the cells th~ potential went
down still ‘rrtu ' to =145 v as a result of ithe elimination of
reducin; subutenees  iven off br the autolyzin~ cells (Fi:. 41).
When th' eulture 22 continuously and intensively supplied with
air, tne dro) in the potential stopped, althou:h the cells were
multiplyin .
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Fisure L1, 7he e in o culture of typhus vacteria
{cecordinz to Coulter and Isaaks, 1929).

[}
il

in ¢ culture supplied with air:
t = in sterile, air-exhausted touillon;
¢ = in a culture without air supply;

I = lz; phase; II = lozarithmic growth phase;
II7 = stationary crowth phase; IV = period of death
of cells and ernrichment of the medium with
reducing cuhstances from the dylng cells.

The decrease in the eil was ~reater on a medium with slucose
than on tihe saie ediun without glucose. This is explained ty the
release of o -reater amount of reducing substances due to decay of
a sreater ailount of cells. The cescation of the decrease in the po-
tential in the culture supplied with air depends, accordin: to
Coulter and Icaalts, on the fact that the formation of a low potena
tial is conditioned by the consumption of oxyzen in respiration., The
potential 1s lovered Ly reducing substances only in later growth
sta-es ¢f th~ culture.

mhotnor (1032) is of the orinion that the consumction
of oxy :en due to resviration is not the only cause of the decrease
in the €7 value, It rust Le added to this that the cells of asroues,
Just as cells of anaerotes, eliminate reducin - sutstances durins mea
tavolisn. Zo parvative .eosurements of the s in cultures of tuber
bactaria oad in sterile 2 :ar ~ediurts in an alr and o nitroen atmes-
prere denonstroied thnt the rff, values in the vactaria cultures de-
crease ore tuon ¢on e explained by the consumption of the oxyzen
dissolved L. tio .:ediw (Fi:. L2),
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Figure 42. The redox potential in growth of tuber bacteria
on a wmediun according to Zycha.

I= rHZ of a sterile medium under aerobic

condations:
under 2+ .erobic conditionss

1]

Rnizob. leruminosarum;

Thizot. meliloti;

Rhizob, janonicun;

Rhizob. trifolil (very weak zrowth and no
formation of bacteria sheet).

W S B i~
i n ot

If it is considered that the rH, values do not decrease in
the same desree in differently composeg mediums, it must be assumed
that the recducing substances eliminated by the bacteria either act
in different ways or are given off in Adifferent amounts.

The discharze of reducing substances can also be deter-
mined in other ways. If a porcelain bougie is inserted in a beef
bouillon culiure of Bsch. coli, a fluid free of microorganisms dif-
fuses in it. The vresence of reducing substances is ascertained
in this culture fluid by means of an electrode, The redox poten-
tial went dowm *¢o 5 for example, while it amounts to 20-25 mv
in a sterile beef Houillor in a nitroren atmosphere.

The r=fucin;; substances given off by a growing culture can
perhaps lead to the formation of such low potentials that in spite
of an alr supply to the cultu.e the eH goes down just as in me-
diums not supylied with air. Hewitt (1931) described a case in
which the decrease in the e’ was even greater than in the parallel
culture not supnlied with air.

In beef beovillon supplied with air Microc. lysodelkiicus
absorbed oxy;en so intensively and gave off reducing substances
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so atundentl s they Whe e value, compored with a culture not sup-
plied with i, drosned move than 200 wv (Fis. 42)., It is worth
notin: tir® the alectrode is nore sensitive in the ovresence of
the reducin su islonens eliminated by the bacteria than in the
presence of -7 :ocmieric oy ien.

S e

nours

Fizure &3, Thc oIl of an cerobic culture of !icroc. lysodeikticus
sunslied with air (1) and of one not supplied with air
(2) (nceordi~ o YYewitt, 1931).

Tie sacunein suhistances discharzed by Staphiloc. aureus can
ve Mitratend suiM rith sotassiur ferricyanide in the culture (Clifton,
1933). o= eL, the culture filtrate conta2ined no reduction sub-
stance, C:viouzl” the reduction substance is localized on the sur-
face of the cclls ond is oxidized when it reaches the milieu. Clifion
concludes I{rot his erneriments that the reducinz substances are formed
only in the »sresence of an oxidizable substrate, because in washed sus-

s,

pensions :itlout 2 u-drosen cdonator no decrease in the el occurred.

racter.u provortion of the speed of discharze of

reducin- o oo or=snisms and their oxidation. After
the dron in el urss of zerotbes it bezins to rise again
when multi-nicrdion ghose snd the sukstrate is exhausted; no more
oxy=zen is conaried, and thie e2limination of reducins substances
ceasee,

III. “scoutin of .lorobes.., Devendiny on the Tedox Potentisl of

the Juliure (“ediun.

Cersain contrciictions result from the study of the redox
potential in cultures of aerobes: OCn the one hand serobes need
atmospheric oxg~:en; on the othor hand they aveid an excess of
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oxyzen and “ive off reducin: substances of an unknown nature
into the substrate,

The observations discussed up until now still do not make
1t possible to onswer the question of at what rll, interval exist-
ence ond multinlication of aerobes is possible. It should be as-
sumed that this interval is very large, because the life activity
cf aerobic niieroorionigas tokes place with the reciprocal action
of two opposin: forces: the force of oxyzen as an oxidation substance
and the force of the reducin? substances riven off by the cells.,

In order to have an idea of the ri, value occurrins with
multiplication, the rH, measurement shoulg be taken only when

all cells are under zpproximately the same conditions. This is

the case in 2 culture of facultative aerobic hacteria that grow uni-
formly in the entire mediun without forming a film. Obligzate aerobes
can be studied only in cultures that are stirred continuously in order
to prevernt the formztion of a film. In order to be able to compare
the redox potential of the nedium with the growth of the culture,

the deterainatiuvn of the increase in the numbe» of cells must take
place simlianeously with the ri, mecsurements. In addition various
redox conditions st he present in the medium in order to com-
prehend the influence of the redox factor on multiplication.

nabotnove studied ril, changes and the course of multipli-
cation of Azotoh. chiroococcum by cultivating it in a thin layer
(Fiz. b4), At the be inning of the experiment the rll, value in
the mediwn was ot about 29. Durine the course of growth of the
culture it dropped in 114 hours to 16. Down to rHy 20 the cells
multiplied brisiily, then eutolysis set in. (reater morphological
chanzes in the cells, for example the formation of ziant cells
occurrin’: in anaerobecs, vere absent. The cells increased only
little in size, ¢t the most to double in size. A reticular struct-
ure was visible in the protoplasm by dyeinz with gentian violet.
After that autolircis oppeared and the cells decayed.

Ascorbic acid was used for lowerins the r4_ value, The
initial »I'5 of the nediun was lowered from 29 tc 50 by adding
0.057, 0.17 2n? 0.2°. Durin: crowth of the culture it went
down further to 16, in sone experiments even to 11 (Fig, 44).
Moreover,multiplication occurred very ener:etically dowr to
1‘”2 ll-

"he nexinm cell crop was rreater in ¢ stron;ly reduced
mediut *hon in » mediun without addition of a reduction sud-
stance. _In one exmerinent the naxirum nurmber of cells reached
3.5 X 109 ser 1113 howaver, without ascortic acid, only 3.0 X 10°
per nl,
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Piture I, 7, chen~es and cell multiplication in a culture
02" Azotob. chroococCum. we—= rF. —eee = nunker of
cells; 1 = with C.15 ascorbic acgd
2 = control without reduction su:stance.

nonceier, therefore, srows in the unusually hroad r‘.!‘z
ranve of 1l.27. “rowth occurs comevhat wore intensively at an
initial LS ~lue lowered to 20,

szZototseier also. rew in 2 wedium that contained dissolved
aydrozen. i to Z.0 7 107 cells per nl grew with a seedinz of less
than 1.0 7717 cells per nl. “rowth was indeed better with an oxyzen
supply. “nf*" uuese condltions Azotabacter is obviously less sen-
sitive Lo Uiz -.., valu: i “he xedium..

Th oricy to rzise the redox conditions in tke medium, the
cultures vere chvien in an agitator at a rate of 1CC shakes per
minute.

Tae ";Ixorou_,h ilixing of the medium can have a very great ef-.
fect on iae nuwiver of cell., rroduced, when the cells give off toxic
netzbolic zroductis. With constant azitation the cells do: not suc-
ceed in bu:x_'l.m.n =D 2 zone that is enriched with these substances..
The cells can ;row better consequently. Veleminsky and Nutschovits
(1929) dex onswated this in experiments with yeasts. A constant
stirring vithout an air supply, performed in a specially con-
structed apparatus, increassed the number of cells to the same
fezree 2s occurred with an air supply simultaneous with azita-
tion.
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Hiowever, these results can hardly be applied to Azotobacter.
Azotobacter oxidlzes organic substances to CO2 and H-0 and forms no
toxic metabolic products. It is to be agsumed rather that the better
oxygen supply obtained by stirring the culture has a favorable effect.

In order to explain how much Azotobacter depends on a high redox
potential, the redox potential was lowered by adding reduction substan-
ces (ascorbic acid and dithionite). The addition was made at the start
of the experiment and half-way through the experiment, in order to mair.-
tain a low redox potential even with a heavy supply of air. Lowering
the rH, value to 20 by adding ascorbic acid did not have, however, any
appreciable effect on multiplication of the cells (Table 41).

TABLE 41
Effect of the redox potential on the growth of Azotobacter in a shake
culture.
time in without additive  0.037% Na,S,0 0.1% ascorbic acid
hours fram TH,  No. of TH, N, of — ~ IH, "No. of
begimning cells in cells in cells in
of seeding mill, per nill,per mill,per
ml. ml. . mnl,
2 29,9 No growtk 26.4 20.5 No growth
23 28,9 26.5 18 20.4
56 8.6 74 16.3 12 19.3 34
72 2702 3c0 24.3 523 20.4 h21
100 29.6 1204 24.9 753 20.2 1ou§
119 29,7 T 23.9 1060 25.0 3

The slow comnmencement of growth can be attributed to the low
experiment temperature of 20° C. Qrowth occurred in an approximately
equal strength in a range of rH, 20-30.

Not too much significance must be ascribed in these experiments
to the differences in the maximum number of cells. Multiplication oc.
curred very rapidly and autolysis set in just as fast, so that the
amount of the maximum crop depended mostly on the moment of taking
the specimen. The maxirum values of 1204, 1060 and 1049 million cells
per milliliter must be considered equivalent.

The cell yisld with a good supply of oxygen was twice as large
as in cultures at rest in which obviously not enough dissolved oxygen
was available,

Azotobacter, thérefore, is relatively less sensitive to the
redox conditions of the mediums, however, it reacts strongly to dissolved
oxygen. .

The stimuliting effect of ascorbic acid, very pronounced in eta-
tionary cultures, was missing from the shake culture,

It could be assumed that for Azotobacter, cultivated on nitrogen-
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free iedimig, the results were affected not only by the dissolved
oxy ;en tut olso Ly discolved atnospheric nitro.en. However, in a

mediwr with coulined nitrojen [(1T,) SOu] that is more easily as-
sinilaied than atiospieric nitro en the same laws prevailed,

Socountiicon betueen the crowth of Azototacter in fluid
and solid nediw:is vas interestin:. Agotobacter was cultivated
in Petri diches with 2C ml of ajar. The ~rowin: cells were
washed of7, comnted and transferred to 1 ml of a:ar (Table 42),

TAZLT 42

Gpowth of AsotoL, ciroococcun in a2 fluid medium and on 2:ar after
e et et
LC hours at 309 C.

“Xperiment 1'o. of cells ir a2 fluid "o. of cells on agar

o, (million per ml)
stationary shake
culture culture

1 200 - -

2 40 1070 1500

3 74 €70 100C

) 220 o00 6600

Siiler observeotions were made on the changes in redox eondi-
tions and the increcse in the number of cells with DBac, subtilis.
Tac, subtilis usually forms a surface film in a bouillon culture,
There are strains, however, with which the film appears only in
old cultures; during the first days o” jevelopment they zrow sub-
merzed in the nedivr. ['oreover wit *areful supervision of the
norpholorical characteristics and ti.  ysiclozical behavior these
strains did not differ in any way from the Tac, suttilis described
in Ber;er's and rassilnikov's manuals,

It nc Dossible, by using these strains, to study the ril, in
the mediw: and to detemnine at what rH, value multiplicatic of the
cells occurs. The r'', vent down from %3 to 17 (in same experiments
to 1&) Ly cultivatin- on beef-peptone touillon in a thin layer.

Durin - this tine the number of cells went up to 2.0 X 108
per ml; then cutolrsis set in (Fig. 45).

It is vortiy of note thal even in a thin layer, with direct
action of air, 2 very low redox potential appears occasionally.
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Fivure &7, “rowth of Dac., subtilis on heef-peptone bouillon
in a thin layer.

Y=1lsy Z2=9M; 3 = number of cells.

Aa even  reeter lowerin~ cof the r¥, value, down to 12 and 5,
ean be estrliclhed Uy sieans of colorimetric determination of the
redox conditlons (Table 43). Janus zreen chanzed color from dark
green to rasisery red; indiro tetrasulfonate was decolorized.
This indientes o~ dro» in the rH, value to ur ler 12. The aerove,
Bac, switilis, can mwltisly, therefore, in a medium whose rH, value
is very louw, ¢lthou it only for a short tine and even in the loga-
rithmic <rowth 2eriod,.
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Reduction o i~ indicctors durin: the -rowth of Rac, subtglis

rf, indicator 1l of color of the indicator after
0.5
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iz choved un still 110re clearly by cultiveting Tac, subtilis
in beef-:3tone ouillon and 1% sucrose. ILowering of the r'l, and in-
crease in the mrer of cells still took place here very ranidly (Fisz.
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Ticure 46, “rowth of Ta2c, subtilis in beef-peptone bouillon
with 17 sucrose.

1= rTI?; 2 =7"; 3 = nunher of cells; U = sucrose
- content.
han._es cet in 2lready in the first hours after commencement
of the experiment (Fiz. 47). The beginninz of the lozarithmic phase
coincided rith the sharpest decline of the rll, value. The cell con-
tent w2s chan~ins already during the la< phasg: The cells of the
inoculir: devaloped into filamentous cells; giant forms that sur-
vived u» to 2& hours appeared in a still greater amount than in
cultures of anaeroves. The behavior of Dac, subtilis seems to in-
dicate thot the cells are not as sensitive to the redox condition
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of the medium as oblijate anaerobes. 'With Clostr. sporogenes multi-
plication first appeared at a definite, very low r¥, value; at hi~h
values the cells did not divide but rather only irew. lac, subtilis
on the other hand srows and divides when the redox potential dropns

from 25-28 to 1712,
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Tigure 47, Tirst growth staces of "g¢. subtilis in beef-
wantone bouillon + 17 sucrose, Nevelopment of

the enlture:

l= rﬁz; 2= p"; 3 = number of cells,

* decrerce in the arount of air supply to the subtilis
i

cultures decrocced -ultivlication si-mificantly (eulture
layar, "i-, 7Y,
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Figure 48, “Trowth of J3c¢c. subtilis in beef-peptone bouillon in high
lyyer. 1= rHZ; 2 = pH; 3 = number of cells.

There are only few studies on the redox conditions in cultures
of Actinomrcetes. Accordinz to Xonova (1954) Actinomycetes grow in
submer~ed culiture at r%, values between 20 and 28. Yramli, Kovacs
and *"atlcovics {1954) established a lowering of the eM in surface cul-
tures of “trentoa, criseus.

“a™otnova, Turanova and Asova studied the effect of r*'2 chanres
under the snst-ce £iln of ftet, rlohisporus hv ~rowins the culture in a
fluid redivc, Ta order to 2ttain a Tige in the redox potential under
the su~Tree Tike, 57 7,0, 701 mol Tnfy, or 0,12 mol ", [Te(Ch)¢] were
added st interrls drop by drop. The additions took place after the
surface i1+ hod Tormed and the r7, decrease had terun. Yowever, the
redox notentisl could not.be held at » definite level with this method.
3w to seven hours after addition of the oxidation substance the eH
went doim ~0 ~ouk 70-2N =vs erratic chanses appeared, therefore.
“"hile +the =»edo:: »otential held at about 15 in control cultures, it
fluctunted “elreen 15 and 2%-2% with the addition of the oxidation sub-
stance., The dilferent rV? values had no effect on the growth of the
culture {7nhle M), -
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eicht of ¢tz ccicdd in the cvowth of lctinomvestes in the pie-
~eiee of oxidation susstonces.

Cxidation suw.stoies xyeirient 1 Tuperinent II

‘et weicht of the nyceliwa in 3

"0y Ge127°0 C.2232
KB[Fe(Cf)f: €.1%22 c.2142
nCy C.1722 ‘ 0.1924
Control C.1434 C.17237
Without ~dlitive €.1170

‘Hith 2 subnerced culture the redox potential in the me-
dium dronwed froa 32 to 22 during the growth of the culture in
spite of zn ~ir supply. An increase in the mycelium size occurred
at rf, 2C-32 and 2lso ot 77, 22-25 (Fiz. 49). In some cases the
redox potentisl -ith en air"supply dropved to 15-16 in experimenis
with other ctrzins,

Iin order to establish the unper limit of the rI’, value that
still 2llowred -rowth, culture took place with a supply of oxyzen.
It showed thot in +his case nc decresze in the rll_ value appears as
it does wi%: o zupply of air. In sone c:perimentS the redox poten-
tial went up %o 3C, in others it remained constant at 25-22 (Fiz. 50).
The growih s also normal under these conditions.

An rils salue of 20-30 obviously still cannot be assumed as
upper linit Zor the srowth, on the other hend o lowerinz of the
7, value docs not seem to be at all necessary for normal growth.
Act, lol-iswoius consequently must be included amon ; Lhe micro-
orzanisnic “hit are considerably insensitive io the r™, of the
mediun.

~he course of the ril, changes and of the nultinlication
were 2lso studied with facultative aerobic bacteria. Growth
with the denitrifving Ps. aeruzinosa in a bouillon culture was
vastly independent of the ell chanzes that appeared (Fig. 51).
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Figure 03, Trowth and redox Pirure 5¢. Redox potential and
notential of hydrozen ion concen-
Act. lobisporus tration in cultures
in sumerzed of Act. globisporus
culture.

with a supply of air
and oxy-en.

TV = w7 .

led]
7 = wei ht of yield 1 = air; 2 = oxyzea.
The pH values civen
below show that the
~rowth of the culture
is nomal in both
cases,

In a culture of acetone-ethanol bacteria in a 3C* potato mash
with the addition of CaCCq the redux potential dropped rapicdly {rom
the initial value of 25 wlth a simultaneous rreater multiplication
of the cells tha* also contirued at rH_ 6 (Fig. 22). “ultiplication
was also possivle in the wide ranve of‘er 25 to 4.5,
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Fipare 51. Tecox notential Figure 52, Redox potential and ;
and nuliplication multiplication of -
with Ds. aeruzincsa cells of Ract. aceto-
in neat-peptone ethylicus Zdesignation
touillon., not recornized in
Derrey or Xrassilnitov).
1= r_-'f?; l= rHo;
2 = muer of cells. 2 = number of cells.

Es¢  0li is another typical facultative aerobe that zrows
in filuid @ ~..w1s in turbidity. In mediums containing peptone coli
hehaved 1lilc samronhytic bacteria and decomposed deptone. In me-
diums with su~ars = ferne.utation occurred with the formation of
CO?, ¥,, volatile and non-volatile acids. In hoth nediums the ¢rowth
was no0d; ¥, neas rements during growth of the cultures showed,
however, thal in Doth cases the redox corcditions developed completely

differently [Ti-. 53).

The cdox nolential in a medium with sugair dropped very quickly
from 27 to 1 during the lozarithmie zrowth phseci, Then the culture
died as a recsult of much acid formation (pH carop to %), and the re.
dox potential went up again. In a medium with peptone the rH. values
went down from 30 to 15. The plf vaiue held steady at 7.5. The cule
ture remained viable for a long time, and the low er value remained
unchanzed. Therefore, growth was possible in the rrage of rky 30-1.
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[
1}

> on heef-meptone mouillon + sucar;

2
2=073 3= rV9 in heef-pevtone bouillon;
L=,

) A11 the results of exoerinents indicate that aerobic,
especiallyr foeultative serohic microor~anisms, are able to mul-
tindr -ridkhin ~ Trond 2T, rﬁnfe.

X

T, A Teogscure Tor Dilferentintin~ Ohli~ate Aerobic iernorca-

nis*: 0. Tacnlictive rero-es.

thor T the tens M"asrole" and "fecultative aerohe' are
often used, suvilicient datr are frequently lackin:; on whether a
species chowld 2 classified in one or the other ;roup,

A »rocedure for establiching the oblizate or facultative
aerobic behavior consists of cultivatin- with the exclusion of
. oxy~en. ‘e use for this nurnose an anaerobe receptacle in a
simplified for (Ti~. 58) and we determine the multiplieation
w means of Surhidily measurenent or by determining the number
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TABLE 45

Multiplication of various species of aerobic bacteria under anaerobic

conditions with an inoculum of 1.3 X 105 cells per ml,

in beef-peptone in beef .peptone in beef..pep-
bouillon bouilion tone béuillon
+14 giycose + 19 sucrose
duration no. ol duration no.o duration no.ol
of expe~ cells in of expe~ cells in of expe. cells
riment, mill. per riment, mill.per riment, in
in hours ml. in hours ml. in hours mill,
_per mlo
Bac. subtilis
strain 9769 L9 277
Bac.subtilis 72 4 96 4o 96 8
Bac.megzte~
rium 30 7 30 3
Bac, cereus 30 100 30 111 30 235
Bac. mycoides 30 Loo* 30 235%

* Weight of yield in mg per 1l.

V. Methods of Cultivating Aerobes.

It is necessary to ensure an abundant supply of air for cultivating
aerobic microorganisms. This is not always simple, because stmospheric
oxygen is only moderately soluble in water., The most effective procedure
for providing the aerobes with air is to cultivate them on the surface of
solid mediwms. Porous, solid mediums like bran, sawdust, etc. make pos-
sible a much better supply of air than for example agar mediums.

Lerobic microorganisms grow in stationary fluid mediums in the
form of a surface fiim, so that the upper cell layers are well provided
with oxygen arnd the ones underneath less and less so as depth increases.
Physiological studies on aerobic microorganisms are made difficult due
to the differences in the supply of cxygen within a culture. The ef.
fect of various factors can be ascertained only when all the cells are
under the same conditions. In recent years the submerged zulture method,
first developed by Kluyver and Perquin (1933) for fungi. has had in.
creasing actentlon paid to it.

The simplest way to provide air urder laboratory conditions
consists of introducing air by means of a glass tube. The air, steri.
lized through a cotton-wad filter, is pumped through the culture fluid
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with a compressor or is sucked through by means of a water-jet pump.
The use of fine.nored filters is recommended in this case.

Lyabimov (1954) suggested the use of a cylindrical culture
receptacle with a double bottom in which the false bottom consists
of a porous porcelain plate.

Some medlums foam, especially with a fine air supply. In sueh
cases the alr bubbles are increased in size or substances are added
to check the formation of foam, for example eoleic acid, soy oil, castor
01l and other oils, tributyl acetate or higher aleohols.

In technical firms that are concerned with the mass-cultivation
of aercblc microorganisms, aerating is used to a large extent in sub-
merged cultivation, in the production of press-yeast for example.

Aeration is also improved by means of shake culture. Agitators
are used in which the culture flasks are secured to a rotating or for-
ward band backward moving stand. The number of revolutions or oseilla-
tions amounts to 100-300 per minute, The procedure is approximately
equivalent to an aerated submerged culture. With rotating agitators
only small amounts of liquid are put in the flasks, about 40 ml in a
250-ml flask. The culture solution is spread by the rotation in a
thin, elastie layer on the walls; it is broken up in the backward and
forward motion due to the uninterrupted shaking.

Another method of stirring consists of using a rapidly rotating
propeller stirring device. The medium draws in air continuously due
to uninterrupted whirling motion; it is well mixed and aerated. How-
ever, in using the propeller stirring device the rotating axle always
passes through the neck of the receptacle, and the maintenance of ste-
rile conditions is, therefore, made difficult and requires special
equipment. With'a magnetic stirring device there is a magnetic core
in the culture receptacle, that is sealed in a glass capsule and is
sterilized together with the medium. The impulse is produced from tie
outside by means of an alectromagnet mounted under the culture re-
ceptacle and 1ts motion 1s transmitted to the magnetic core. une
disadvantage of the magnetic stirring device consists of the fact that
it heats up gradually and warms the culture receptacle to 300-35¢ C,

Fremel, Vyatkin, Stankov and Smirnova (1954) conducted extensive
research on methods of submerged cultivation of aerches, In cultivating
Asp. niger for obtalning fungus amylase, cultivatior in a drum rotating
in a horizontal position was the equivalent of an une.onomical aeration
in a tank with 100 m3 of air per hour per 1 m3 of medium.

In view of the moderate solubility of oxygen in water, the inten.
sity of stirring is of great importance in the cultivation of aerobic
microorganisms, Smith ..ggd Johnson (1954) assume that aeration always
becomes the Iimiting factor, if maximal cell yields are desired, They
determined the amounts of the oxyger dissolved in the medium by various
aerating methods by means of sulfite oxidation (Table 46). It was shown
from the example of Serratia marcescens in a medium with 4% glucose
+ 2% citrate that with an air supply intensity of 0.5 mm of O, the maxi-
mal cell yleld reaches 9 mg per ml, whereas with 9 mr of Op, it amounts
to 23 mg per ml, which corresponds to 1.7 X 103 cells per mi. The
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other laboratory methods of providing air are, therefore, insufficient
for a strong aerobe like Serratia marcescens. An adequate aeration is
ensured only by using agitators and flasks with special equipment for

breaking-up -the fluid,

The principle of watering porous surfaces was used to produce a
good contact of the culture fluia with the air. This procedure using
beechwocd chips has been known for a long time in the production of
vinegar. Rabotnova (1944) described a laboratory model of a vinega
cask. A similar apparatus was developed by Pasynski and Neymark %1052)
for other fermentations.

The measurament of the redox potentizl or the determination
of the oxygen by means of the polarographic method (Zeidier and Tau.
beneck, 195_6) may be used to verify the saturation of the medium with

oxygen.

T8dt's (1958) method for the electrochemical determination of
the dissolved oxygen depends on the fact that dissolved oxygen acts on
the potential of an element consisting of a - "ecious metal and lead
and zinc (cf. also Windisch, Garsuch and Hew.ann, 1958).

TABLE 46

The acticn of various methods of aeration on Serratia marcescens

volume aerating Intensity action of
receptacle of method of alr sup- aeration
liquid ply. Air m mol O,
mhm e
of solution in 1 minute
. in 1 minute
test tube
(18 m X unstirred
150 mmm) 10 ml medium - 0.03
Erlenmeyer unstirred
flask (500 m__l) 20 ml medium - 0.32
idem 20 ml agitator
250 RPM - 1.1
idem 10 ml idem - 2.0
idem 50 ml idem - 0.60
idem 100 ml unstirred
medium - 0.10
idem 100 m1 = agitator - 0.27
ideg* 20 ml1 agitator - 2-9.5

T R T
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flask supplied

(18 liters) 151 through 1.0 0.60
tubes
8 mm in
diam.
idem 151 fine aeration
- area of 120 cm? 1.0 0.60
fermentation stirring device
vat (30 diters) 151 500 RMM 1,0 2.0
» fine aeration
fermentation
vat (100 gal- stirring device
lons) 250 1 25C RPM 1.0 1,0
fine aeration
fermentation
vat (3.5 li= stirring device
ters) 'S 1.51 1500 RPM

fine aeration 3.3 10.0
* Special flask with equipment for breaking-up the fluid by shaking.

Hanke and Kate (1943) proposed a method, hardly used until now,
for maintaining anaerobic and aerobic conditions in ths medium:

The inserted a platinum electrode in the culture medium and con-
nected a direct current supply to ome of the two poles. A second elec-
trode was inserted in a receptacle with KCl. The two receptacles were
conr.ected over a KCl-agar bridge. With a direct current supply gases
that are formed by electrolysis of the water are precipitated at the
electrodes: hydrogen at the ecathode, oxygen at the anode. Since both
electrodes are in different receptacles, the emlture fluid in them is
saturated either with hydrogen or with oxygen depending on the direction
of the current.

Aloﬁg the lines of the same prineciple, Rabotnova deseribed an
experiment set-up for producing different redox potentials in the me-
dium,

A 12 volt direct current 1s supplied to a potentiometer and
from thers it can be drawn with various voltages. The current of the
electrode in the experiment receptacloe is fed to an ammeter. The
second terminal is comnected to the second electrode that is inserted
in a saturated KC1 solution. The receptacles with KC1l and with the
culture are connected with each other by a U-tube fillc 31 with KCl-agar.
Tae area of the electrodes amounts to about 1 ~m2, The culiure receptasle
elsotrode i3 in a vertiocal position, so that settling cells are depo-
sited as little as possible on it. The elvetrode intended for eH measure-
ment, inserted in the culturs flnid, indicates an eH that is dapendent
on the degres of saturation of the medium with oxygen. The surrent
intensity can be changed in the range of +20 mA. to -20 mA., and 1t
depends on the resistance in the circuit. The culture medium and the
agar bridge produce rather strong resistances. The diameter of the
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? U-.tube that contains the agar bridge is very important. Changes in
the diameter in the range of 2-7 mm already affect the current intensity

considerably,

With this arrangement eH values from -90C mv to +900 mv can be
attained without difficulty in a sterile medium. The eH that is present
in mediwns in which microorganisms are growing affects their life acti-
vity. Microorganisms with a strong reduction nower prevent the occur-
rence of higher eH values when the culture is multiplying cctively and
is giving off reducing substances. Their reduction power decreases
with increasing age of the culture. If the need for maintaining the
el at a definite level arises, the current intensity is used as a re.-
gulating factor,

The potential at the electrode used for obtaining oxygen or hy-
drogen reaches values of 1.5.to 2.0 volts and more, With a potentizl
like this not only can an electrolysis of the water be expected, but
also the electrolysis of some salts. In fact, an alkalization appears
when the iledium is trated with hydrogen, and an acidification at the
electrode that is emitting oxygen. High voltages on the electrode must
be avolded as much as possible. When the medium is saturated with
oxygen, chalk may be added and the electrode can be inserted in the chalk
sediment at the bottom of the receptacle. In this way acidification is
avolded. Alkalization of the medium with hydrogen is usually less to
be feared, since smaller voltages are used for decreasing the eH in the
medium than for raising it. This is understandable since the life acti-
vity of the bacteris is also oriented toward a decrease in the potential,
therefor:, usually it must be only slightly intensified.

It was to be explained by the use of this method whether micro-

organisms react to the enrichment of the medium with oxygen due to
electrolysis as they de tc aeration, and whether the passaze of current
has any detrimental or disturbing effect.

Yeast was put in two beakers with 25 ml of beer wort. The beer
wort was covered with a layer, 3-4ecm thick, of sterile vaselins oil,
in order to reduce the supply of air from the surface. One beaker re-
ceived the electrode that served to emiich the medium with oxygen, the
other beaker served as control., Occasionally we also used a flask with
a thin layer of beer wort (aerobie conditions) as a sscond control.
Both beakers and the flask also contained electrodes for eH measurement.
After a few hours the eH value of the medium in the experiment recept.
acle either rises or goes down. In the control beaker without access :
to air the eH went down (the rapidity depends on the amcunt of ino.
culum)* under aercbic conditions it held at 12C mv,

In an experiment in which 2X 100 ‘cells per milliliter were
inoculated in beer wort (Sacch. cerevisiae, strain Ja) the potential
could be held without difficulty at the same level. With a higher cell
seeding (5,2 X 100 cells) of another strain (Sacch. cerevisiae XIII)
it had to be remulated much more. The increase in the rH, value due
to electrulysis led to an increase in the cell yield in comparison with
the anaerobic experiment., In the aerobic contrel. 58,6 million cells
per ml srew: 1in the anaercbic culture, 33.8 million per ml- and with
e%e%%rolygég enrichment of the medium with oxyeen, 46.4 million per
m 1Te D)0
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Fimure 55, Tehavior of the e¥ in a culture of
Sacch. cerevisiae,

. Inoculun,of 2 X 106 cells per nl,
« 5.2 ¥ 10° cells per ml.

[AdNE)

1 = without air supply, but with enrichment of the
riedium with oxy~en due to electrolysis of the
nediunm;

2 = under 2naerobic conditions;

3 = under 2erobic conditions with a thin layer.

Tnricmient with hvdrozen reduced multiplication; however,
it could not cozpletely stop it (Table 47).
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Yeasts, therefore, reacted to an increase in the eH by means
of electrolysis in the same way as to atmospheric oxygen.

Yeasts taken from the experiment receptacles showed a normal ap.
pearance under the microscope. All the cells formed spore groups, while
this was-the case with only sbout half the cells under anaerobic con-
ditions. --Dead cells, that were identified by staining with diluted
methylene blue solution, were present in a much smaller number than in
the anaerobic control.

The obligate aerobie chlorophyll-free alga Prototheca reacted
to the oxymen supplied by electrolysis in a medium with glycerin
(Table 48)%:

TAELE 48
Gell yield of Prototheca after 24 hours at various rﬂz

values produced electrolyticaiiy.

experiment no. of cells (mill. per ml)
conditions PH rH2 at begin- at end of
ning of experiment remark
experiment
+ 3 22.30 0.67 1.64 unaer anaerobic
conditions 1.04
+
anaerobic 5 27 1.49 2.92
control ¢ 7.5 10 2.12
+
anaerobic fa.5 32 0.71 2.12
control 7.5 13 : 0.96

+ = anode in the culture receptacle {0, supply)

The redox potential of a medium in which microorganisms grow
can, therefore, be raised electrolytically, in which case aernbes
raact to the el increase with increased multiplication. It is im-
portvaat to trace the hydrogen ion concentration and to prevent any
sxcessive acidification. Conditions for the growth of anaerobic
tacteria can be creatad by enriching the medium with hydrogen with
the same method. Hanke and Katz (19%3) used this procedure for culti.
vating anaerobic microorganisms. Bact. %gatus and Clostr. sporogenes
grew in medimms supplied with air when a low eH was maintained by
electrolysis (cathode i the culture receptacle).

Since Y4y enriching the medium electrolytically witlh hydrogen
or nxygen an siectrolysis of parts of the medium appear and may pro-
duce uggontrolled and undesired changss. this method must be used
with cantion, ja which caza2 tensions above 1.5.2 volts on the elec-
trodes hxald ve avoided.




Sadoff (1955, Sadoff and others, 1956) further improved the
method and drew attention to its superiority over older methods of
supplying air. Pure oxygen and hydrogen obtained elec trolytically
can also be used for introducing in the culture receptacle,

Two nickel electrodes are inserted in a U-tube with a diumeter
of 3 cm. The size of the cathode is 5 X 2 cm; the size of the ancde,
10 X 2 em. The u~tube is filled with a strong wash, A 12.volt direct
caurrent is supplied by a rectifier. %..e oxygen and hydrogsn given off
can be immediately introduced in the culture receptacles,

VI. Summary.

Aerobes cim grow within a broad pOz range from O, pressures
of more than one atmosphere dowa to minimal values that are measured
in millimeters cr fractions of millimeters., Dissolved oxygen is
still sufficient in a concentration of 10~8 mol. However, there is a
definite, narrow range of the optimum oxygen concentration that is
under the cxygen partial pressure of air. This range shifts depend-
ing on tne composition of the medium. Redox potential r sasurements
showed that aerobes also faver veductive conditions. Various spe-
cies of bacteria probably differ from each other considerably in this
respect.

Aercbes require oxygen on the one hand and a low redox poten-
tizl on the other. By this means the characteristic growth of aerobes
in the form of a fine surface film and with.~ the medium also becomes
clear, With this kind of growth most of the 2ells develop under a
somevhat .ower oxygen partial pressure in comparison with air and at
the same time come in cuntact with the medium in which the redox
potential is lowered due o the life activity.

Numercus observations on the rHZ changes in cultures of various
aerobes indicate that strongly reductive conditions are produced in
the medium, This is to be attributed to the absorption of the dis-
solved oxygen and to the elimination of unknown metaboliec products
with reductive characteristies.

The rH, lim.ts in which the aerobes multiply can be excluded
from the course of the redox potential and of the multiplication cf
the cells in cultures of aarobes. The result was that all species
studied change the redox potential in the medium strongly and are
able tv grow within a broad rHj range. Tus rH; of the mediwe ob-
viou-ly has no sritizal significance. The question of what relation-
ships exist between intracellular redox conditicas and the redox po-
tantiai of the medium remains to be clarified. It may be assumed
that the external conditions have only a slight effect when they do
not shitt the intracellular rednx conditions. Jbviously the cells
have a buffering wichanism available that protects the protoplasts
fraa detrimental. rfip changes. Only when the buffering capability is
no lamger auffisient do cxidation substances infiltrating into the
cell raise the iutracellular rH, and prevent further growth.

Pacultative aerobic organisms are still less sensitive to
the radox potential in the medium than obligate aerobes.
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In-eultivating carobic microorganisms it is necessary to pro-

vide a good supply of 2ir to the culture. This can be accomplished by
means of agitating and stirring *he medium constantly, by means of pes-

sing air through it or by means of electrolytic saturation of the me-
dium witk oxygen., In practice it is scarcely possible to arrive at
an optimum supply of air, because the moderate solubility of oxygen
in ﬂueons mediums excludes *he formation of too strongly oxidizing
conditions.
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CHAPTER 7
RFDOX POTENTIAL AND METABOLISM (BIBLIOGRAPRICAL SURVEY)

I. Influence of the Nature of the Metabolism on the
Redox Potenti:l.

The first observations on the redox potential in cultures of
mioroorganimms already showed that there frequently is a connection
between the nature of the eH curve during growth of the culture and
certain metabolic processes.

Plotz and Gelosc {1930, of. Chap. 5) found that in cultures
of various anaerobic bacteria one and the same final potential is
produced. They suspected that this potential is characteristic of
a definite type of sugar decomposition.

We find detalled dats on metzbolic reactions and eH in the me-
dim in studies by Kluyver and his collaborators. Elema, Kluyver and
von Dalfsen (1934) cultivatec Microce2. danitrif;g_aﬁs on a medium
simply camposed of nitrates, leohol and minerzl selts. Under araero-
bis conditions an easily reproducible potential formed on the elec-
trodes. It remains at the same level as long as nitrites are pre-
sent in the medium. If the nitrite content .. the medium is sxhausted
due to further reduction, the potential goes dowa. From this, the
authors concluded that the cells give off substances in the medium
that represent a reversible redox system and form the redox potential
on the elsctrede.

Hitrites as anéh are not abls to producs the potential that
ooours in the modim with their presencs. Iis formation is obviously
connectad with a process in the sourse of which they are produced.

If cyanide is added to the medium, the courze of the denitri-
fioation prooess is altered: The hypothotical stage of hydrogenation
of the hyponitrite is omitted, wvhich affects the size of the redox

potential,

Therefore, it wvas first eglgblished by Kluyver and his asso-
ciatss that the sise of the petentiil in the medium has a relation-
ship to {ae¢ metabolic reactions of the microorganisms.

Kluyver and Hoogerheide (193, 1936) studied yeasts. As is
well-known, it is sufficient to raise the O partial pressure in
order to attain a metabolic changs in yeasts: They pass over froa
fermentation to respiration (Pastear offect). ({Note:] Kostytschev
(1919) found that yeasts also do avt completely produce fermentation
wvith aeration, btut ratder they breathe ont 1/3 of the required sugar
and ferment 2)3. The continuation of fermemtation is probadbly ex-
clusively the resui of a symase sxcesr and is without any parti-
cular advantage to the yeasta, becagee the respiration energy is
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sufficient. The same behavior was observed in the alcoholic fermenta-
tion of speciss of Mucor. According to Meyerho! (1925), Torula and
other wiid yeasts cause a strong fermentation under anaerobic con-
ditions, whil® they pass over completely to respiration with an air
supply as the most economical way to utilize the sugar. The fer-
mentation function is strongly developed and the respiration power
diminishes due to cultivation methods and selection. Aeration only
partially prevents fermentation. Thus only one molecule of sugar is
breathed out by brewerts yeasi in the presence of oxygen, while 3 to
4 are fermented.) A study on whether and how the change~over acts

on “ae potential was made in a Warburg apparatus in which the eH,

ir addition to the gas exchange, was determined with the aid of built-
in gold electrodes.

None of the yeasts with a different fermentation process that
were studied was able to breathe in a nitrogen atmosphere; they were
forced to change over to fermentaticn. In this case the eH in the svs-
pension of all the yeasts amounted to 80-100 mv. In aint a fermenta-
tion resulted only in the amount that was characteristic of each spe-
cles of yeast. With Sacch, cerevisiae respiration is the comdition.
With air, “ermentation equETs 0.18. ‘The e in yeast suspensions with -
3% glucose under aercbic conditions amounts approximately to +160 mv,
With Sacch, marxianus respiration s the condition: fermentation with
an air supp.y equals 5. The eH amounts approximately to +240 mv.

The corresponding values for Torula candida sre 7.5 and +280 mv and

with Cryptocoocus dermatidis, TT.S and +300 mv. In a lactate solutionm,
that is in tgg presence of a non-fermentable substrate, only Saech.
cerevisiase can breathe, in which case the eH amounts to +320 mv,

The same is tra with other non.fermentable substrates (alcohol, acetate),

Atmospheric oxygen aisc acts on the electrode, ‘hut the effect
of the spacific metaboli. reacticn is stronger. ([Note:] Polished gold
electrodes are excecsively insencitive to dissolved gases like O, and
Hy.) The effect of cxygen on the vlecirode depends on the density of
the suspension balng studied; the demser tiue suspension, the faster
the eH drops. in 3)1 the above-performed experiments a standard sus.
pension of 400 =¢ of fresh yeast per 100 ml of phosphate buffer (pH
5.4) was used. )

Kluyver supposes that a certain potential characterires simul-
taneous.y a vortain metabolic type. Ho assumes that the formation
of a petertial on the electrode, inserted in tho microbe cultures,
depends on unknown redox systams that are given off by the cells.
The 1elationship between the reduced and the oxidized form of these
gyetems dspends on the metabolism. Yeast cells apparunily give off
a secies of different redox =ystems. However, only thise thut are
partially reduced can act on the electrode. Completely oxidised or
redu.ed systems cannot cause the formation of a renroducivle potentiesl
on *ad eluystrode. If there ars no partiully reduced systems, the ad-
dition of an indicator in their place can determine the puild-up of
the pstentiai. Whila Kiyyver found an oK of 460 mv in the fermenta-
tion of ywssus, Frauagacl and Desnueile (1953) obtained a value of
-4 mv. By adding Kiie blus, vhich is already effective in a 0.0001%
concsntration, Kiuyver also cbtained an eR value of -40 mv (rﬂe 9.5).
{ [Note: ] Framagect and »ust. 1937, performed electrametric ~H msasure-
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ménts in suspensions of %och= corevisise. They started with values
that other writers had ob by determining the redox potential

with alooholic formentztion. By this means they could not find, how.
ever, a stable rfis with diflferent amounts of inooculum and pH values
at the atart, 7The lowesi rH, of 4.2 was observed in the presence or
Mfo trisulfonate; the highest rHf, of 12,6, by adding methylene

b

According to the anticipated eR values, Kluyver added mixturass
of indicators to the mediwes: for low eH values, a universal indicator
with Nile blup, brilljant aliszarin blue, Janus green, phenosafrarine
and neutral red in concentrations of 0.001%; for higher values, a
-ixhro of galloeyanin, thionine, brilliant cresyl blue and methylene
blue,

The indizatorr were verified in ‘he example of lactic acid
formentation. lLactic acid bacteria form different and frequently
poorly formed potentials in the rH, range cf 5-12, due to lactic acid
fermentation. By adding the univorul indicator the ril, was prenisely
in the range of 5.0 to 5.8 in all cultures.

Cosic (1936) attempted to apply Kluiver's method to acetic
acid ferasntation, but achisved no unequivocal results. Janke (1937)
concernod himself with the same problem, and rightly indicated that the
metabolimm of bacteris must not be Judged alcne according to ihe gas
exchange, He studied the oF in s suspension of Acetob, ascend
(designation not recognised by Rargey or Krassilniko:. !t_l':anog or
acetaldehyde were used as a substrate, which was enriez-.i vy oxidation
of ethanol as intermmediary roduct according to air supply conditioms
in greater or lesser amounts. The ef was about 100 mv higher with

oxidation of acetaldehyde than with ethanol.

The denser the suspension, the more acetaldehyde was formed.
Consequently, its oxidstion is slowed, the alcohol 1s oxidized and the
o goes down. In less dense suspansions acetaldehyds is not stored
up. brt is oxidised, and a hisher potential results, as is character.
istic for the oxidation of acetaldehyde.

When acetzldehyde is added to the medium, the eH does rnot
change. This can he considered an indication that acetaldehyde does
not sot directly on the alectrods; the oxidation process of the ace-
taldehyde proceoding fi‘am the bacteria is much more effective. Janke's
data cuineide with Kluyver's conocepts on & bliocatalyser that is given
ntf into the medivam by variocus watabolic r-actions and causes the for-
nmation of the potential.

Moreover, aceording to Warmser (1926) there is a commection
beteen metadolim md eH in the medium. He studied the energy re-
lationships betwsen redox potential and the course of the netadolism
snd camputed the energy released by oxiditioca of glucose undsr varicus
eonditions of air mp 'y, ttat is at wverious rfi, values. The coupi.
tztion was based an ti. usus) atmospheric conditions, that is 7EO=
0.019 end pOYy ™ S.0703. e a,wm mthl ssure was
from the naiurel cix> .celovalmpuz ) to & hydrogen
atmosphere (p0p = 10+53:2), ™ toa tr-amctairthomru atpat
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in the oxidation of glucose amounts to 681 Cal. (Fig. 1). When a
reaction that is associated with oxidation due to oxygen ocours with

2 lowered rHp, invariably found in living organisms, the energy out- .
put becanes amaller than with free access to atmospheric oxygen. With
a decreace in the rH, value the reaction is replaced by another ome

that eannot exist unger normal aerobic conditions in addition to the

first, oxidative reaction. .

Bagsed on these considerations Wurmser computed the redox pe-
tential of plant cells, He started with the fact that the cells can
form alanine f~am the products of glucose decomposition, but on the
other hand they also completsly cxidize the glucose:

1/6CgHy ;05 + 2CH4COCCOH + 2 NH4 = 2CH,GHNH,COOR + €O, + H,0,

Obviocusly alanine is formed when the rHy has gone down so far
that the oxidation of 1/6 molecule ¢f zlucose yields no mere energy
than its oxidatioca at the expense of X -ketorropionie acid. Alanine
is formed from it, for whici: purpose 58 cal. are necessary; conse-
quently, at the proper rfl, the oxidation of 1/6 moleculs o glvcose
must have yielded 58 cal.“and 34E cal. fraom a whole molecule. Ac-
cording to Warmser (see Pig. 1) an rfl, value of 22 sorrespondz io this
energy output. In the cells in shich alanine iz formed, the rH;, there-
fore, should not exceed the value of 22, Intracellular rfi; measure.
ments gave in fact approxiwately this value.

romageot and Desnuelle (1935) determined the eR colorimetri.
cally in ysast suspensions. Under anaerobic conditions in a buffer
solution of pH 6.4 the ed fluctuated between -145 mv to -185 mv and
the rf, between 6,6 and &.0, '

If the concentraticn of alamime -and &-ketopropionic acid in the
culture is taken intc account, then this“redox poteutial suffices com.
plstely fram the thermodynmmic point of view for the reduction of
Q¢ ~ketopropionic acid to alanine in the presence of nmj.

Without doubt there is 3 connection between the metabolic re.
actions in growing microorganisms and the rH, value in the culture
medium. 7The s2ire of the redox potentlal deplnds on the natire of the
metabolic reactioma. N

On the other hand, metsbolise is also dependent on the redox
potential. .Jccording to Wurmser, certain reactions are possible
only under specific ™wdox conditions. The redox potential ia not
onlv an effect but also u determining factor in various metahollo

rocesses,

II. . Redox Poteptial apd Femerts,

It 45 a faot that the formation and fulgtion of vari s fer-
nents depend on the redox copditions. Slovsov (1916) found that
no?e lipases and fewer rrotinases are formed in anserodis cul”.res
of staphyloccoci than in sercbic cultures. According to Sallis: and :
Pyatova (1977) the production of cavalase ie reduoed by culil - tiem
in a high layer. In sultures of Bag, macersns more than doobl ' the
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amount of amylase was formed with aeration (Deniels and Stahly, 1944).

The activity of proteolytic enzymes is inhibited, according
to experiments with papain, by oxidation substances; it is increasei
by reduction substances (Bersin and logemann, 1933). The same rela.
tionship has also been found in other protinases (Greenberg and Win-
nich, 19%)0

Reics (1935, 1936, 1938, 1¢39) studied the dependency of fer-
mentation activity on the eH value, Papain contains an SH group (Pa-
SHO that ‘s inactivated by oxidation substances (P2-S-S-Pa) and is
reactivated by reduction substances. Experiments with various oxida-
tion and reduction substances showed that proteolysis measured by
means of formol titration is absent at rHp 23.4 (eR +400 mv, pH 4.8),
v, 23.6 (O +365 mv, 1A 5.5), rfl; 23.3 (eH +310 mv, pd 6.3) and ri,
’2:]..‘81 (eH +268 nv, pB 6.8). It took place unimpeded below these rH,

b 1. 18

Gelatin proteolysate, obtained by means of papain at rfi, << 23,
shows characteristics of a synthesizing activity at a high rf, value.
If bichramate, potassiue persulfate, sodium perborate or H,0, is added

to the proteolysate at 37° C., a decrease in the formol nitrogen

(Fig. 56) and & condensation of amino acids (polypeptide) takes place.
This process occurs at an el of +410 mv tc +450 mv and is not changed
until an ef of +570 mv. It is stopped only at eH > 570 uv. Up io
15% of freo amino acids can be condensed. The eH values of +450 mv
to +570 nv correspond to an er of 28.5 tc 23.3.

The autolysis of spleen tissue was studied in a similar manner.
‘The optimum eH was about +200 mv at pH 3.8 and about +100 mv at pH
4.9 (fige 57)« Above and below those two eH values autolysis was
weaker, especiallya the higher e5i. At an eR of +50C mv no more au-
tolysis appsared.

Barley protinases followed the same general rule, Weak pro-
teolysis was detectable at ¢H +328 mv and pH 6, eH +226 mv and pH 7
and eH +176 nv and pH 8 (corresponding to riy 23,22 and 22, as cam-
pated by us).

In silkworms the optimum of the protirases, in comparison
with gelatin, was at pH 8.0-8,5 (Reiss and Achard, 1943; Achard
and Peiss, 1943). Gelatin hydrolysis was studied in a range of
e -550 mv to +330 mv. The optimum ef was Letween -250 mv and
-300 nv {rH, 7). At rH, > 26 albumin systhesis could be detected.
ri, values frm 16 to 2§ were established in living caterpillars,
pupae and butterflies. The redox potential was, therefore, in quite
arother range than 3: assumed for the optimum occurrence of synthesis
and hydruiysis.
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In experiments with highly purified urease (Sizer and Tytell,
1941) tne optimum reaction, measured by the formation of CO, at pH
6.8, was between eH +100 mv and +200 mv. The same result was ob-
tained with a 20f to 70% increased activity by adding oxidation
and reduction substances to the medium (KMnO,, 0.0001-0,000,006 mol;
HpS, 0.05-0,0025 mol; and a mixture of Na,S,U;, and K, [Fe(CN)¢],
0,005 mol)s By using various substances they obtained a scale of
el values between -257 mv and +539 mv (Table 49), In these experi-
i ments also the eH proved to be just as important for the occurrence
§ of enzymatic reactions as the pH. Surely here also there is an
action on the sulfhydryl group.

? TABLE 49
eH values by adding oxidation and reduction subst_%gces to the medium
' (according to Sizer and Tytell, 19W1).
substance concentration eH in mv
in mol
Ky [Fe(CN)g ] 0.005 539
KB[FQ(CN)6] + Ky [Fe(CN)g ] 0.0025 W3
Ky, [Fe(CN)g ] 0.005 335
Na28203 0.005 224
KCHS 0.005 205
KCY 0.0C5 194
thicurea 0.005 168
thioglycolic acid 0.005 61
cysteine 0.005 5
HZS 0.22¢ 47
H,S 0.125 8
HZS 0.25 -20
NaZS 0.005 24
-5 Na,S 9.0 -82
Na 5,0, 0.00125 -89
i 8,5,C, C.005 -206
F -204-
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When unpurified urease was used the eH had a considerably weaker
effect on the activity. Appareantly the ferment was protected from the
action of unfavorable eH values by the by-products.

Hellerman, Perkin and Clark (1933) pointed out earlier that
crystalline urease is inactivated by oxidation substances (for ex~
ample, iodine, or by aeration in the presence of copper as a catalyzer).
A subsequent addition of sulfides or thioglycolic acld reactivated the
ferment. Yeast invertin did not modify ite activity at eH values fram
=270 mv to +600 mv. It 4is inactivrted due to strong oxidstion sub-
stances only at eH values over +600 m7 (Sizer, 1942). Phosphatases
from beef lungs and beer liver, which are effective both in an alka-
line and in an acid enviromment, also did not modify their activity
at eH values from -500 mv to +350 mv. They were inactivated only
at el +650 mv. The process was reversible here also with the addi-
tion of reduction substances. Apparently the inactivation is con-
nected with an oxidation of aaino acids of the ferment, probably of
the tyrosine, According to experiments by Fiegenbaum (19%42) fungus
sucrase is inactivated by H 0 and Na,S Maltass and yeast sucrase
are inhibited or completely 1.nactivated2by 3202 but are stimulated

by Naszouo

According to Lipmunn (1933) the inhibition of glycolysis by
saturating with oxygen or by adding oxidation substances is based
on a reversible oxidative inactivation of the ferments concerned.
In the presence of air dichlorophenol-indophenol forms an eH of
4100 mv which stops the glycolysis. Accurding to Lebedev, fer-
mentation takes place at pH 6.6 and eH +60 mv to +80 av in a yeast
maceration broth. If the eH is adjusted to a higher level of +160
mv by means of naphtholsulfonate-indophenol with an air supply, the
fermentation ceases, If thicnine is added to the maceration broth,
a lower potential is formed, at which fermentation again takes place.

Beyland (1930) strdied the activity of a rymase prepara-
tion with the addition cf various rfl, indicators (Table 50).

TABLE 50

el and COp discharge (pH 6) by sction of zymase on glucose (ac-

cording to Bgﬁndz .

Added 11, indicaor ef during €0, 4n m3,
the reaction discharged within
20 m

indigodisuifonate -30 0.
indigotrisulfonate 20 ¢.10
indigotetrasulfonate =10 0.52
methylens biune 10 0.47
thionine 30 0.40
naphtholindo-2,6-dibrom-

phenol-2-sulfonate 10 0.18
naphtholindophenol.2-
+ sulfonate 130 0.10
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leukoindigodisul-

fonate 100 0.08
leukomethylene blue 0 0.42
leukonaphtholindophenol-

0.12

2-sulfonate 120

The optimum eH for zymase action was within the range of
=10 mv to 430 mv. This optimur. occurred with ri, indicators both
in an oxidized and in a reduced form.

In Lipnann's (1934) experiments the optimum was approximate-
ly in the same range.

The research conducted by Engelhardt and Sakov (1943) and
Engelhardt (1944) contributed substantially to an understanding
of the Pasteur effect. They studied individual partial reactions
out of the chain of reactions that lead to the formation of alcohol
and CO, from sugar.

Hexosediphosphate as starting substance is not oxidized but
only fermented. Therefore, a Pasteur effect is not possible here.
Only two reactions take place up to the formation of hexosediphos-
phate: The isamerization of glucose monosulfate to the fructose de-
rivitive and its secondary phosphorylation. In Engelhardt's experi-
ments the isamerization was insensitive to oxidation and reduction
substances, but not the esterification reaction. An inhibition of
the corresponding ferment, of the phosphorylase, was obssrved in an
sH range of +50 mv to +200 mv, independently of the oxidation substan-
ces used (rH, indicators, iodine, ferricyanide, quinone, oxidized
ascorbic acid, cytochroame + cytochrome oxidase). The inhibition
of the phosphorylase was reversible., Consequently the formation
of the diphosphoric ester during the course of the reaction is
the part in which the Pasteur effect is effective.

Ferments that catalyze vital metabolic processes are
also inactivated at a definite rH, value in anaerobes. Anaerobes
probably cannot exist above a certain eF value for this reascn.
Engelhardt assumes that obligate anaercbes cause the formation
of essential intermediary products of metabolism in the presence
of oxygen. They have lost the capabllity of oxidative metabolism;
the capability of inhibition of ansercbic decomposition is praserved,
howevar, The inhibiting mechaniam that lies in the Pasteur effect
camnot, “just as with yeasts, be replaced by oxidative decomposition.

According to Aubel and Perdigon (1540) cell suspensions of
Clostr. butylicum form only ethanol and acetic acid from carbohy-
drates under aerobic conditions; under anaerobic conditions butyrie
acid also appears. The enzymes on vhich the condensation of C, te
Cu canpounds dep<:ds are inactivated or destroyed by aeration.

A susponsion of washed cells of Clostir, butylicum in a glu-
cosa solution, according to Aubel and Rouget (1939), takes up oxygen
that probably is combined with intermediary metabolic products and
provents the s;mtheses required for growth..
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air in the flask with hydrogen. Agp. piger and Mﬂrm«r

In this way "ngelhardt's opinion is confirmed: Anaérobes
die off when a certain ri, value 13 exceeded, because vitally ne.
cessary ferments are disturbed in their function. As recent studies
show, the Pasteur effect operates also in other fermentation orga-
nisms,

Baskett and Hinshelwood (1951, & and b) found that Bact.

aerogenes is able to growth both as an aerobe and as an anaerobe
with mmerous carbon compounds (glucose, arabinocse, citrate, or-ke-
topropionic acid, glycerin and invsitol). Acids are formed under an-
aerobic conditions. If the bacteria are removed from aerobic condi-
tions and put under anaerobic conditions, life activity stops at
first, but then starts up again. Obvi~usly existence under anaerabic
conditions requires the development of a new ferment mechanimm. Mul-
tiplication occurs more slowly with an anaerobic manner of \iving.
If the bacteria are brought from anaerobic to aerobic condivions, no
disturbance results: oxygen automatically suspends the fermentative
zymosis system and starts the oxidative system that already was pre-
viously present in the cells functioning again.

By changing the redox conditions it is possible to interfere
experimentally with the course of metabolic processes.

IIT. Changes in Metaboliasm by Means of Control of the Redox Con~
ditions. ‘

Already long before the notion of redox conditions was current
in biology the fast was known that metabolic processes in microor-
ganisms could be altered by means of varying the air supply. Al-
though there was no determination of the redox potential in older
studies, changing the air supply is really one of the simplest me.
thods of affecting the redox conditioms.

Pasteur already pointed out the regulating role of aerobiosis
conditions. He found, in his studies on the production of beer (Pasteur
Vallery-Radot, 1928), that yeasts are not differsnt from the higher
plants and that their fermentation capability only comes to 1light when
they are compelled to live under special circumstances.

Fermentation occurs in high layer with an oxygen deficiency.
On the other hand aeration of the medium is necessary for the yeasts
to multiply. Under thesu conditions the yeasts utilize sugar more
economically for developing their own body (Pasteur effect).

Observations on the metabolism of moulds under aerobic and
anaerobic conditions are found in studies by Kostytschev and his
collaborators (Kostytschev and Afanasyeva, 1917; Koatytschev,
1921-23; Kostytschev and Afanasyeva, 1921-23).

¢ Moulds, which are serobes, tolerate anaerobiosis for a short
time. In this case they go over from oxidative metabolism to fer-
mentation. Kostytschev cultivated mould lxyers under aeribic eon-
ditions, then immersed them in a culture solution and replaced the

these conditions fermented sugar to equimolecular amounts of alcohol




and CO%;l The moulds lived only a short time under anaerobic conditions.

The fermentation lasted 24-48 hours, although not very intensively. Af-
ter three days the mycelium died off and succumbed to autolysis. The
amount of alcohol produced amounted to 250-525 mg in a 5% sugar solu-
tion. Alcohol was also produced from a series of other nutrients; of
course, a prarequisiic was the addition of chalk to the medium. Al.
though the fungi to.e.atec an acid reaction well under aerobic condi~
tions, they ferment the substrate under anaerobic conditions only

when neutralized with chalk.

Kostytschev found the formation of alcohol under anaerobic
¢onditions with glycerin, mannitol, tartaric acid, lactic acid and
quinic acid. In some cases reducing substances could be detected
in the medium. From this Kostytschev concluded that the above-nen-
tioned substances are converted into sugar before fermentation.

Alcoholic fermentation was not a normal process for the fungi
that were examined. The fermentable substances were consumed in
greater amounts than corresponded to the amount of the two fermenta-
tion products. Therefore, still other products not taken into account
by the authors must have been produced.

Intensified aeration of fluid mediums causes certain altera-
tions in the bioshemical activity of yeasts. Kostytschev and Faermann
(192) found that yeasts ferment substances not affected by usual cul-
tivation, when air is introduced into the culture. They observed
the formation of CO, and alcohol frommannitol and glycerin, although
in small amounts. With a 15 g amount of yeast in 16 ml of water only
131 mg of CO, and 126 mg of alcohol were produced. Probably a reserve
substance (glycogen) was formed from annitol and glycerin and was then.
fermented.

In order to explain the mechanism of fermentation, Neuberg and
his collahorators (1928) changed the normal course of the reaction
in various ways, among others by creating aercbic and anaerobic con-
ditions,

Neuberg .vndusted his research on a biochemical basis. He did
not wurk wath growing cultures but rather used dense cell suspensions
in which meltipii~ation was prevented due to a nutrient deficiencv.
Here also produsts ware formed that did not appear under normal condi-
tions.

Simon (1930) attempted to adapt acetic acid bacteria to anaero-
bic condicions {Table 51) and came tc the conclusion that acetic acid
bacteari« have tre zynase complax, In sugar-free controls neither al-
cohoi nor CO‘2 wa3 produced,




TABLE 51
Production of alcohol and CO, in suspensions of acetic acid

bacteria gaccording to Simon, 1220.2

' medium Cell amount aleohol 002
in g (net g per inml
welght) 100 n)  per in.
4 cremsnt
Acetob, suboxydans N
in nitrogen atmos- 1.8 g glucose 2.5 0.1150 11.5
phere + 150 ml water
| 0.9 g glucose
+ 230 ml water 5.4 C¢.1978 7.0
Acetob, suboxydans 1.8 g glucose
in air ' + 150 ml water 2.65 0.1242 7.5

Rabotnova was unable to establish a production of alechol, on
the other hand, when she cultivated bacterial layers of Acetob. xylinum
under anaerobic conditions on a high-quality culture medium (grape-
juice with 14 glucose).

Haehn and Engel (1929) attempted to establish a lactis acid
fermentation with Acetob. xyl in accordance with the concepts of
Neuberg and Simon %19%5 and Simon (1730). Although they themselivas
allege that under anaerobic conditions neither growth nor lactic acid
formation can be established, they did attach positive importance to
the =mall amounts of lactic acid that result after the transfer of
the completed layers into anaerobic co..ditions. However, it must

rather have been a question of a postmortal autolysis than of a fermen-
tation.

Anhagen and Neuberg (1933) and Anhagen and Anhmgen (1934)
changed the alcoholic fermentation of yeast into a lactic acid fer-
mentation by adding glutathione. However, the conditions do not cor-
respond in any way to the conditions of the normal life activity.

A magnesium hexosediphosphate was used as substrate, and the yeasts
used were plasmolyzed with toluene. Here also the amount of lactic
acid was very smu'l in comparison with the amount of yeast consumed.
Ten to 100 ailligrams of lactic acid corresponded to one gram of
press-yeast. Although in same cases pure yeast cultures were used,
in must of the experiments the authors used surface.fermented and
below-fermented brewer'!s yeasts.

With Esch. coli a more intense formation of lactic acid was
tied in with the addition of glutathione as a reduction substance
(Cattaneo and Neuberg, 193%). Nevertheless, the exporiments of
Neuberg and his collaborators showed that microorganimms can change
the operation of their ferment array depending on the e::ernal cam-
ditionsa.
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Although Neuberg does not go into the redox potential, it is
the active factor in his experiments, since the creation of anaerobic
conditions in the experiments with acetic acid bacteria and the addi-
tion of glutathione in his research on yeasts and Esch, coli cause a
lowering of the redox potential. Under the given experiment conditions
it is not possible, however, to conclude with certainty that the bacteria
studied change the nature of their metabolism. By using large amounts
of cells, as Neuberg used, it is possible that the substances found .
had been formed fram the cell substance itself. Moreover, the possi-
bility exists that processes take place in dense suspensions without
nutrient that can be considered as physiological artifacts.

- Neuberg wus able to establish a change in fermentation with
multiplying, nomal cells; namely, in the experiments on alecoholic
fermentation in an alkaline environment and in the course of alcohslic
fermentation in the rresence of bisulfite.

In a neutral to weakly alkaline reaction, acetic acid appears
among the products, a substance that is not characteristic of al-
coholic fermentation. Simultaneously more glycerin is also formed
as a by-product.

Neuberg!s method of raising the glycerin output in alcoholic
fermentation by adding bisulfite has attained industrial importance.
We are not dealing here with cdamaged cells that change their meta-
bolic processes under unnatural conditions, but rather with normally
growing cultures. However, the fermentation tskes another course due
to the action of the bisulfite. Up to 20%.30% of the fermentable
sugar is converted into glycerin. During the first world war great
amounts of glycerin were produced in Germmany in this way in accordance
with a patent of Konm_:tein and Luedecke,

The directed infJuence of metabolic processes is a current

probler in nodern microbiology. ‘he redox conditions, which are
measurable quantitatively as redox potential, are of great importance
in this connection. Under the direction of Uspenski various re-
searchers concerned themzelves with experiments on the metabolism of
micrecorganisms and the changes caused by rH., shifts. Kusnetzov (1932)

- worked with Ase. niger whose metabolism had“already been frequently

studied. Neither citric acid nor oxalic acid is formed in the me-
divm at oH, » 17, The sugar was probably completely oxidized to
C0» and H,0, When the fungus layer was put in a nitrogen atmosphere
with an 2 value of 12,8.14, the formation of ethanol occurred in
the cultures. When the growing mycelium was transferred to a hydrogen
atmosphere, the potential in the cultures dropped to ri, 2 and the
formation of citric acid stopped. ([Note:] Oudlet, 1934, studied
the er changes in cultures of ‘ep. piger strains that produced dif.
ferent yialds of citric acid. He found citric acid formation with
active strains, although in all cultures an rfi, value of 9-12 vas
measured under the fungus layer. Oudlet concludad fram this that
the formation of citric acid is not connected with the redex poten-
tial of the medium. However, he did not take into sccount the fact
that the mycelium is subjeet t> far sironger oxidative conditions

an the surface tr- ‘. srged in the medium and that precisely this
part of the myr ~ . ~us eitric scid. Inactive sirsins do not
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form any acid, which cannot, however, bs associated with an anfaver-
able rily value.)

Kanel (1935) conducted similar research om g;zo%s nigricans,
The fungus formed only lactic acid and alcohol at rﬂz 0-5, but no fu-
maric acid, A mixture of lactic acid and fumaric acid was produced
at 7, > 8, Another Rhizopus strain formed lactlic acid under an-

aerobic and aerobic conditions (rH, = 30 with aeraticn.)

Krasina (1936) studied the decomposition of formic acid by
bacteria. Formic acid fermenting bacteria were first described by
Omelyanskiy (1953). He cultivated them under aerobic conditions
and tound a decamposition of formic acid to carbonic acid and hy-
drogen:

Oa(HCOO)2 + H,0 = CaCOB + 00, + 2,

Stephenson and Stickland (1933) isolated bacteria that decomposed
formic acid to carbonic acid and methane under anaercbic conditions
in a nitrogen or hydrogen atmosphere:

YEICOOH ~ CHy, + 300, + 2,0

Krasina supposed that both other courses of the processes
are determined by the size of the redox potential. A strain of
bacteria isolated fram slime was subject of research. The redcx
potential in the medium dropped graduaily fram rH, 22 to rH, 17-19
by cultivating in a medium with 0.1$ peptone and % Ca(HC007, under
aerobic conditions. CaCO3 was deposited simultaneously on the sides
of the receptacle. Gas was not formed. The decamposition of the
formic acid occurred with cgrbonic acid formation:

Ca(HCO0), + 0, —» Ca(HCO3),

If the rE, value drops to 14, gas formstion also appears; that is,
the dscomPosition of formic acid is changing.

Another series of experiments was started under stronger anaero-
bic conditions, in accordance with Omelyanskiy's studies. The rH, value
went down to 11.12, A gas analysis resulted in 76.8% hydrogen an
21.6% CO,. Under these conditions the formic 2cid was decomposed
in aceco e with the formula worked out by Omelyanskiy.

If ths expsriments were performed according to the method of
Stephenson and Stickland in a hydrogen atmosphere, the rf, value fell
to & and lower. In this case methane also ippeared as a fementation
product, among others. Ite percentage is small with 2.46-2.7% along-
side 8,2£.8.58 CO,; however, it is evidencs of change-over of the
bactarial me « The decamposition of formic acid oocure,
therefore, in different vays in the ssme culture at a differsnt rﬂa
value,

Xorotschkhine (1936) studied the denitrification process
in Ps, fluorescens under various redox conditions. She introduced
different ;ﬂz vatues in the mediwm by supplying air, nitrogem and
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hydrogen and by adding various carbon sourees. The following redox
poteatials vers measured in a medium with caleium citrate: with a sup-
ply of air, rf, 31.8-35.2; with nitrogen, rH, 20-21 and with a supply
of hydrogen, ri,0. The rH, dropped to 13-14 4in a medium with alcohol.
The denitrii‘ica%ion process took place, however, approximately uni-
formly in every experiment.

Consequently, denitrifiers seem to be organiams whose metabolic
nature is not altered by rH, changes in the external mediun. In this
connection they recall the behavior of Rhizopus strain x (according
to Kanel) that also did not react to ‘rag—eﬁ?s.

Howevor, a statement of the number of cells at various rH,
values is missing from Korotschkhira's study. The only result wus
probably the extent to which the bacteria are insensitive to the
redox sonditions of the medium.

Krebs (1937) described metabolic processas dsyendent on the
air supply in gomococci and ataphylococcl. X ~ketopropionic acid
served as substrate. The experiments were performed with washed sus-
pensions. Although the redax potential was not determinad quantita-
tively, the resulis are worth mentioning.

CH,COCOOH+1/20, — CHCOOH + CO,

Under anaerobic conditions, in an N and CO, stmosphere, on the other
hand, the following dismmtation process sccurred:

CHyCUCO0R  Hj CHCHOHCOOH
R | —>
CH,COCOOH O CH,COOH + €O,

Tuo influence of the sH on butylene glycol fermentation was
studied further. The fermentation of sugar with the formation of
neu.ral C, compounds, acetylmethylcarbinol and butylene glycol is

characteristic of Aerocv. (designaticn not recognized by
Bergey or Krassilnikov), Aerob. aerogenes, Aercb. clcacae, Bac.
w and others. These aubstances can result from condensation
of ace

taldehyde.

Stahley and Werkman (1942) studied the influence of acetal-
dehyde in Aorob’ polymy..: (designation not recognited by Bergey
or Frassilnikov) on the a:cput of 2,3-butylene glycol (BG), a more
strongly reduced substance (CH,CHORCHOHCH.), and acetylmethyl-car-
binel (AMC). a more stromgly ogiduod subStance (CachORCOCHB).

With a supply of air nore ANC is formed from glucose: on the other
hand, with anaerobic conditions, more BG. eH mecasurements during
the develomment of the culture yielded the result that even with
asration the eH drops to -300 mv. When a large part of the glucose
has beer fermented, the eR rises again quickly. Ths eH change shows
up also in the {ormation of the fermentation products. In the first
period, at a low eR, BG is formed principally and is oxidised later
to AMC. The authors concluded that BG and AMC reprezent & redox
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system that reacts reversibly depending un the conditions.

In experiments with Aerob. indologenes (designation according
to Krassilnikov) Brewer and Werkman (1 studied the fermentation
of citric acid at pH 6.5 in air and in nitrogen, with a macrorespire-
meter (Table 52), BG was formed under anaerobie ¢dnditions, but po
AMC. Concerning organi: acids, acetic and succinic acid, that were
oxldized with aeroblosis to CO, and HA0, were detected.

Paretsky and Werkman (1947) found the sume dependency of AMC
and BG formation 0.: the redox conditions in Aerot, aerogsnes. They
wers able to increrse the yleld of AMC at the expense of BC. Methylane
blue seems to buffer the eH in the medium to the level at which the
formation of AMC prevails.

Orlova (1950) cultivated Aerob. aerogenes in high and low
layers of a mediur containing sugar, so that more or less aerobic
conditions were given. There was no eH measurement, but the redox
conditicns were different without doubt. BG was accumulated in
the beginning under aerobic conditions. After 40 hours the amount
of BG diminished and AMC appeared. BG is oxidized tc¢ AMC. Under
anaerobic ronditions no AMC is formed, but the percentage of BC keeps
on inereasing (Table 53).

TABLE 52

Fermentation of eitric acid by Aerob. indologenes undsr aercbic
condi

o Fermentati roduects i1 m mol per 100 m mol of
fermsnted citrate (zcco to Brewer and
Weriman, 1

atmosphere 82 air
e I &ye T3 .3
fermented citrate 50 [%)
U L3N Y
e, — 189.3 3%3.5
Yorale acld -0 0.2
acetic acid Y587 73.1
acety pethy ~cartinol ] traces
Z,3-butylene glucol 2.0 0.9
ethanol 0.7 0.7
TN I 1§ T e
lactic acid 1.1 1.0
absorbed 0, 0 A8
N 7 —5Z 2 %S
Tndex O/V 1.01 0.9

* ¢ of citrate.carbon captured in the fermentation products.

N sum!
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TABLE 53

Fermentation produsts of Aerob, aerogenes under anaerobic and

aerobic conditions (according to Orlova, 1050)

experi- dura- fer- fermentation products in m mol no.,
ment con- tion mep- per 1 of
ditions of ex- tec acetyl- 2,3- vola- lactic etha. bac-
peri- sugar methyl- buty- tile acid nol teria
nent inm carbi- lene acid . in
in ars. mol nol gly- mill,
per 1. (AMC)  col per
(BG) ml,

aeroblc 133 99.25 12.3 k.3 8.3 b3.5¢« 43.8 237
anaerobic 133 85.76 0 42.37* 16.03 23.7 29.8 122

*after 91 hours.
Neish, Blackwood and Ledinghar (1945 a and b) studied a strain
of Bac, subtilis that also formed aeutral Cj products. The culture

took place with a supply of air and of nitrogen {Table 54). The eH
was not measured. Corresponding results were also obtained with

Bac, glycolacticum, which is closely connected with Bac, subtilis
Taha. 1955 .

TABLE 54

Fermentation products with Bac. subtilis after 9 days under aerobic

and anaerobic conditions, in m mol por 100 ml of fermentad
glgcose Zaccordincr; t0 Neish and others; IEEE

fermentation products in nitrogen in oxygen
2, >-butylene zlucol byl 3.5
acetylmethyl-carbinol 1.66 33.63
glycerin 39.91 3.66
ethanol 12.88 7.38
lactic acid 19.96 1.7
formic acid 5.56 1.03
acetic acid 0 k.99
hutyric acid 0.35 1.24
Co., 122.00 207.58
carbon, cambined 11.03 34,00
Hy 0 0
Cin ¥ % .0 93.0
fermented 7lueccse 100.v 9R.9
redox index 1.04 2,24

mac, subtilis behaves like Aarob, gerocerss (cf. Orlova,

1950)., Under aerohic conditions more A'C {s formed, whereas with an-
asrohicsis 2,3-hutylene rlycol predominates. The output 45 greater
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under aerobic conditions. As for acide, there was no agreement be-
tween Bace subtilis and Aercb, aerogenes.

According to Maksimova (1954) the formation of diacetyl (CH3

COCOCH.,), another neutral Cy product, depends on the redox conditions.
This sibstance 1s produced by aroma-producing bacteria, for example
Streptoc, diacetilactis (designation according to Krassilnikov).

These bacteria are used in the manufacture of butter. Diacetyl occurs
in cultures that do not lower the eH much during growth. In cultures
of Streptoc. diacetilactls the rH, never drops below 7, while rHp
values of w3 appear with the ordinary lactic acid bacteria. While
with lactic acid bacteria generally the more strongly reduce =cutral
products BG and AMC appear, with Streptoc. diacetilactis morecrer the

more strongly oxidized diacetyl is formed. A rise in the rH, in the
culture due to aeration causes ingpeased diacetyl formation.

In recent years research was conducted in Rungary on the
redox potential in cultures of microorganisms that have an industrial
application. In this comnection a relationship between eH changes

in the culture and productivity resulted. Thus, for example, it was
established that the increased yield of antibiotics with Streptom.

riseus is sonnected with a specific sH in the culture (Kramli, 1954),
Kramli and Szabo (1956) made the same observation with regard to the
formation ¢f ribecllavin in cultures of Fremothecium Ashbyi and Kramli
and Lantcs (1956) concerning the formation cf ergosterol by yeasts.

According to Kramli the curve of the rH, echanges in microbian
cultures is a characteristic of their physiological state. In the
production of antiblotics the presence of a bacteriophage or of a
foreign infection is evident fram the nature of the er curve (Kramli,
Kovacs, Matcovies, Natonek, Pulay and Turay, 1954). According to
Mohelska-Myshikova (1955) the eH is also a characteristic in cultures
of acetone-butanol bacteria that reacts in the culture under abnormal
conditions. The observation of rH, changes during the growth of a
culture under production conditions therefors, also hds practical sig-
nificance.

The eH in Staphylococel cultures can be used to differentiate
etrains, according to Kramll, tnat are resistant or sensitive to anti-
piotics. When antibiotics are added to a sensitive strain, the eH

in the cultnie drops legs sharply than without antibiotics. In the
culture of a resistant Staphylococci strain the eH is the same with

and without antibiotics (Xramli, Stur and Turay, 1955).

IV. Summary.

Changing the redox conditions is a means of affecting the
metabolic process in microorganisms. To date this field of the
physiology of microbes has still not boen studied methodically.

Consequently it is necessary to assemble new facts and new
observations on the problem of the significance of changes in redox
conditions for the various types of 1ife activity.
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CHAPTER 8

DEPENDENCY OF METABOLISM ON THE REDOX CONDITIONS OF THW
CULTURE MCDIUM (EXPERIMENTAL RRESEARCH)

We studied the effect of redox conditions on the metabolism

of microorganisms that have practical importance. The ability re-
sulting from a change in the air supply conditions and from the ad-
dition of oxidation and reduction substances to affect metabolic
processes was analyzed. The influence of the nutrient conditions, of
the composition of the medium, of the pH value and of other factors
was dicsregarded.

Microorganisms that are the concern of soil biology were sub-
Jects of research, because their 1life activity affects the fertility
of the so0il, and also microorganisms that are important for the fer.
nentation industry.

Without doubt that redox conditions have a great effect on the
activity of the microflora of the soil, The air supply of soils may
be very different, their structure and moisture content may change,
which affects the redox state. The life activity of the microorga~
niams also has a great effect. When Jecomposable organic substances
reach the soil, the intensified activity of aerobic saprophytes may
cause the consumption of the oxygen in the vicinity of these sub-
stances and the accumulation of reduced substances, Soil miernnr.
ganisms therefore, live under constantly changing redox conditions
and anaerobes under anaerobic conditions. Fowevsr, it is necessary
t¢ know what happens to anaerobes under aerobic conditions and vice
verca with aercbes in the absence of an air supply or at a low eH.
this type cf research is able to expand our lmowledge of the role of
the varicus microbes in the substance cycle in soil formation.

In connection with fermentation orgzanlsms we investimated prob-
lams rurrent in the field of technical fermentation. Thus, for example,
it 4s important to control the output in the production of solvents,
alcohols and other neutral substances. Until now only one method of
regulating the glycerin yield in alcoholic fermentation has been worked

out. The productim of cansiderable amounts of glycerin was achieved
by adding bisulfite., We surmise that further success can be attained
in this field. Thus the addition of a reduction substance in certain
tactarial fermentations increases the output of reduced products. On
the other hand, under cartain conditions a rise in the redox potential
that can be achisved by an intensified asration causes oxidized pro-
ducts Lo be stored.

I. Demitrifisation and Redar Conditions of the Mediwm.

Denitrifying bacteria have a negative part in the metabolic
balance of soil: They give off KOj-nitrogen essential for the fer-
tility of the soil as N, in the air. Denitrifying mieroorganisms
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are facultative aerobes, that is they live under aerobic and anaero-
bic conditions. Under aerobic conditions they oxidize the substrate
by means of atmospheric oxygen. In culture solutions without ni‘rate
they grow with a film-formation on the surface. In nitrate mediums
they grow submerged within the entire volume of fluid even without
access to air. The question arises in this connection as to the
extent to vhich denitrification depends on the presence of oxygen.

Fedorov (1949) assumes that by loosening the soil in soil cul-
tivation, denitrification ceases as a result of the intensified aera-
tion, However, this must be doubted.

According to Lloyd and Cranston (1930) denitrification begins
only under anaercbic conditions. Nevertheless, a very slight forma-
tion of gaseous nitrogen was also observed when the medium consisted
of only one layer, that is with an abundant supply of air.

Rusakova and Butkevitch (1941) observed a decline in denitri-
fication due to the action of oxygen in experiments on sea-water de-
nitrifiers. If Ps. denitrificans is cultivated anaerobically and
with an N2¢32 mixture, it is found, according to experiments that
Sacks and Barker (1949) performed with washed cell suspensions, that
the activity of the denitrifying enzyme from cells that are cu.tivated
in mediums saturated with oxygen amounts to cnly 29% of the activity
of cells cultivated anaerobically, The reduction of NOB to NO, proved
to be less sensitive., According to the studies made by Sacks &nd
Barker, ciygen acts in a two-fold manner on denitrification: It
impedes the formation of nitrate and nitrite reducing ferment systems
and decreases the speed of reduction when such systems are present.
Therefore, denitrification is generally considered as an anaerobic
process whose course is retarded by aeration,

However, contrary opinions have also been advocated. Thus
Korotschkina (1936) established in growing cultures of Ps. denitri-
ficans that when air is introduced (rH, 35) denitrification does
not cease. A delayed change of the ni%rates inte nitrites was merely
observed in comparison with experiments in a hydrogen atmosphere.
Unfortunately, Korotschkina did not study the multiplication of the
cells. Therefore, it is not clear whether the weaksr denitrification
under aerobic conditions was connected with an intensified multipli-
cation of the cells.

Korsakova (1541) cultivated £§gggggg;_§;ggga (designation not
recognized by Bergey or Krassilnikov) and Ps, seruginosa undsr aerobic
and anerobic conditions. It turned out that denitrification at the
beginning of growth (in the first 24 hours) with equal intensity under
aercbic and anasrobic conditions. However, under anaerobic conditions
denitrification took place until the nitrates had been consumed, while
under aerobic conditions it stopped already before that. Obviously
the organic substance was uxhausted more quickly under aerobic eon-
ditions, because the oxygen in the air was also available for its oxi-
dation. If the amount of organic compounds in the medium is increased
fiva to ten times, demitrification continues longer also under aerobic
cond:tions., Therefcre, anaerobic conditions are not & prerequisite
for denitrification. Respiration and denitrification can take place
simultaneously. Skerman, Lack and Millis (1951) also assume, in
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accordance with experiments on a Pseudomopnas strain, that oxidation
processes can occur side by side with the oxygen of the air and the
oxygen of the nitrates, but that the free uxygen is favored. Kluyver
(1954) oconcludes, however, from these experiments that small traces
of oxygen already interrupt denitrification.

Species of the genus Fseudamonas and Achramobacter, belong to
denitrifiers. Results divergent from one another can possibly be
explained by the fact that there are differences in the behavior of
various species and strains of denitrifiers. Thus according to Pinghui
Liu (1952) only 26 of 45 Pseudomonas aeruginosa strains, that agreed
with each other with regard to pigment formation, were capable of deni-
trification. In Meiklsjohns's (1949) opinion denitrification is ~on-
trolled by the redox potential of the medium. Obligate aerobic or-
ganisms do not reduce nitrates, although it is possible that denitri-
fication to N, may take place at a sufficiently high redox potential.
Denitrification to nitrogen oceurs with facultative aerobes. Anaercbes
denitrify down to NH3 at a low eH. Therefore, a gradatlion depending
on the ed is assumed; However, other microcrganisms appear in each
type of denitrification. It should be interesting to trace the deni-
trification. It should be interesting to trace the denitrification
of one and the same strain at different ri, values.,

Rebotnova and Bobkova studied Ps. aeruginosa (unpublished).
This species is especially suitable for this kind of sxperiments.
They are able to utilize numerous differeni substances as carbon sources
(carbohydratas, acids, alcohols, aramatic campounds, hydrocarbons --
Rabotnova, Tlubekova and Magnitskya, 1950, demonstrated that Ps. aeru-
ginosa can utilize bitumen, petroleum and rubber --, peptone and others),
which indivates a high adaptability of the ferment systems. With a
culture in beel bouillon + 0.3% KNO., and in a mineral medium with 0.3%
carbohydrates + 0.3% KNO multiplicgtion was possible within a very
wide rfl, range (fram r,"2 by saturating the medium with hydregen to
rflp 25-30 by aerating the medium or by saturating it electrolytically
wvith oxygen). Denitrification occurred simultaneo.sly under aerobic
and anaerobic conditions. Therefore, with a supply of air the cells
alsc use the atmospheric oxysgen in addition to the nitrates for oxi-
dizing the substrate.

Growth of the tacteria under strictly anaerebic conditions on
an alkaline pyrorallol solution is restricted due tec the denitrifica-
tion process, that is to say when the nitrates are consumed, multi-

plication stops (Fig. 58%).
The bacteria forved a film at the surface contiguous to the

mediun under a vaseline oil layer five to six cm thic.. tnat indeed
made ‘he access of air difficult but did not prevent it completely,
Denitrification was detectable at the start of growlh of the cul-
ture. while the ceils multiplied after 60 hours dus to the atmos-

pheri. oxypen that diffused through the vaseline (Fig. 3%9).

With an unimpeded supply of air denitrification occurred very
rapadly in 500.mi flasks with 250 ml of medium; but they multiplied
also after the nitrates had been used up and the organic substance
vas utilized further (Fig. 60).
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It 4s immaterial for denitrifiers whether atmospheric oxygen
or oxygen from the nitrates serves as hydrogen acceptor,

These observations give rise to the widely held opinio: that
loosening the soil and increased aeration prevent nitrogen losses due
to denitrification. It must be assumed that denitrification occurs
under more or less aerobic conditions, when an organic substance is
present. However, due to the activity of nitrifying and NZ fixing
microorganisms the nitrogen loss by denitrification is compensated
under aerobic conditions.

II. Redox Potential and Assimilation of Molecular Nitrgen.

The importance of N, fixing microbes for soil fertility is
generally well-known. It 1s mainly a question, in so far as the soil
is concerned as a location, of Azotobacter species, Clestr. pasteuri.
anum, some Cyanophyceae that also occur in the soil, the tuber bacteria
of legumes and the Actinomycetes in the Rhizothamnidia of alders, of
elearnaces and some other plants.

Among Russian microbiologists, Vinogradskiy, Omelyanskiy, Kost-
ytschev, Butkevich and Timiryasev have primarily participated in re-
search on N, fixation and N, fixing mieroorganisms, The biochemical
process of > fixation has ﬁot yet been explained to date, in spite
of a scarcalV observable number of studies. With respect to the dif-
ficulties in this research the circumstances can only be compared with
those found in photosynthesis. According to recent results (Vino-
gradski, 1952; Fedorov, 1952; Newton, Wilson and Burris, 1953) ni.
trogen assimilation is a reduction process that is connected with the
oxidation of organic compounds in an as yet unknown way.

We conducted research on whether there is a relationship between
the redox potential of the medium and nitrogen assimilation. In this
connection same clues for the possible process of N, fixation have
come up (Rabotnova, 1941).

1. Corralations between N, Fixation and Redox Potential of the
Mediun.

According to Purk (1934) nitrocen fixation can be kept in check
if the pN2 vartial pressure drops below 0.5 atmospheres. In this case
the speed ‘of the N, fixation decreases proportionally to the pN, de-
erease, Thus the speed of nitrogen fixation at a pN, of 0.215 + Q.002
atmospheres over the bacterla suspension is about twfce as slow as
with the nomal nitrogen content of the atmosphere, If pN2 drops so
far that the Np fixation is slowed, a higher eH Ls formed than with
a sufficient nitrogen pressure. Figure 63 shows an apparatus in which
the eH can be measursd by cultivating Azotob. chroococcum in a gas
nixture at a partial vacuum, when pO2 corresponds to the atmospheric
pressure, but pN, amounts to 0.Ch atmospheres instead of the normal
value »f 0.8 atmospheres, The same eH is present in a sterile medium
in tre air and at a decreased pN,, and the total amount of nitrogen
in the below-described-apparatus is sufficient for the nitrogen re.
quirement of Azotobacter. Consequertly a decrease in N, fixation causes
? conséﬂ§rable increase in the el and the redox potential in the medium

Tig. 64).
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Fioure "3,

Arvaratue for cultivatin: bacteria under

anaerocic conditions and in various -as

nixtures. (1) crlinder that is closed by

a 1id (2); 2ir is pumped out throurh cock (3)

and the -as intreduced. This operation may ‘e
traced U means of a mercurial marometer (4).

In the cylinder there is a test tube as culture re-
ssptacle (5) provided with electrodes, calomel

electrode (K), connection to tue pote~tiometer
(7).
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fi~ure “4., The €l in a culture of Azotob. chroococcun
in 2 nitro-en-free medium with glucose:
ceeemen = in air;
c—————— at p“? 0.0l atmospheres.

™e r'', values at the end cf the experiment
~»e ~iven in *the -raphic representation.

[he las* fi-wure on the abscissa must mean 27,
not 22,

~he question of vhether tuber bacteria can also fix nitro-
~en without smbhiosis vith le-umes was studied from many aspects
(Pahotnova, 1040) hut is still unanswered 2t present. Ty culti-
satin~ *uw-or Sacterin in various ~ediums an inerease in the
co~"ine? nitro-en vac able to he estarlished clearlv only with
~ most wreeto mogedue and by not usine heavv ("a“otnova,

17.4)
i /.

“no vads 1 {1774, 1072) determined a very sli ‘ht ritroven
increase Loin Ao ‘he mav-in ol error, but constant, " using
“ieldahl's .ic.roretiod by cultivatin: tuber bacteria on mediuns
containin - »lant extract. Vinogradski assumes that pure cul-
tures can also fix nitro:en, that this capability is, however,
very sli hit, since the conditions for “2 fixation are unf. vorable.
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Fedorov (1952) determined that pure cultures of tuber bacteria,
therefore, fix nitrogen, when not more than two to three milligrams of
combined nitrogen are contained in 100 ml of culture medium. This
anmount 1s sufficlent to start growth; later, after exhaustion of the
combined nitrogen, the bacteria can still fix 2.3 mg of nitrogen from
the air per gram of corganic substance used.

Rabotnova’s (1941) experiments showed that during cultivation
a higher el appears also in tuber bacteria -- as in cultures of
Agotobactar, although not very pronounced -- at an initially lowered
redox potential, A difference in the eH was present at various pN2
by cultivating on nitrogen-rich or nitrogen-poor mediums (Fig. 65)%

In cultures of Azetob. schuetzenbachii (designation not
recognized by Bergey or Kras:c ~iinikov), which does not fix nitrogen,
no eH differences appeared at normal and decreased pN;. Therefore,
cultures of tuber bacteria react to Np, although they cannot fix it
for certain in a detectable manner. Nitrogen is not an inert gas
for them. The experiments are an indirect proof that tuber bacteria
also contain ferments in a pure culture that are apparently related
to N, fixation.

2. Experiments on ihe Mechanism of Nitrogen Fixation by means
of Azotobacter.

There are two points of view on the course of nitrogen fixa-
tion by Agotobacter. Kostytschev and Vinogradski conceived of ni-
trogen fixation as a two-phase process: First, reduction of No to
swrnia, then consumption of the smmonia in the formation of organic
nitrogen campounds.

Newton, Wilson and Burris (1953) arrived at the same opinion
in experiments with heavy nitrogen.

On the other hand the point of view is advocaiaed (Fedorov,
1952) that the nitrogen is combined immediately in organic com-

pounds.

If nitrogen fixation occurs according to Fedorov's concept,
the smount of fixed nitrogen Lad to be in a simple relationship to
the amount of cell substance. Tae amount of nitrogen that can be
fixed by a cell had to be extremely constant. If on the other hand

fixation as RH3 and albumin formatiom are processes not imme-
dfatoly connected”with each other, this kind of relationship is not
to be expacted,

It seems very likely that both processes are adjusted tou each
other, but that the relationship of both %o each other can be disturbed.
The conditions in the cell, for sxample, cosuld be more favorable for
the formation of NR, or of another intermediary product than for
growth and the synthesis of the amino acids. We attempted to compute
from data in writings on the subjeot the amount of nitrogen that can

be {ixed by a celi.
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Figure 55. Course of the eH in a culture of hizob.
lecuminosarum in a nitrogen-free medium.

= el with a culture in air;
........ = culture “irst in air (° days),
then at pN2 15 mm,

The fimures on the curves indicated the
r’, values after the end of the experiment.

Tt follows from "linkov's (1948) experiments on the
affect of the p' volues on the growth and the nitrozen fixation of
Azotohneter thot at pil 6-R approximately the same amount of ni-
tro-en per unit of uveizht of the cell-mass is combined, at pH
6,17 nar n; of cells, 0,049 mg of ¥, and at pM 7.15, 0.0ls mz of
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Pedorov (1048) ascertained the number of cells and the amount
of fixed nitrogen in a growing culture of Azotobacter during 16 days.
Independently of the age of the culture, always about the same amount
of nitrogen was assimilated by one cell (Table 55).

TABL® 55

Amount of nitrogen in mg Np x 10-10, fixed by an Azotobacter cell
duri.ng “STowth of the culture (according to Fedorov, 1948)

o 7Tt 85 g L 18
amount of fixed

N, per cell in 2.8 3.9 3.6 3.7 3.3 3.6 2.8 3.4
mgXlO'lo

Although N2 fixation and growth are different processes, they
are, nevertheless, in hamony with each otner. When factors change,
disturbances may appear that affect the metabolism, Redox conditions
must be thought of first of all.

labotnova, Kondratyeva, Nette and Arones (1949) studied the

process of unltrogen fixation per cell at various rH, values. They
used gas mixiures with a differeat O, content, besises oxidation and
reduction substances, with an $noculum of 30-50 million cells per ml
'of medium and an experiment time of up to 12 hours., The result was
that rH, values in the range of 20-27 or eH values between 174 mv
and !&Oo mv affect the 1life activity of Azctobacter considerably. The

range of 22-25 was optimum for nitrogen fixation. Multiplication
ana nitrogen fixation were checked at higher rfi, values.

Nitrogen fixstion was inhibited more than wultiplication at
lower rH, values. The amount of fixsd nitrogen, camputad on one
cell and one gram of consumed sugar, was different under tke various
conditions (Fig. 66).

It is difficult to imagine that the composition of the bacteria
bodies is changed; it is well.lmown that the nitrogen content is fairly
constant in Jhe cells. Obviously here it was a matter of the fomation
of an intermediary product of nitrogen fixation that was atored up in
the medium. Since the nitrcgen was determined in the culture in the
aggregate, that is to say, in the cells and in the medium, this question
could not be answered by means of the above expariments.

3. Faxdohment of the Substrate with Nitrogen Compounds through the
Growth of Azotobacter.

Xostytschev. Ryskaltschuk and Schvezova (192€) found ammonia
in cultures of Azotob. 1is with sugar or mannitol as carbon sources
which led to the assumﬁalm that ammonia could be an intermediary
product of nitrogen fixation. However, since the purity of the cui-
ture had not been verified, the presence of ammonia-forming bacteria
in addition to Azotobacter could not be excluded with certainty.
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The emperlients of ‘ostytschev and Shelumova (1931) were repeated
later vith izotoh. vinelondii in which case special care was de-
voted +o culture purity Twenty-five to twenty-seven miilivrans of
nitro -en were cosimilated from two ;rams of mannitol. Armonia was
ajain Jfound in culturec on solid and liquid mediums. According to
Kostyischev, mmonia is formed at the commencement of :rowth of .
the culture 25 the first product of nitrozen fixation in an amount
of one ©o two uilli.rams of nitrogen per 150 milliliters of medium.
After the culture has stopped growing, ammonia is also relozsed by
autol;tic deanidization.
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Fizure &5, sy fixation and cell multiplication at varicus
rii, values.

1 = nitroren fixation with no increase in amount
of cells; .

2 = nitro-ven fixation with cell rultiplieation;

% = relative cell multinlication.

“ino sradsizi (1°77) also assumed *hat nitroren fixation re-
sults fron - veduction of the nitroven. He supposes that first
hydrroine ond Ta‘er arenis are formed. Ammoaia can e utilized
Ly azocobacter in the sane way as by other nicrobes. inder spe-
cific condi lions a digturbance of the fixatlon process, *hat is, the
fomation ol armonia and the consumption of ammonia in anabolisnm,
1s possible vhen ~roith is inhibited by alkall salts of organic
acids. In this case amonia is enriched in the mediun.
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- Vinogradski detected ammonia in cultures of Azotob. chroococ-
oum, Azotob, agilis and Azotob., vinelandii that grew on silicic acid
goT with the a%ition of alkall salts of organic acids. In addition
he found ammonia secretions from killed cells, Here also ammonia
has a double origin: on the one hand it is the product of nitrogen
fixation and on the other hand, the product of an autolytic deami-
dization. The amount of ammonia discharged amounts to 5 mg per Petri
di;g with livingz cultures and fractions of a milligram with dead
cells,

However, there is a contradiction between Kostytschev!s and
Vinogradgkils studies. Kostytschev observed ammonia secretions in
culturesion mediums containing sugar, while Vinogradski points out
that no ammcnia is given off here, because it is complete.; con-
suned by the strongly growing culture. Ammonia secretions, according
to his experiments, octur only in the presence of alkali salts of
organic acids when multiplication does not keep up with nitrogen fixa-
tion.

Butkevich and Kolesnikova (1941) detected ammonis i~ a shake
culture of Azotob. chroococcum in a medium to which glucose had been
added until exhaustion of the energy-supplying snbstance. The quanti-
ties detemmined here are unusually large with up to 15 mg of ammonia
per 100 ml of culture medium. According to the authors' opinion the
furmation of armonia cannot be due to autoliysis.

According tc Fedorov (1948, 1952) the nitrogen is first combined
in an enzyme that can not be separated from the living cell. RN ... NH

groups are formed that are taken over by keto acids. Amino aeids aro'
formed from them. Amino scids are also given off in the medium when
sufficient keto acids or other unsaturated compounds are present.
Acecording to this opinion ammonia cannot be considered as an intour-
mediary product in N, fixation. Fadorev cultivated Agotob, agilis
ip mediums with the addition of sugar and sodium salts of ar -pro-
“pionic acid, aconitic acid and fumaris acid as well as quinic aecid
and eitric acid that are sonverted by dscamposition into campounds
with a double bond. After 2.4 wescks up to 60%.70% fixed nitrogen
(with reference to the total amount of nitrogen in cells + culture
solution) was detected in the culture solution used, not in the form
of NH, nitrogen, however. Considerinz the long tine the experiment
lastea it could, however, have been a question of nitrogen campounds
that are released only by autolysis.

There are also contrary results. Minenkov (1928) cultivated
Azotob, chrooccocws with aeration in a culture solution with the
addition of mannitol and on sand that was sosked with the same solu-
tion. An amonia secretion was nct detectable. Roberg (1935) found
a nitrogen enrichment in the amount of 0.5-1.5 mg of nitregen per
100 m1, in the culture solution of Agotobacter cultures that was used.
A later considerable increase was attributed to autolysis. dabotnova
snd her collaborators also studied the problem of a discharge of
nitrogen oampounds into the mediwm partly with freshly isclated strains
of Agotoby chroococous,- partly with the cambined strains Asotob.
chroocogeun 54 and agilis 22D. In order to avcid autolysls, young,
two to three.dsy old cultures were studied, and older cultures were
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used only in a few cases. Cultivation took place with an uninterrup-
ted supply of air, so that all cells were exposed to approximately
the same conditions. Nitrogen determinations were made with reference
to the whole culture and the cell-free filtrate. NH, -free air was
used for aeration. The pH value of the medium during growth of the
culture remained practically unchanged with carbohydrates and calcium
salts of organic acids. An alkalization of the medium up to pH 9

and higher, depending on the anion consumption, occurred with sodium
salts of organic acids. This agrees with Vinogradski's (1952) finding
on silicic acid gel plates.

When sucrose, mannitol or calcium lactate were used as car-
bon sources, Azotobacter multiplied especially well. The nitrogen
fixed froa the air was used up in forming amino acids and did not
appear in the medium. Growth was less good with sodium salts
of acetic, butyric and lactic acid, although nitrogen was fixed in..
tensively. A considerable part of the combined nitrogen could be
detected in the filtrate of the culture. If the number of cells and
the amount of the nitrogen fixed in the culture (filtrate + cells)
are campared, it is evident that the less nitrogen falls to the lot
of the individual cell, the betiter the growth of the culture. In-
versely the nitrogen content of the individual cells is higher
with a poorer growth (Table 56).

TABLE 56

Dependency of the amount of pitrogen fixed by a cell on the intensit
of multiplication (Azotob. Beiierinckiig

-

no. of cells in million fixed nitrogen per carbon source

per mi, cell in 10-10 mg

to 400 1.2 sucrose
220 - 280 1.1.4 calcium lactate

130 2.5-3.5 mannitol

100 34 sodium lactate
60 - 70 4.5 sodium Lutyrate
50 .. 70 6-8 sodium acetate

In the case of weaker growth of the culture. part of the fixed
nitrosen is given off into the mediwun in spite of the higher nitrogen
content of the cells. Two milligrams and more nitrogen could be de-
tectea per 100 ml of filtrate. If the amount of nitrogen per cell is

computed; that is subtraciing from the total amount of nitrogen in the

culture the nitrogen in the filtrate, it turms out that there is a
normally constant amount of nitrogen of 1.2 X 10~10 mg (average value)
per cell,

It must be especially pointed out in this respect that com-
bined nitrogen could he detected already in the culture filtrate
after about 2k-hours growth of the culture, whan an autolysis of
the cells could not yet be present.
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Our results confirm the theory of Kestytschev and Vinogradski
according to which nitrogen fixatiun takes place in two phases. First
synthetis of a stable intermediary product ocecurs, which is consumed
in the formation of amino acids and proteins. When the intermediary
product is not consumed sufficiently fast, as is the case in mediums
with alkail salts of organic acids as carbon sources, nitrogen com-
pounds ar? given off into the medium. The stronger the growtl, the
less the medium is enriched with nitrogen. In contrast with the re-
sults arrived at by Vinogradski, the primary fixation product is not
only ammonia. The filtrate did not produce, with Nessler's reagent,
the characteristic yellow coloration, but rather a greenish to pale
yellow precipitate., The chromatographic test for amino acids with
ninhydrin, performed during the second growth stage of the culture,
was also negative. However, by aerating the culture a small amount
of ammonia escaped. We assume thal Azotob. chroococcum and Azotob.
agilis also give off nitrogen compounds into the environment inde-
pendently of autolysis, in their natural location under certain con-
ditions.,

IIT. Influence of the Redox Conditions on the Autotrophic and
eterotroph~ Way of Life of Chlorella,

The importance of r 1l algae in the cycle of soil substances
has had little attention paid to it up until now. Therefore, we con-
sidered it opportune to study the way of life of the widely diffused
soil alga, Chlorella.

Chlorella can live as an organism containing chlorophyll,
tut it is able also to live carbon-heterotrophically with various
organic carbon compounds {Artari, 1903, 1906). According to Genevols
(1927) Chlorella also has a fermentative metabolism available to it.
Myers (15575 studied its heterotrophic manner of subsistence. It is
a question of an "oxidative assimilation" of the organie compounds
that takes place in accordance with the following equation:

CgH1206 + 02 = 5(CH0) + CO, + HYO.

Obvious.y Calorelis utilizes sugar extremely economically:
5/6 of the sugar is assimilated, 1/6 is decomposed to CO».

An crcanism with so rany different varieties of capability is
particularly suitsble for siudying the dependency of metabolism on
extornal cmditi.as. It can be assumed that diversity of etabolic
processes, cnaracteristic of Chlorella, developed as an adavtation to
changing 1ivig conditions. In this connection Chlorells for example
is in contrast with lactic acid tacteria, that have little adaptabi.
lity and are axmofermentative and pass over to a state of rest when
condz Si013 ar? unfivorable for ferment:iion., It is to be expectad
that the czapabii‘ty of oxidative assimilation of organic coampounds
depands on the air supply. Chlorella oxidizes the substrate under
asroni. s ndictions, wnilie under anaerobic conditions it possitly
changes ovar to famentation.

Rabotnova and Konova (1950) studied the conditions under which
photcsvminesis occurs in Chlorella vulgaris. Growth in a mineral nediunm




with 1light was weaker than in beer-wort. - The best growth was achieved
in considerably diluted beer-wort from 1° bLeer.

Chlorella vulgaris did not grow under anaerobic conditions,
although its 1life activity was not suspended and  ;ar decompositicn
and acid formation ~ontinued (Table 57).

TABLE 57

Growth of Chlorella vulgaris in a thetic medium under anaerobiec
0 S er of cells per ml: at the bezinn 2 million: at
the end of the experiment, sbout 700,000), Duration of the experi-

ment: 20 days, dark cuiture.

PH amount of sugar acid content of
(7 per 100 ml) _ Lo ml of fermentation
‘ '~ substrate (ml 0.1 n
NaOH)
starting final starting final : volatile
value value value value , total acids
6.9 5.8 0.9 0.5 8.4 6.3

The behavior was tie same in light and darkness.

The effect of the redox potential on the nature of the meta-
bolism was traced in mixtures of N5, Cp and C0p, that is with various
conditions of aercobiosis. The result was that Chlorella lives hetero-
trophically under microasrophilic conditions; 92F to 100% of the in-
crease in quantity was made from the consumption of sugar. In a ni-
trogen + alr atmosphere carbon autotrophy and heterotrovhy were de-
veloped in an equal amount. Under strongly aerobic ¢onditions, that
is in an oxycen atmosphere, only 15% of the amount of all the cells
was formed from the assimilation of sugar, whereas the greater part
resulted fram photosynthesis (Table 358).

TABLE 58

Relationship between auto- and heteroctrophic subsistence in
Chlorella vulgaris under various rH, conditions

increase in
Twerirent zas mixture PHZ quantity due
o, in light Tn darkness to sugar con-

sumption, in
B

1 40, 21.2 19.3 92.0
2 ) 22.9 21,0 100.0
1 Nytair 22.5 20.7 59.0

0, 2,6 23.0 39.8
T 0430, 73,0 35.3 15.¢
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Therefore, autotrophic and heterotrophic ways of life are
highly dependen: on the redox conditions. When the supply of air
is improved, Chlorells changes over from the ntiligzation of organic
carbon campounds to photosynthesis. The result for conditlions in
the soil was that soil algae like Chiorells vulgaris can exist not
only on the surface of the scil but also in deeper strata; that is
to say, without light and with an oxygen deficiency. In the first
case they are concerned with the formation of an organic substance;
in the seccnd cgse, with its cmmmgtion.

IV. Acutone-Butanol Fermeptation, Depending on the Redox Conditions.

Acetone-butamol fermentation has great practical importance,
Under certain conditions a control of the fermentation process might
make it possible to increase the output of valuable fermentation pro-
ducta,

1. e Format cts

It has already been mentioned that the process of acetone-buta-
nol fermentation can be affected by changing the reaction of the medium.
If the acids that appear in fermentation are neutralised with chalk,
‘the phase of the formation of neutral produ.'- /second phase) is eli-
minated, and acetic acid and butyrie u+4id are acocumnlated in the medium,
The process is also affected by the nitrogen compounds in the medium
(Yerusalimski, 195, 1935). Fermentation occcurs normally in mediums
containing albwmin. In mediums with simple nitrogen compounds, for
exampls peptone and mmino acids, thy formation of neutral products
is inhibited, and acids appear.

According to Rabotneva neither neutraligation of the medium
nor supply of certain nitrogen compounds is alone decisive., The
addition of the various substanees in certain concentrations is the
main cause of the elimination of the second phase, cnly higher con-
centrations inhibit the multiplication of the cells and the fermen-
tation of the carbohydrate. This phase is particularly easy to af-
fect .y adding varieus salts. In this case a strong acidification
occurs (down to pH 3.9). Fermentation ceases due to the unfavorable
acid content, so that many unfermented carbohydrates are left over,
The type of fermentation shift in this case is always the same and
does not depend on the substance that it has produced. The fact is
worth noting that when the conoentration of the added substances is
increased, fermentation suddenly changes; that is, without a gradual
transition from normal fermentation to fermentation without the for-
mation of neutral products.

Fram the start of fermentation on, different salts were added
to the fermentation substrate. The course of the fermentation was
sufficiently characterised by the smount of acetone formed and of
the unfermented substances, by the pR and the acid content. Ac-
cordingly it s possiblo to decids whether the fermentation has
occurred nomally or without the second phase (Table 59).
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TABLE 59

Influence of salts on the course of acetone-butanol fermentation

substance concentration at concentration at which
added which normal the second phasc is

fermentation results eliminated

mol 4 mol %
KNO, 0.03 0.3 0.04 0.l
KMnOu 0.0095 0.15 0.0111% 0,17
Na23203 0.01 0.25 0.012 0.30
Cusob 0,000044 0.0075 0,000059 0.010
KC1l 0.1 0.75 0.13 1.0
KZSO4 0.1 1.5 0.14 2.0

The basis for the interruption of fermentation in the first
phase is the inability of the bacteria to form neutral products. The
result of this is an excessive acidification. If fermentation takes
place by adding an excess of chalk in the presence of salt concontra-
tions that cause the elimination of the second phase, then the fer-
mentation process does not stop, but rather the carbohydrates present
are fermented and acetic and butyric acid are produced. Therefore,
fermentation ozcurs in the same way as with chalk without the addi-
tion of salt. Small amounts of chalk make the additions of salt in-
effectual., When only a little chalk is acced a total of 0.1%) fer-
mentation occurs with the normal yield of neutral products.

In industrial fermentation, also, small additions of chalk
seem to have a favorable effect, particularly when little suitable
substrates are used, like molasses or hydrolysates., Apparently in
acetone-~butanol works in the USA this method is used w!th the fermen-
tation of molasses (Langlyke, Smythe and Perlman, 1952).

A strong effect on the fermentation of acetone-butanol causes
considerable changes in the fermentation process. It is possible. hLow-
aver, by means of a weaker action to cause finer changes in the fermen-
tation process. This can be achlieved by adding non-toxic substances
or small amounts of specifically acting substances.

2. Changes in the Proportion of the Fermentation Products to Each
Other,

According to Wilson. Peterson and Fred (1930) the proportion
of the formmentation products can be modified 'y changing the nitrogen
source, The additiom of ammunium salts to mediums with organic nitro-
gen campounds causes a diminution in the acetone output. The alcohol
yield is increased somewhat by adding butyric and propionic acid
(Simon and Weizmann, 1937). More acetone is obtained by adding acetic
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acid; with other strains, more acetons and butanol (Bernhauer and Kuersch-
ner, 1935).

When acetic acid was used with radiocactive carbon it turned out
that acetic acid changes into butanol (Wood, Brown and Werkman, 1945),
Its conversions in acetone-butanol fermentation are complicated, how-
ever, and have not yet been completely explained,

The kind of substance to be fermented also has an influence
on the final output of fermentation products (Johnson, Peterson and
Fred, 1931). When a strongly reduced compound, like for example
mannitol (C ngs). is fermented, relatively wore butanol and hy-
drogen are formed, and when a more weakly reduced substance, like
glucose (CgH. 20g)s is fermented, less butanol and hydrogen and more
acetone are formed., The fermentation of ‘he more strongly oxidized
caleiwn gluconate produces a still greater yield of acetone.

3. Dependency of the Redox Potential on the Course of Acetone-
Butanol Fermentation,

In order to be able to study the reiationships between the re-
dox conditions of the medium and the nature of the fermentation, the
first point to expidin is in what way the redox potential of the medium
depends on the course of the acetone-butanol fermentation. For this
purpose we traced the rH, changes in normal fermentation and in fermen-
tation without the toma%ion of neutrsl products.

Werkman and his collaborators (Reynolds, Coil and Werkman,
1934) determined that the potential in normal furmentation with a
large ocutput of neutral products is lower than in fermentation with
a smaller output of neutral products. It follows from the work of
Johnson, Peterson and Fred (1931) that eH values dropped rapidly and
quite considerably in the induction pericd of the fermentation.

Kabotnova {1944) conducted methodical research on tha redox
potential in normal acetone-butanol fermentation and in fermentation
with the addition of chalk or in a peptone medium, that is, by
shecking ths formation of neuiral products. With normal fermentation
in a 7.56-8% corn.mash the rodox potential of the medium decreased
rapldly. Negative er values down to -4 frequently appeared during
the first 10.15 hours, Then the redox potential went up again to O
and maintained this value during the further progress of the fer-
mentation. An rH, value of O also appeared in the ifermeatation of
potato mash, but aithont negative values cceurring first and usuaily
with a rise of *he redox potentisl toward the end of the fermen. u-
tim.

The relationship botween gas forwation and the rise in the rfi,
value at ths end of the fermentation was peculiar. In the normal
courss of fermentation, that is when the discharge of gzas occurrod
very rapidly and was over after a short time, the redox potential
always went up &t the end of the fermertstion (Mg. 67).
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As already mentioned, chalk suppresses the second phase

of ferzentotion, that is, the formation of neutral products. The
rf, curve is no different in this case from the curve in the nor-
mal course of fermentation; it depends on the kind of gas discharge.
Yermentation 2lso stops in the first phase in peptone mediums. The
redoxx potentisl went dowm when the gas discharge had reached its
pealt znd then went up again. "he course of the fermentstion was
conplete and rapid in mediums with added peptone and chalk. The
elimination of zas wrs hardly different than in normal fermenta-
tion, muit no neutral products were formed, and the er changes were
the sane cs in nomal fermentation. %hen the discharge of gas
stopped after a short time, the rF, went upa the end of the fer-
mentatione The redox potenti2l remained for more than 100 hours

at O vhen the discharze of zas lasted a long time.

“Then the elimination of zas occurred only slowly and con-
tinued for a long tine, the er value remained constant for 2a

long time (up to 100 hours) (Fig. 48).
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Firure 58. Aceione-tutanol fermentation in 7% corn mash

with zas formation occurring slowly
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‘The experinents showred that the course of the r¥, changes
in *the =mediw: depends first of all on the intensity of the gas
discharre. ‘s soon as the gas (half is hydrosen) is ziven off
intensivel;r, the redox potential of the medium drops to ¢ and
chrracterizes the hirdrozen atinosphere thus, independently of how
the ferven”riion oceurs and whether or not neuirsl nroducts are
“ormed,

e netabolic processes could not be sufficiently choe
racterized in detaill Ly neans of the redox potential in acetone=-
butanol feruentation. It merely indicates the presence of a
larzer or smaller amount of hydrogen in the medium. That does
not uean, naturally, for one thing, that there are no other redox 5
systemc in the nediun that are tied in with netabolism in the .o
cell. Ilovever, ther do not act on the electrode, because the
platimm elecirode is considerably more sensitive than the hy-
drozen one. 3ince there has been no success to date in isolating
enzmes of the acetone-~butanol fermentation from the living cell
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(3imon and Weizmann, 1937) or to detact them in the medium, it must
be assumed that no reducing substances except H, that act on the
electrode potential are in the medium.

The potential was measured in a fermentation substrate after
the end of the fermentation. The rH, value was very low at the end of
the gas discharge, because dissolvedzhydrogen was still present. After
standing for 20 days the hydrogen had escaped from the fermentation
substrate, oxygen went into solution and the rH, went up to 20-25
(Table 60).

TABLE 60

Anaerobic final values of the redox potential after the end of the
various types of fermentation (duration of cbservation:

3-8 days at 40° C.)

fermentation age of the addition of
fermentation chloroform* er pH
substrate in
days
normal, oceurring 6 + 9.60 4,60
in an 8% corn- 6 - 9.80 4, 2C
mash (formation 7 + 8.00 k,70
of neutral sub-~ 7 - 8,00 4,70
stances) 3 + S.45 4,48
3 - 9.52 440
average 9.00
in a corn.mash with 1L + 7.9 555
the addition of 14 - 9.7 5.6
chalk (no forma- 7 + 8.9 5.51
tion of neutral 7 - 9.3 5.61
substances) 20 + 8.60 5673
20 - 8.52 572
average 8.7
in a peptone ne- ¢ + 9.6 L,05
diy: (no forma. ) + 9.66 4,03
tion of neutral 9 + 10.8 4,03
suhstances) 1€ + 7.95 4,01
16 - 8.42 4,01
6 + 7.28 l,01
20 + 8.0 4,17
20 - 8.24 L,62
averare 2,7

* For 1.terrupting the formentation. see Tav+ npage 2U4,

Mier the dissolved gases had been removed from the fermentation
suhntrate in a vacuum at room temperature. it was put in a nitrogen at-
nosphere, in order to prevent the action of the atmosrheric oxygen on
the electode, The redox potential slowly took on a stable value that
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was independent of u.c initial value. The anaerobic potential re-
mained at an er value of 8-9 with normal fermentation and with fer-
mentation withotit the formation of neutral products. In individual
experiments there were discrepancies of up to 2 er units that ob-
viously were due to uncontrolled conditions of the experiment set-
up,

Considerable differences in the redox potential in normal
fermentation and in fermentation with elimination of the second
phase could not be detected. In all cases the rH, was between
7.5 and- 9.5, It was also determined during fermmentation, after
the fermentation had been interrupted by the addition of chloroform
and the hydrogen present in the medium had been removed. In this case
also a potential appeared whose value did not differ from the rH
value after the conclusion of Zermentation. The rH, values in nomal
fermentation and in fermentation with sxclusion of %he second phase
likewise did not differ considerably from each other,

Since the method used did not allow an accurate determina-
tion of the potential and discrepancies of +2 ril, units and more
appeared in various experiments, it is possible that there are
finer differences between the two fermentation processes.

It was ascertained, by measuring the rH, in a sterile
medium under anaerobic conditions, that the rH, values in an 8%
corn-nash dropped rapidly at the begimning and more slowly later,
until after 8-10 days they remained at a value that corresponds
approximately to the rii, value of glucose solutions under anaerobic
conditions. The redox potential was more stable in a peptone medium.
It remained at a value of 8.9,

IV. Dependency of the Proportion of the Fermentation Froducts to
Ea er on Oxida and Reductlop Substances, | [Note: ]
« Sumarukova icipated e as yet unpublished studies),

The proportion of the fermentation products to each other can
be altered by adding oxldation or reduction substances to the fermen-
tation substrate at the start of a decline in the formatlor of acid,
that is at the begiming of the second phase (Fig. 69). In order to
avoid damaging the cells, we repeatedly added the oxidation ond re-
duction substances to the medium specifically in small, single doses.

Dithionite in a concentration of 50-100 mg per 150 ml of
medium increased the butanol cutput to a maximum of about 25%. The
outpat of ethanol was increased only slightly. The amount of ace-
tone remained unchanged., The effect of dithionite was especially
evident when the output of neutral products remained relatively
small, ‘"he main reason for a not campletely sati=factory fermen-
tation process in these experiments was that the temperature in the
incubator was somewhat over 37° C. As has already been mentioned, this
caused a decrease in the amount of butanol and generally in the total
anount of neutral products. If many neutral products were formed,
the action of the dithionite was weaker., Dithionite, therofare,
made it possible to campensate for a loss of fermentation products

due to too high a tempssature,
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Pigure 69. The effect of an oxidation substance (Hzoz) on

the output of neutral products in acetonesbuta-
nol fermentation. Abscissa: amount of oxidation
substance (Hzoz) added.

1 = butanol;
? = acetone;
3 = ethanol.

Glycerin in amounts of 0.5-1 g -per 150 ml of medium also
increased butanol yield Ly about 10%5-20%. The acetone and etha-
nol output remained unchanged. Sodium formiate in only small concen-
trations reaised the output of butanol about 1l4%-15%; with higher
concentrations its action was toxic. Hydrogen peroxide checked the
entire fermentation considerably, especially the formation of buta-
nol. Electrolytic saturation of the medium with hydrogen acted
in the same way. o

The proportion of fermentation products in acetone-butanol
fermentation, however, can be changed only with an accurately deter-
mined dosage of the active substance, especially of a reduction sub-
stance. The addition of reduction substances after termination of
the first growth period causes an increase in the output of a more
strongly reduced fermentation product, butanol. The addition of
oxidation substances inhibits fermentation without causing the
output of a more strongly oxidized product,acetone, to increase.

V. Acetone-Tthanol Fermentation and the Multiplication of Dac,
aceloethylicus (designation not recognized &5 %_egﬂhg
nrassInikov), De on the Fodox Potential of the

Culture Hedium, T
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Acetone-ethanol fermentation has achieved no practical signi.
ficance to date; neverthelsss it deserves attention in view of the

inoreasing requirement for acetono by industry.

Acetone~ethanol bacteria are facultative aerobes, They pro-
duce fermentation in high layer of a culture medium and form colonies
on the surface of agar mediume,

Until recsntly there were no clata on whether oxygen is an iners
gas for them or s involved in their metabolism, Sorokin (1952) ascer-
t2ined that with Mﬁﬁ%& a respiration linked to the cyto.
chrame system takes ce v o5ygen is incorporated in the me.
tabolim of the carbohydrates. It resulted from experiments with
inhidbitors that carbohydrates are able to ferment or to breathe,

Sodiwm fluoride checks growth under aerobic conditions by
blocking the enolase. KCN as a heavy metal poison inhibits the oyto-
chrane system, If KCN is added togetler with sodium fluoride, growth
is also interrupted under aerobic conditiems, because both fermenta-
tion and respiration are eliminatied.

Therefore, acetone-ethanol baoteria belong to the facultative
type of aerobes that are able to changs the rature of metabcliam ac-
cording to the ccnditions: under aerobic conditions they cavse a gly-
colytic decampovition and oxidation processes; under anaerctic condi-
tions, only the glycolytic decomposition.

As has already been mentioned, the ratio betwsen the fermenta-
tion products can be modified easily by means of pH changes. A change
in the strength or the glucose content of the medium also affects fer-
mentation. Thus the .atio between the fermentation products acetone-
alochol can be decreased fram lid to 1:2.,3 by increasing the concentra-
tion s . from 0,76 to 2.88 (Yarmmola, 1948). According to Kos-
lova (19%0) the addition of acetic asid to a carbohydrate medium
csuses the acetome output to increass. The principal fermentation
products in the decamposition of potato-mash with glyeerin are ¢hanol
and gases; only a 1little acetons is formed (Yarmola, 1949).

When oxygon is involved in me:aboliam, sccording to Sacharov
(1930) the air supply conditions haw a great effect on the course of
soetone—othanol fermentation. Unfortunately the redox conditions in
the medium were not determined quantitatively. Sacharov cultivated
asetone-ethancl bacteris in a potato medium with an air supply in a
thin lzyer with zethylene blue aa oxidation substance.

The consumption of sugar and the growth of the bacteria were
not affected appreciadly by aeration, but the formation of aceteme
dropped about 305-358. It was comcluded, therefors, that the for-
mation of acetome is an anasrobie process that is disturdbed by oxygen.
Bowever, it wvas not taken into accoant that acetone may have been
lest with aerstim.

Rabotnova and Namontovs studied hov fermentation is affected Ny
ril, changes in the medim (unpublished). Since Hy ccours abundantly
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| (ef, Chap. 6) 4n a high quality medium like potato-mash with the ad-
L dition of chalk, it was chiefly necessary to study how the medium's

; redox potential can be raised. A culture medium that had a layer 1 em
thick in a Vinogradski flask with a 25 cm diameter showed no difference,
when the rH, was measured by means of platinized platinum electrodes,
in comparison with a high-layer medium in a test tube. In both cases
the electrodes produced with fermentation a completely similar drop

in the redox potential, The rH, dropped from the initial value (rH,
23-25) to 14.17 eight hours aftér inoculation, and after 24 hours
reached a value of 2-3 that remained constant for as long as gas
discharge lasted,

It could be assumed .hat the electrodes do not indicate the
correct results, because they become saturated with hydrogen due to
the affinity of platinum for this gas and do not react to the pre-
sence of oxygen or of oxidizing compounds. Therefore, we took coio-
rimetric measurements and compared the behavior of the rH; indicators
in fermentation in high and low layer. The result was an indeed small
but urmmistakable difference: in the test tube culture Janus green
was completely reduced after 10 hours, corresponding to an rHy of 53
neutral red was reduced after 24 hcurs, which means that the rH, value
had dropped to under 3, Two zones could be observed in the low layer
of the medium. In the upper layer, which was in direct contact with
the air, the redox potential went down under 12 in the first 10 hours,
while at the bottom it fell to 5. After 24 hours the difference ba-
lanced out samewhat. In the upper zone the rH, value amounted to ap-
proximately 5 and in the lower one to less thad 3,

Also by cultivating acetone-ethanol bacteria in a layer ap-
proximately 1 em high, the redox potential in the medium can be raised
only slightly by means of hydrogen saturation. Only when oxygzen is
passed through the medium in the test tube can the rH2 values --
mainly in the upper half of the medium -- be held only partiallv between
12 and 5.

JU.der less aerobic conditions the multiplication of the bacteria
was not worse in the presence of air but rather better than in high
layer. ([Note:] The number of celis was determined by direct count
in the preparations.) The maximum values of tacteria count were about
8¢ higher with raised rH, values. On the other hand the consumption
of sugar when air was supplied was about 10% less than under less aero-
bic conditions (Table 61).

249




S SR P v e TR A S B EE

#°0T adeaaay 9% L edany
55 Y 6°om S sedl ST o
== = -~ J'el 500 ot 4
49T *af o ' H 24 10T Tl Y
0°t £°gt 1°4E Gy 266 ST S
o4t . G°Ge g ot 0'¢ €11t JHTT 1
T°5T ‘o 0°€€ 0°01 600 ool &
-= - -= 4°0T ©06 S0Vt ¢
G4 0°4¢ - (AN Y 056 ol ¢
.mcoﬂmﬁcoo uotietoe uoty UOTR AT oY
o7qoJse Japun qnoy3TM  —BIQ® YIIM 6, ‘SUOTITP INoY3LE  ~BIdC T3TA
uoTicLMES ~uoo oTqoJIase
=100 Jeins I J8a 4 Japun proTLh T Jac *TUEw UL Jaqunu
UT 958aJ09P ‘uotydumsuos aedns Ul 9SBaJoutl STT0 JO JoCimu IUaLTIad KD

{*ud GZ 031 )2 JO SSaL{dTy: JOACT ¢ ULTR
T930UELp UT uo y eqny 3593 e UT UoTjelae 3noultii 70..3L.Cy T, .20 ..UTdnp
—0.13Ut LG J0 Jte Jo Aradns e yjfid ‘JesBT URY} Ul sanno; ZCInyhd 9y JO

1oT}BI92 JO siunotw sUuTAgea UiTa TOTJOLNSU0D «2whs ple UCTLoOTLUELTA- TT8D




Aeration and increasing the redox potential also caused a change
in the proportion of the fermentation products to each other. Under
aerobic conditions as much acetone was formed as under strongly an.
aerobic conditions, to some extent somewhat less. If the volatility
of acetone is taken into consideration, there can indeed be no doubt
that more acetone escapes when oxygen is supplied or from the thin
layer of the medium at 40° C, than from the test tube., Acetone,
therefore, 1s indeed not formed less under aerobic conditionc tharn
under anaerobic ones. Perhaps the formation of acetone is even greater.
This opinion is confirmed by Fateeva (1952). On the other hand tnder
aerobic conditions the amount of alcohol was always smaller than
under anaerobic conditions.

The total amount of volatile acids was the same under more or

less aerobic cdonditions; only the proportion between the individual
acids was changéd somewhat., The quantity of acetic acid was larger
at first during zrowth of the culture, but later it decreased ra-
pidly. This corresponds to the two phases of acetone-ethanol fermen-
tation, in Shaposhnikov's (1940) opinion. During the intensive mul-
tiplication a more strongly oxidized product is stored up in the ne-
dium, When multiplication occurs more slowly, the hydrogen of the car-
bohydrates that was previously used in synthesis of the albumians is
atilized for fermentation products. At ithe same time the amount of a
mere strongly reduced product than acetic aeid, nanely acetone, in-
creases, The maximal amount of acetic acid was always greater under
aeroblc conditions than under more znaercbic ones.

Formic acid in acetone-ethanol fermentation is produced in ap.
proximately the same amount as acetic acid, in which case its total
amount increases from the Yeginning to the end of the fermentation.
The amount of acid formed under aerobic conditions was always less
than under araerobic conditions (Table 62).

TABLE 62
Production of acetie acid and formic acid in acetone-ethanol fermen-

tarion, Aapendini on the air supply (ml 0.1 n per 100 ml of fermenta-
tion substrate),

exparinent  wich aeration without aeration
no. maximal amt. amt. of for. maximal amt., Amg, of
o acetic mic acid at of acetic formic acid
aid the end of acid at the end
the experi- of the expe.-
nent riment
3 1740 15.0 15.2 15.7
6 16,7 16.? 14,8 18,2
A i7.¢C 13.8 9.0 20,0
e 19.1 4.9 15.2 17.9

* Strictly anaerobic conditions in an anaerobe culture raeceptacle.

It was to be expected t..t the ratio of sthanci te acetic s<id
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would be changed in the decamposition of the sugar molecule, depending
on the redox conditions. More acetic acid is formed under strong oxi-
dative conditions: if the conditions are more strongly reductive, more
alcohol is produced, If the amount of alcohol and of acid is expressed
in n mol, the quantity of alcohol is always much larger than the amount
of acetic acid., This is especially evident at the end of the fermen-
tation when the amount of alcohol increases, whereas the acetic acid
that is converted to acetone decreases more and more. The ratio al-
conol: acetic acid, however, is smaller under strengly aerobic con-
ditions *han under anaerobic ones, especially during and at the end

of fermentatior, when acetic acid is consumed. On the other hand,

in the first hours of the fermentation process, when acetone is not

yet being stored up, the formation of acetic acid is particulagly-
encouraged under aercbic conditions (Table 63).

TABLE 63
The ratio of alcohol to aretic acid (in m mol) during acetone-

athanol fermencation uncer various experiment conditions

experiment conditions duration of experiment in hours

24 u8 72 96
Vinogradski flask 5.04 - 25.9 -
test tube 5.8 - k1,7 -
supplied with 0, 5.7 14.6 - 35,1
test tube (contrcl) 8.8 24,0 - 1,6
hydrolytic saturation
with 0, 3.4 13.4 25.5 2.8
test tube (control) b,6 25.0 4o.4 by
test tabe b4 16.3 29.3 4.8
strictly aanerohic 8,7 35.6 43,5 108.7

In spite of the relatively slight possibilities cof an effect
of the vedox condition it can be determined that at a somewhat higher
rH,. iherefore. with aeration, the multiplicatior of acetone-ethanol
bacieriz is heiped, The consumption of carbohydrates diminishes. The
formation of acetic acid becomes greater in the first fermentation phase
and the total amount of formic acid, less. Concerning the formation of
neutral products, since evaporation urder various conditions of air
cupply could not be determined quantitatively, there are murel, well-
founded opinions that under aerobic conditions more acetone is formed
and under less aerobic conditions, more alcohol.

VI. Multipii.stjon and Acid Formation with Homofermentative Lactic
Acid Bacterl. . Depending on the Radox Conditioms.

The thermophil Lactobas. delbrusckii is a houwofermentative
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lactic acid bacterium that is used industrially for obtaining lactic
acid. The only fermentation product is lactic acid. The growth of
Lactobac, delbrueckii under various redox conditions has been studied
only insufficlently to date.

According to Genevois and Nicolayev (1934) lactic acid fermen-
tation with streptocucei and Lactobac, bulegaricus is connected with
an er vaiue of about 5 (Janus green and phenosafranine were reduced).
In the presence of air lactic acid was formed only slowly or not at
3110

Kluyver and Hoogerheide (1934, ¢f. Chap. 7) also assume that
the various lactic acid bacteria lower the redox potential to one
and the same level of 5.5.8.

Alco according to Kasanskaya's (1951) studies Lactobac. delbrueckii
(strain WDSch.) tends toward anaerobiosis. In a tall cylinder the output
of cells amounted after 24 hours to 124 million; in a thin layer, to 65
million. The same was also determined with acid formation. 1In the cy-
linder 15.0 M-equiv., of triose were detected; in the thin layer, on the
other hand, only 5.25 M-equiv,

According tc¢ Bertho and Glueck (1932) washed suspensions of
Lactobac, delbrueckii form H202 in the presence of air. There in

Mcleod®s opinion they are anaerobes,

On the other hand, Davis (1933, a, b) demonstirated that some
representatives of lactic acid bacteria. amon; others Lactobac. casei,
do not form any hydrcgen peruvxide and that, therefore, oxygen is an
inert gas for them. Fermentation takes place uniformly in oxygen and
nitrogen atmespheres,

In experinents by Cha:x and Flamens (1953) on Bac. coagulans
entirely the same amounts of cells were nroducaed after 20 hours under
aerobic and anaerobic conditions. Growth occurred more rapidly under
aerobic conditions. Cytochrome could be determined in the cells in
cultures under aerobic conditions, which was not the case under anaero.
bic conditions. Bac. coagulans. therafore, behaves, according to the
culture e¢onditions, like a typical aserobe or anaerobe. The relation-
ship with oxygzen, therefore. apparently is different in the various
species and strains of homofermentative lactic acid bacteria.

The reaction of Lactobac. delbrueckii to oxygen and to the
redox potential not only has theoretical importance but also practical
significance. If oxygen is an inert gas for these bacteria. the
fermenting fluid can be thoroughly mixed in the receptacles by means
of compracsed air, If the bacteria are sensitive e oxygen. this
rre edure iz not ucable. Therefore. i* seems to uy necessary to study
the dependency of growtih and fermentation on the degree cf oxyger
supply. in vhicn case rH, 1is ugsd as a quantitative measurement.

1. Tne Air S.priy Intensity of the Medium and its Effect on Multi.
Dzzsation 2ad Acad Foraataon wytn Lactobee. deibrueckii.

We riade our studies (jointly with Sukundova and Sretschushkina.
unpubiished) on tie industrialiy used strains XI. XII and WDoch, iso.
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lated by Kleymenova (1940), the first twe of which form acid strongly,

while the third one is less active.
this resear h,

Other strains were also used in
Deer-wort (30 beer) was used as a medium with 1%

crushed malt without the addition of chalk.
in a Vinogradskl flask or in high layer in test tubes.

Cultivation took place
Uniform di-

stribuiion of the crushed malt in test tubes was achieved by means of

horizontal stratification.

in some cases 37° C.

Fxperiment temperatures were 500 C., and

Previous observations on strains XI and XII had shown that
the number of cells usually reaches its maximum after 30 to 50 hours,

after which autolysis begins.

The main amount of acid is also formed

in the first 48 hours, then the acid content increases only slightly.
Accordingly we determined the acid content and number of cells after
48 hours, and we only partially continued the observations (Table 64).

TABLE 64

Bffect of the air supply on multiplication and acid formation by various
Temperature: «520 C. The acid

strains of Lactobac. delbrueckii.

content was determined by titration and calculated for lactic acid.

strain experiment % of lactic acid number of cells after
condition after hours 43 hrs. in mill,
72 190 per ml.
I flask 1,07 - 1.13 302
test tube 0.565 -- 0.70 5
XIT flask 0,75 == - 290
test tube 058 w= - 25l
wnT £1ask 0.52 0.54 == 97
test tuhe 0.42 0,42 -— 59
Savodskoy  flask Cli8 wa 0.5L 174
test tubte 035 - 0.37 30
wDSCh- f:.ask OQ 31 - - 90
tast tube 0.37 - - 63
9595 flask 0,21 0.24 - 23
tast tube 042 042 - 58

The individual astrains differed considerably with rsspect to

~acid formation and multiplication.

Multiplication and acid formation

took place no1¢ intensively with more active acid formation (strain XI,

YTI. WDT3 2nd Savodskoy) under aerobic conditions. Weaker acid producers
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(strain WDSch. and 9595) on the other hand formed more acid under
anaerobic conditions. Lactobac. delbrueckii, therefore, reacted _uly
weakly to oxygen, which is particularly amazing, because it generally
grows better aerobically than under anaerobic conditionms.

2. Multiplization, Acid Formaticn and Redox Potential in the Growth

of Lactobac, deibrueckii under Strictiy Aerobic and Anaercbic
Conditions.

The experiments under strictly anaerobic conditions were per-
formed in the apparatus, already described (cf. p 230). that permits
el measurements during the growth of the culture. The eH dropped in
the first 24 hours from 200 mv to zero and subsequently remained un-
changed at this level. The pH value at the end of the experiment
amounted to 3.2-3.4. From this it followed that the rH, value in the
culture was between 7 and 9. All the strains are able fo form acid
and to multiply under strictly anaerobic conditions (Table 65),

TABLF 65

Acid content and cell output with Lactob .. delbrueckii under an-
aerobicoonditions at er 7=9.

after 43 hours after 100 hours
Strain lactic acid, no. of cells, lactic acid, no, of
mill. per ni. 1 cells,
Millo
per ml.
X1 - 236 1.0 193
452 _
Y11 0.9% 383
0,98 330 1.0 174
Sadovodskoi e - 0.76 200
WnS.h . ‘. 0.42 185

“When Lactonav. delbrueckii grew under aerobic conditions in a
{nogradski TIask 1n a 1 em thick beer.wort layer (3¢ beer), the rHp
in the medium aid not drop or dropped only slightly and remained at
a value of about 28 during the entire duration of the experiment.
Mevertheless. multiplication and acid formation did not differ ap-
pre.iably frem the values that had been observed in experiments under
anaerobic conditions (Table 66),
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TABLE 66

Acid content and number of cells of Tactobac. delbrueckii Strain
XIT under aerobic conditions (thin layer5 after L8 hours at rHZ 28.

experiment acid content, No. of cells,
No. 9 mill. per ml
1l 0.71 150**
2 0.45 -
3% 0.79 {?62***
0.81 532
lyn 0.75 by
* Wxperiment at 37° C. 3

** Tnitial number of cells: 5.3 mill, per ml.
**x Tnitial number of cells: 8.4 mill. per ml.

For purposes of comparison, parallel experiments were vperfcormed
with strain XI under aerobic and under anaerobic conditions (INoteﬂ{
In order to compensate for evaporation losses, the experiment recept-
acles were filled with distilled water at the end of the experiments to
the initial volume.) In this case culture growth and acid formation
were better under aerobic conditions than under anaerobic ones (Table

67.)
TABLE 47

Acid formation and number of cells under aerobic and anaerobic con-
ditions with Lactobac. delbrueckii, strain XI (beer-wort from 6° beer).

Txperiment acid content in % after No. of cells
conditions L8 hrs. 220 hrs,_ .after 48 hrs
in =ill, per
ml
serobi. 1l.41 1,92 252
anaerobic 1.05 1.7 242
strictly anaerobic 1.02 1.17 186

3. Growth of Lactobac, delbrueckii by saturating the medium with

Hvdrogen and an.

In the rR, ran,: of 7-28 an appreciable elfect on multiplica-
tion and acid fo@matiOn could not be detected. Because of this the

questim was raised of kow Lactobac, delbryeckii rearts when the rH
is lowered experimentally under 7 or raised over 28 by saturating the
medium with hydrogen or oxygen by means of e._ectroiysis of the water
(Table 68), ([Nctc]t The apparatus for cultivating under anaerobic
condizions that has uuready been described (cf. Fig. 43) was used in
this type of experiment. The pulled.coff lower end of the receptacle
is fiiled with KC1 agar and inserted in a glass with a saturated KCl
soiution. In another rlass there i~ a platinum electrode in KC1,
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Both vessels are connected by a U-tube. One of the elec. rodes is con-
nected with the negative pole of the current supply and the other
electrode, that is in the KC1, with the positive pole. The medjum

in the receptacle is then saturated with hydrogen. The rH, was
measured two to three times during the experiment. After %t had come
to the level given in Table 68, it no longer changed. appreciably.

TARL™ £8

Acid formation and multiplication of Lactobac. delbrueckii at an rH,
of I and less after 30 hours at 420 C.

Strain Experiment rH, % of lactic No. of
Conditions acid (accord- cells in
ing to titra- mill. per
table acid ml
content
XI Control €.2 3.1 0.98 236
saturatlion with
Hy 0.6 3.43 0.89 390
Control 9.0 3.02 1.03 336
saturation with
Hy 0.4 3.10 1.05 296
pens Contrnl 15.3 3.28 0.5 451
saturation with
Ho 1.0 4.11 0.48 416

However, here also no appreciable effect on growth and acid feor.-
mation could be detected.

The electrolytic saturation of the medium with oxygen always
results in a certain acidification of the culture solution; therefore,
bheer-vort with the addition of chalk was utilized for these studies.,
An rHp of approximately 30 results with electrolytic saturation with
oxygen. It is evident from the first two experiments (Tsble 69) that
the bacteria lowered the redox potential somewhat, in which case mul-
tinlication and acid formation occurred. Growth, therefore, was con-
siderably worse than in the control experiment with H;. Tn the next
two experiments we prevented the rH, fram dropping below 30 by means
of a stronger current. In this case no growth occurred in general.




TABL® 69

Acid formation and muitiplication of Lactobac. delbrueckii by
saturating the medium with oxygen.

Fxperi- Experiment er after Final Acid con- No. of
ment conditions pH tent (ac- cells in
No 24 hrs. 48 hrs. value cording to mill. per
Frideman), nl
4 of lactic
acid
1 control 15.2 17.8 L.y 1,02 280
gaturation
with O * 30.6 204 b7 0.72 198
2 Control* 13.6 22.2 5.1 1.72 124
saturation
with 0, 30.6 22,1 4,5 0.33 20
3 Saturation
with Oy ** 30 5.0 0.0 no mul-
tipli-
cation
h Saturation no ml.
with 02*** 25 32 5.C 0.0 tipli-
cation

* Duration of experiment: &8 hours.
** Duration of experiment: 30 hours.
*#x Duration of experiment: 55 hours.

In one of the experiments the reseptacle was filled with 40 ml
cof culture solution and shaken at about 100 R™M. The receptacles in
the contrul experiments contained nitrogen instead of air (Table 70).

It is evident from Table 70 that in an rH, range at 25 and
between 27.29 multiplication and acid fermation still occur inten-
sively. Lactobac. delbrieckil first stops growing when the medium
is strongly saturated with sxygen ahd al rﬂ2 = 30.
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TABLE 70

Acid formation and multiplication of lactobac. delbrueckii in shake

culture

Experiment er PH Acid fer- No.
mented of

Condi‘ions  Ym¥TaT—ITter Initial AItsr on-
value 50 hrs.  value 50 hrs, tent maltose cells
4 of mg per mill.
lac- 100 m1 per
tie ml,
acid

2.434 520 316
Q.425 471

In air

33
[ ]
&

)
\Uh

L ]

o
N
E
2
L ]

=
wn

In nitro-

552

L, ocrowth of Lactobac. duibrueckii with Various Air Supply in the
Presence of Chalk,

Up tc now observations were made on the acid formation in beer-
wort without chalk. We repeated them in beer-wort with chalk. Strains

XI and 9595 were used for these studies. Experiment temperatures were

370 C. and 48° C. Aerobic conditions were created in Vinogradski 3
flasks with a beer-wort layer 1-1.5 em. thick. In some of the flasks '
a layer of vaseline 6 cm. thick was applied on the surface of the medium.

Since vaseline-oil, however, does not shut off the medium absolutely

from atmospheric oxygen, the experiments must be e-aluated as such

with impeded air supply. Fermentation took place w2ll, both in the

presence of chalk and without the addition of chalk, with an air sup-

ply and under the vaselirn layer, however, somewhat better with a sup-

ply of air (Table 71).

The cultures developed approximately uniformly at 379 C. and
480 €, Fermentation was just as slight when the acids formed were
nesutralized with chalk depending on the air supply as without the ad-

dition of chalk,

TABLE 71

Acid fermation by strains XI and 9399 of Lactobac. delbrueckii b
cultivation in beer-wort with chalk at 370 C. and &0 C. {every
other parallel set of e;ggrimoﬂts}.

. ’ Culture FExperiment Tacti: acid ajter “Experiment
: conditions 48 hrs. 96 hrs. teupggature
in °C.

9595 Aerobic




Anaerobic 0.86 2.19
0.68 2,19
Aercbie 1.18 2.30
1.18 3.83

48
Anaerobic 0.99 1.13
1,08 1.13
I Aerobic 1.65 6.57
1.62 5.87

37
Anaerobic 2.29 5.58
1,79 5.58
Lerchic 2,71 4,65
2,74 5,69

48
Anaerobic 3.71 7.07
2.77 L.93

5. Analysis of Acids Formed by Lactobac. delbrueckii at Various

rﬂg Valuss.

Some lactic acid bactaria considered as homofermentative are
able to produce fermentation of the heterofermentative type, depending
on the pH value. In addition to lactic acid, the only fermentation
product in an acid medium, volatile acids were still formed in an al-
kaline medium (Cumsalus and Niven), 1942; see Chap. 4).

We studied whether a similar change in the type of fermentation
also occurs in lactobac. delbrueckii, depending on the redc.. potential.

In the following experiments the total titratable acid content
and the lactic acid content were determined simultaneously in accord-
ance with Frideman's method. In addition, the amount of fermented
sugar was related to the amount of lactic acid formed in order to cla-
rify whether the sugar consumption was the same under aerobic and an-
aerobic conditions for lactic acid formation (Tables 72 and 73).
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Lactobac. delbrueckii oniy forms lasctic acid independently of the
air supply conditions and of the rHy value. Theoretically one gram of
lactic acid per gram of fermonted sugar -is formed by homofermentative
lactic acld fermentation., In our experiments under aerobic conditions a
1ittle more than 1.5 grams of sugar were necessary, however, to form one
gram of lactl: acid and under anaerobic conditions, a bit less than 1.5
grams of sugar. Since more cells are formed under aerobic conditions,
it is probably that the greater consumption of sugar is related to this.
Moreover, . it hes not been studied whether neutral fermentation products
are formed under aerobic conditions or an oxidation of the sugar occurs.

It does not follow from the behavior on s0lid substrates that

contact with atmospheric oxygen does not injure the cells. After seed-
ing a diluted bacteria suspension (strain XII) in a wort agar in high
1; ver, uniform colonies grew in the entire agar in the form of white
dots in the vicinity of which the chalk was dissolved. Ir high layer
agar without the addition of chalk very small colonies, visible only
microscopically, grew; they were uniformly distributed in t..e culture
tubes and consisted of filamentous cells. There were no ¢olonies on
the surface, hcaever.

The sparse growth on the surface of solid substrates did not
seem to be conditioned by atmospheric oxygen, but rather by the fact
that 'the acid being formed was diffused only bemeath, but with colo-

nies in agar, in all directions.

The experiments with Lactobac. delbrueckii have demonstrated
that these bacteria grow independently of the air supply and of the
redox potential of the medinm in an rH, range of 0-30 an¢ that they
ferment sugar to lactic acid. The individual strains, however, showed
certain differences. Active strains multiplied better under aerobic
conditions than under anaerobic ones; they also formed more acid and
consumed more sugar for the formation of one gram of aclid under aerobic
conditions. The less active strains multirlied better vnder anaerobic
conditions and in this case likewise formed more aclid. No changes in
the raw—ontation process were caused by the air supply and the redox
potential, '

1II. Multigligation and Fermentation with Heterofermentative lLactic
Acid Bacieria, Depending on the Redox Conditions,

It has already been shown with the example of lactie acid strep-
tococci that the fermentation of glucose takes place better under an-
aerobic conditions, in which case more lactic acld and alcohol are
formed than under aerobic conditions (Nefelova, 1952). The redox po-
tentlal, however, was not determined quantitatively by means of rHj,
measurement.

Rabotnova (unpublished article prepared jointly with Gretschusch-
kina) performed experiments on Betabact. pentoaceticum (designation
not recognized by Bergey or Krassilnikov), a represeatative of the
heterofermentative lactic acid bacteria, eimilar to the experiments
perfurmed with Lactobac. delbrueckii. The sugar was campletely de-
camposed. by fermentation in wort with the addition of 2§ chalk. More
fermentation products were stored up, bacause the pH value held at a
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favorable level for the bacteria of approrimutely 5.5 (Table 74), To-
ward the end of the experiment the number of cells dropped off as a re-
sult ¢f autolysis, Chemical changss usually stopped after 48 hours, and
the composition of the madium hardly changed at all any more. An ex.
tensive neutralization of the acids being formed was achieved by using
chalk and the best aeration of the culture solution occurred in shake

culture (er about 30), In order to create anaerobic conditions, the

- flasks were“Tilled with nitrogen. However, since a slight exchange of

gas with air occurred during the supbply of gas, only an incomplete ex-
clusion of air was guaranteed.

Fermentation occurred in the broad range of rH, 17.7-32, Be-
tween rH, 29-32 multiplication and sugar consumption %ook place to a
lesser degree than at lower rH, values,

The proportion of fermentation products to each other changed
with the redox potential: under mcre anaerobic conditions the lactic
acid portion was greater; under strong aerobic conditions, lesser.

Similar experiments were also performed in a medium without chalk,
In tais case we were able to achlieve anaerobic conditions by using a
layer 20 ¢m, thick, since the medium did not have to be shaken contimmously
as was necessary in experiments with chalk. The rHs amounted to ll.l2
in the experiments without the addition of chalk, while in an experiment
set up simltaneously by using a thin layer 1.5 cm. thick the rfs lay at
24, Mn rdl, of 16-17 was achieved in a shake culture in a nitrogen at-
mosphez-e, anc. rH, values of 29-"1 by means of shaldng the mediwm in air.

The pH value in the medium without the addition of chalk dropped
on an average fram 5.8-6.0 to 3.5. Fermentation usually stopped after
48 hours (Table 75).

TABLE 74
Heterofermentative lactic acid fermentation of Betabact. pentecaceticum
in wort With the addition of chalk at under various copditions of aera-
Tion (all experimonts were performed in shake cultures)
E Experiment conditlons In nitrogen In ajr

i, 17.7-20  20-25 25  29-30  29.5+30.5. B-32
Duration of experiment

in hours L8 52 69 52 48 69
No. of ceﬁs Tn mille

per ml. 1,869 - 595 - 389 264

e ;ugar 24,6 1 13,2 8 6 %66
in m mo o 2 » » 0
Tactic acld in m mol 20,2 . L9 2, %5 .
ICOE;Oi inmmo [ 4,0 303 ToT Iosg

Acetic acid ir 4 mol 1.3 2.2 1.k 1.3 1.1 1.5
pH 507"'509 502" 502‘507 505 505-507 500-508
265
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TABLE 75

Hetsrofemen&tive lactie acid farmentarion of Betabact. pentvaceticum
in wort on under various conditions of aeraffon.

A 11-12 16-17 2l 29-31
Exporiment High layer me- Nitrogen at- Cuiture me- Air in
Conditions dium in test mosphere in dium in shake

tube shake culture thin layer culture
in flask
Duration of
experiment
in hrs, 80 72 80 72
No. of cells
in mill, per 398 1.167 n 478
ml 401 ‘ 462 »
Fermented sugar ‘
in m mol 15.0 . 1602 12,8 7.0
PP 175 - 19,9

Lactfe acid in -
n mol 6.3 ’4‘01

6,6 6.8 3.35 2.3
Aleohol in m
EOIQ 3-25 507 1.76 2056

. Iy25 2.0
heetic acid in
m mol, 0.8 1.3 1.2 1.4
1,0 1.7

coz 2 2.13 - -
m 3’38 305 3052 4.27

3.45 .47

The general rules were about the same in fermentation without
chalk &3 in fermentation with the addition of chalk, Fermentation
occarred both at ri, 11-12 and at rH, 29-31. Multiplication and sugar
consumption wers less under aerobic conditions than at an rH, of 16-17.
Furthermore, it is worth mentioning that multiplication was &lso less
at the lowest rfi, values of 11.12 than at an rH, of 16-17. Under an-
aerobic conditions lactic acid was the predaminant product, while
under aerobic conditions its portion becams smaller in comparison
vith the other fermentation products. Alcohol assumes the second
place quantity-wise; under asrobic conditions the output became
saaller, Acetic acid was not formed in as large a quantity as laotic
acid and aicchol.

The general rules that Nefslova (1952) determined with lactae
acid streptococel also apply. therefore, to Betsbact, penioacetioum.
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Reterofermentative bacteria of the Petabact, pentoaceticum type
grow in a wide rH, range from 11.12 to 30-32. Under strong aerotic
conditions growth and fermentation were pravented, however, The pro-
portion of the fermentation products to each other changed at the dif-
ferent rH, vaiues. Under anaerobic conditions iactic acld was the
predominant product of fermenmtation. Under aeroblic conditlions, however,
lactic acid was produced in about the same amount as acetic acid and
alcohol, The proportion of alcohol tc acetic acid changed alsc accord.
ing to the redox conditions. While acetic acid was alwaye formed in
the same amount, the quantity of alcohol was larger under anaerobic
conditions.

VIII. Influence of the Redox Potential on the Formation of Antagonistis
SuEstances with Stregtogce gIobismrus

Many Actinomyces have achieved importance as producers of valuable
antibioties, However, little is known on the formation of antagonistie
substances, depending on the redox potential.

Streptam, globisporus an antibiotic that is effective against

Bac, mycoides. It is known that Sireptom. globisporus is able to grow

in a wide rH, range. We determined the activity of the antibiotic sub-
stance fomeﬁ in eultures at various rH, values from the size of the
sterile zomes after transferring the agar plates fram the Actinomyces

culture to a bed of Bac, mycoides.

For the culture we (joint study with Kuligina, unpublished) used
an agar medium with 20 potatc extract, 1% glucose and 0.5% - vtone,
the oxidation and reduction substance, and rH, indicators were added
(Table 76)«

TABLE 76

The amcunt of antibiotic formed fram Streptom. globisporus at various
er values of the culture medium.

Vxperiment Medium rH2 Age of Diameter of the
No. culture sterile zone in
in days cultures of

Bac, mycoides in mn

1l with 3 7-9
uazs,_o“ under 8 8 8 -11.5
with 3 9 .10
KMnOy, over 21 8 10 -11.5
control abeut 14 3 9 .10
8 9 .11
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2 with ' 4 29-35
Nazsp_oh 7-8 9 47.48
with over 4 28.35
nanl,, 23.7 9 h5-47
Control 1314 4 36
9 by
3 with
co.trol 1314 6 32

The experiments on solid mediums demonstrated that rH, changes
within the range of 7.23,7 and above do not affect growth and the for-
mation of the antiblotis,

Then some experiments were performed by submerged cultivation

in a fluid medium with aeration and saturated simultanecusly electro-

lytically with oxygzen and hydrogen (Tables 77 and 78).

The result was that saturating the me-dum with hydrogen has no
effect on the growth of the Actinomyces and uves not prevent the for-
mation of the antiblotic. An rH, value of 35 was reached by saturating
electroiytically with oxygen. Tgo antibiotic was still pre-ant in the
mediram. after 63 hours.
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The principle of active intervention in the course of fermenta-
tions 4s still quite little used in technical mieroblology.

Neuberg! experiment with glycerin fermentation in yeasts has
already demonstrsted the possibilities of the application of this
principle, Our experiments with acetone-butanol fermentation have ad-
duced a further verification of this. The addition of dithionite to
the mediwn succeeded in increasing the butanol outrut; this is a method
whose technical applicability must still be examined.

The problem arises fram our experinments on the significance of
the redox potential, which was brought up under facultative aerobes:
Those microbes that are able te live both with an air supply and an-
aerobically are called facultative aercbes or anaerobes,

Metaboliam in facultative anaerobes or aerobes can oceur in two
ways: Under anaerobic condit.ons the organism performs a fermentation
metabolism, while with an air supply it changes over to oxidative meta-
bolism, When oxygen is an inert gas to microorganisms they grow in-
dependently of it, whether oxygen is present or not. The behavior
with respect to cxygen must, therefors, be studied in each faculta-
tive aercbe, shich has scarcely bteen done until now. The so-called
"Pasteur-effect®, that is, the capability of passing over from anaero-
bic to asrobic metabolism in the presence of alr, in which case the
sugar consumption dcoreases, has been determined only with yeasts,

It has been found fo~ hmofermentative lactic acid bacteris of

the %%MW that they behave rather indifferently
with respe oxygen. Under bo’s aerobic and anserocbic conditions
they multiply and carry on the famentation process with gradual dif-
farences in the individual specives, All the strains studied by us can
be classified in the species of facultative aercbes for which cygen

is essentially ar inert gas.

Heterofermentative lactic acid bacteria, like Betabact, pento-
ase o, also grow well under aercbic and anaerobic conditions, in
vhicl case the proportion of the fermentation products to each other
shift, smewhat,

Oxygen is also important for acitone-ethanol bacteria and demi-
trifiers. This is particularly evident with the latter. Under anasro-
bic sonditions they live by demitrification; that is, by mecns of oxi-
dation of the cubstirate with the axygen of the nitrates. Under aero-
bic conditions denitrifioution does not taka place, and thay carry on
in this eass ocxidation processes, possibly respiration processes, that
are tied in with cxyge.. We obeerved no case in our expsriments that
vas completely switohsd over fr one type if metabolimm to the other
by changing the air smpply conditions. The ability to atilize cambined
oxygen also holds with an air supply.

Yeasts with strongly pronounced fermentative characteristics

behave like this, Under snsercbic conditions they only ferment car.
— - -bohydrates, vhile under ssrobie conditisms they alio breathe, As
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Fluyver hac demonstrated there are yeasts that are not fermentation or-
ganisms and live mainly aerobically, but also perform a fermentation
vittdn certain 1im'ts, when they live with air excluded. Many moulds
also behave like this.,

Anong microc-zanisms we find all shades from obligate anaerobes
to) obligate aerobes. The following groups can be distinguished (Table
79)s

TARLE 79
[>) ox ¢ ions am which different metabolic processes
take place.
rH, range :-H2 change in
Processes Agent 2
g in which the medium ob- Author

the process servable in
is possible growth of the

cul ture

Anaerobic:
acetone-butanol Clostr.
fermentation . aceiobutz..

1icum 0-2 20-0 Rabotnova
anaerohbic Clostr.
saprophyte sporogenes

putrifi.

cumkdx . 0.5 22-0 Rabotnova
hydrogen
fermenta~
tion of Bacte '
formic formicum*** K 7*.14 22-6 Krasina
acid
bacterial Chroma. not over
photo- tium 15 - Nefelova
synthesis
methane fer-
mentation. - Bact. for-
of formic nicum*** 0-7 22-0 Krasina
acid
facultative
anaerobict
acetone.. Bac. ace-
ethanol fer. to-othylicus 0-20 25-3 Rabotnova
mentation
homofermen-
tative lactic Lactobac,
acid fermen. delbrueckii 0-30 8.7 Rabotnova
tation

-272-

-




P A R RPAL P A BT TN P R

'
o e I % atg e €

«273-

hetero-
fermenta- Beta~
tive lactic bact,
acid fer- pento-
mentation aceticum 11+.32 28-5 Rabotnova
lactic acid
fermenta~
tion of
fungi Rhizopus 0-32 30-5 Kanel
aleoholic
fermentation yeasts 1G-15 25-10 Kluyver
alcoholic 12 and
fermentation Asp. niger 1less Kusnetsov
aleoholis
fermentations Asp. niger .- 25-9 Guldet
aroma forming Streptoc.

diacetilac.. not

tis under 7 227 Maksimova
denitrifica~
tion Ps. aeru-

ginosa 0-30 30.10 Rabotnova

Korotschkina

bacterial - Rhodops.
photosyn- . palustris 1-.26 30-8 Kendratyeva
thesis Athiorhoda-

ceae
aerobics
albunen de- Bac, subti-
composition lis 12%.25 25-10 Rabotnova
nitrogen
forration Azotobacter 22-30 30-10 Rabotnova
aerobic
photosyn-
thesis Chlorella 24 and - Rabotnova

more
antibiotlcs Streptom.
production globisporus 5**.35 31.11 Kabotnova
citric acld
fermentation A3D. niger 12%%.17 - Kusnetsov
nitrification Nitrosomonas 20-30 - Zobell,
Lyubimov




Nitrosomonas -- 2413 Kingma

Bolt jes
Nitrobacter -- 24-9 Kinema
e Bolt jes
acetic acid Bact., xylo-
fermentation noides*** - 27-6 Lyubimov
oxidation of Bact, for-
formic acid micun *** 17-22 - Krasina

* Tt is possible that the process takes place at 2 lower rH2 value.
** Tn the presence of only small amounts of oxygen.
*x* Degignation according to Krassilnikov.

a. Obligate anaerohes that live exclusively by anaerobic pro-
cesses, that is at the expense of redox reactions without participa-
tion of oxygen as hydrogen acceptor. Oxygen is toxic for them under
asual culiure conditions. Saprophytic bacteria and acetone-butanol
bacteria, for example, belong here. They multiply only at very louw
rHy values of 0-5, although they are viable at an rHp up to 20.

be Organigms that perform anaerobic fermentative processss
exclusively, but also grow with a supply of oxygen that is an inert
gas for them, for example lactic acid tacteria of the Lactobac.
delbrueckii type. They are viable in the rHy range of 0.30, indepen-
dently of the redox potential, and perform an intensive fermentaticm.

ce The most extensive group is cauposed of osrganis..s that per.
form both oxidative and fermentation processes and pess over were or
less ea3ily fran one type of processes to another, according as atmos-
pheric oxygen is present or not. Some of them have become predominatly
adapted to an aerobic, oxidative wa, of life (seasts, sama spore-forn-
ing aerobes), aid anaerobic conditions are less favorable fer them.
Others have a’apted themselves, judging from existing evidsnce.
squally well to fermentative and axicativ: processes {3sch, coli) and,
circumstancas pamitting, perform them simultaneously. Fuwthermore,
there ars urganisms that tvead more to ansercbic, fermentative pro.
cesses, but with an air supply ace espavle uf oxidat.ve processss,
liko, for example, the acatcne-ethanol bacteria, All these microorga-
nisms live in a wide rH, rangs of 0-3¢.

de Orgaaisms that live primarily with oxidation processes and
even if they do not multiply are able tc live iu any case under an-
aerchic :unditions and maintain their metabolism to a limited extent.
There are fungl that sre abls to live in an rH, range € about 5-30,
Chlorella walgaris, for exarple, also belongs éc thils grovp; it pr-.
fors asrobic conditions, but is sapabie of living without access to
air, aithough under these conditions it doss nci muitiply.

8. In addition, meniion musl be made of the obligesle aerohes
that require oxygen as a hydrogen acceptor and as a necessary compo-
nent of the medium. Without an air supply ther have at most a very
roducad life activity. They survive anaerobic conditions when they
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are in a state of rest or with a very limited metabolism. The follow-
ing belong to this group: Azotobacter, Bac. subtilis and some spore-
forming aerobic saprophytic bacteria, nitrifiers, iron microbes and
4cetoba~ter, Their preference for oxidative conditions witk an er

of 20-30 is characteristi¢ of these microorganisms, although they
also survive an er drop to 1020,

f. An exceptional position is occupied by thoss microorganis:s
that exhibit an oxidative metabolism: however, as hydrogen acceptor
they do not use free oxygen but rather combined cxygen or both. Deni-
trifiers are able to utilize O2 and NO, simultaneously as acceptor. They
are viable in the wide rH range of 0-30. Desulfurizers use the oxygen
of sulfates under anaerobic conditions. As obligate anaerobes they
prefer a low redox potential, Methane bacteria require carbonic acid
as hydrogen acceptor in an anaarobic way of life,

Included herein are also bacteria with photosynthesis pignents
that oxidize the substrate under anaerobic conditions with tk aid of
the hydroxyl ion formed by photolysis of water., The oxidative nature
of the metabolism of these bacteria finds expression in the fact
that they contaln cytochrome and that some of them acdapt themselves
easily in darkness to oxidative metabolin processes with partiecipa-
tion of atmospheric oxygen. Consequently these microorganisms utilize
two sources of energy -- light and the oxidation of organic compounds.
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Chapter 9

SOMMARIZING OBSERVATIONS ON THE RELATIONS BETWEEN MICROORGANISMS
AND SUBSTRAT™ (pH AND rﬂz)

Two factors are always to be considered in studying the inter-
relationship between microorganisms and their nutritive substrate:
The adaptation of the micrcorganisms to the medium and. the: change of
the medium by the growing microorganisms.

I. Active Acidity.

The adaptation to the medium is shown, for example, by the
fact that many species are able to grow in an acid medium, for
example Thiobac, thiocoxidans; others, for example sulfur microbes of
the Beggiatoa type, in an alkaline medium, while most microorganiams
prefer *he neutral range. The pH range in which growth is possible may
be narrow or wide in the individual species, in which case the condi-
tions in their natural habitat are codetermining.

In so far as the question of their adaptation to acid or alka-
line pH ranges 1s concerned, it might be conceivable that acid-pre-
ferring microorganisms have a relatively acid protoplasm; alkali-
preferring ones, on the other hand, have a relatively alkaline proto-
plasm, Moreover, the possibility exists that the adaptability to
acid or alkals mediums results from the ability of the cell not to
let H aud OF ions penetrate the interior of the cell; that is, to
preserve the neutral reaction of the protoplasn in acid and alka-
line mediums,

Fxperinental data, for example measurements of the intra-
cellular pH value in organisms that prefer an acid or an alkaline ern-

* vircnmen®, do not exist to date. The second assumption, however, has

2 greater degree of probability, becausa the total activity of the
protoplasm and of the metabolism in its entdreiy do not differ in
principle from each other in acid-prefersiff and alkali-preferring
microorganisms. Both the internal (intra-cellular) conditions and the
externai conditioms found in the medium are significant for adapta-
tion to the mealum.

1. Intracellular Conditions.

The intra.cellular envirorment is s physical and chemical
system camplexly organized from cytoplasa, cell nucleus, chondriosomes,
vacioles, et:. Therefore, it is hardly possible to talk about the
P vaiaw of the cell content as a whole. Earlier studies were too
orade in their method to be able to examine these conditions in de-
tail, Therefors, they provide us with only approximste values;
nevertheless, leads can be 3 from then,
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In older plant cells (parenchymal cells) the cell sap forms the
major part of the cell content; the protoplasm is limited to a thin
film wall, The cell sap is only weakly buffered; the reaction c:n be
neutral or acid, even down to a pH range of 1-2, A change in the CO
content can indeed modify the reaction. As far as the pH value of the
cytoplasm could be ascertained, it was at pH 6.7.

The living cells of the animal body consist almost only of pro-
toplasm. A neutral reaction resulted from p measurements by means
of microinjections. The protoplasm of the large egg cells of marine
echinoderms that attain a diameter of 1504 was unusually strongly
buffered, as was brought out by injecting acids and alkalis., If the
buffering finally brnaks down and the intracellular pH value is changed
the cells die off. ’

Same studies, certainly little reliable, of bacteria cells
difficult to study due to their small size indicate a neutral reaction
of the cell content, Here also the buffering is strong: In staphy-
lococel with an intra.cellular p? value of 7.5 it hardly changes, even
tho§gh the cells have adapted their growth to an acid envirorment (pH
3.5)

Generally 1t must be considered that the protoplast is viable
only in a definite, relatively narrow intracellular pH range that is
stabilized by buffer systems. Moreover, it is obvicusly a question of
the buffer characteristics of the albumin substances and of the car-
bonatzs,.

If acids are form:d $n the metabolism, they often appear in
the large vacuoles in plent . cells or they are precipitated as caleium
salts.

Acids being formed in the cells of the animal hody can be given
off to ihe exterior or be oxidized subsequeniiy. In bacteria whose
metabolism frequently results in the formation ol acid, the acids
are discharged into the surrounding mediwm.

2, Hydrogen Ion Concentration of th:s Culture Medium.

In the medium the originally present pH value is changed and
repulated by the metabolism of the microorganisms. The following
reneral rules pertain to growth in mediums containing carbohydrates:

In the simplest sase, with hamolermentative lactic acid bac.
teria, there is no possibility for reg.lating the acid econtent, lac-
tic acid is formed wntil the cells finally die off due to ihe insrsas-
ing acidity of the nedium,

Ta<tic acid ba.teria on the other hand. have adagted themselves
to higher acid contents. Tne pH value can drop to about 3 without
*he cells qring off. When the alcohol supply is exhausted, acetic
acid is oxidiied to COp and H,0° the acidity of the medium decreasas
again.
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Finally there are bacteria that regulnte the hydrogen ion con-
centration of the medium autamatically, since they form nentral pro.
ducts instead of acids, When the pH value drors in the formation of
acids from carbohydrates by acetone.butanol fermentation bacteria,
an engymatic conversion of acids being formed io neutral products
starts, The same is the case with the butylene-glycol fermentation of
Aerodb, aerogenes in which 6.3 also is the critical pH value. The ac-
cm{fon of Tormic acid by Eseh, coli and acetouu-ethanol bacteria
occurs only in alkaline and neutral mediums; in acid mediums it is de.
composed to 002 and H,. According to Ashby the:re i~ also a pH control
in Azotobacter cnlturga vwhose mechanism hae not yet been cumpletely

de

In practice the output of neutral products in industrial femmen-
tations can be increased if after the ocritical pH value i3 reached
acids are added continuously to the medium, This is the procedure for
example in the acetone-butanol industry. The end-product for addi-
tional aclds is draff that is left over after the distillation of
neutral products. They should not be added already at the start of
farssptriaon bat prether only when the calls have multiplied and ‘he
cechanisn for the formation of asutral prodacts has 2aken up ity scoti.-
vity. In principle this procedure can Le followed in all fermenta.
tions when it is desired to increase the yield of neutral products,

Active mH regulation also z2ppears in metabolic mechanisms
that allow alkaline by-products to be formed, Thus sporogenic aerobes,
for example Bac. subtilis, Bac, mesentericus and Bac, megaterium
transfer amonda to the less alkaline urea (cf. Chap. &).

In many cases aclds are formed from peptone and neutralizs
the amonia, Manteyfel, Bogdanova and Chetverikova (1549) made
similar observations on Bact. formicum (designation not recognized by
Bergey or Krassilnikov) (ef. Chap., %).

According to Sierakovskl (1924) in the decomposition of peptone

by Zsch, coll the CO, being foimed by an alkaline reaction fixes the
ammonia, In mediums with carbohydrates there is no regulation in Coli
bacteria, so that the cells die off due Lo the formation of acid.

%ale and Epps (1942) ascertained that _E_a%_c%:n albumin me-
diums has a special fermentative mechanism for the au tic regula.
tion of the pis They fourd that depending ou the pH value at which
the Bach, cold is cultivatad a special set of entymes is formed. In

an acid reaction carboxylases are priduced that break dowa the acids
and thus lower the acid content. The amines being formed also contri-
bute to the neutralization of the medium. On the other hand deaminases
are produced by cultivation in slkaline mediums and the mmonium salts
of the corresponding fatty acids result from deaminisation of the amino
acids.

Of course therz are microorganisms {hat have no mechanisms for
aotively regulaiing the pi, for exammple %&&M Daet,
2lealigenes that tolerats high alkalinity in rediams.
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II. Redox Conditioms.
1. Intracellular Redox Potentizl.

The redox conditions within the cell can be studied by means
of vital staining or microinjection. Until the present tine measure.
ments have been undertaken primarily on the ezg ceil of achinoderms,

Under aerobic conditions the rH, values in animal or plant
cells are at approximately 20; under anaerobic conditions they drop
to 6-7 and lower, without causing the cells to die off (cf. Chap. 3).

That can be explained by the fact that atmospheric oxygen is
replaced 4in its role as hydrogen acceptor by other acceptors belonging
to the cell: in this way an oxygen cdeficiency can be compensated at
least temporarily. We can talk about a "™buffering® of the vitally
necessary oxidation processes.

There are various substances that traiisfer the hydrogen or the
electrons in the bisgenstic oxidation of the substrate to the
oxyzene The following cutline expresses it for example in a very
simpls forms
Substrate (glucose) (-450 mv)
pyridine-Nucleotide {-330 mv)

flavoprotein (-230 mv)* —-—» oxygen (+800 mv)

(<40 mv,.+ 125 nv, + 270 m,)‘u

*  According to Teorell {1951) E} of flavin = ~185 mv.
s+ jpccording to Payl (1951).

v
ascorbic acid (+59 mv)

hl

The chain of the transferrers may differ according to the type
to vhich they beiong. Pyridine nucleotide and flavoproiein are cha-
rasteristic of aerobes and anaerobes, Moreover, cytochromes with dif.
ferent T§ occur in most microorganises. Instead of cytochromes. poly-
phenoloxidases or as:orbic acid can transfer hydrogen from flavopro-
teins to axygen. A direct transfer ¢f {lavoprotein to oxygen is also
possible. The substrate, which gives off hydrogen or elecirons. has
a low potentisl® for glucose, for example it is at -45C mv, Then
hydrogen 13 passed on to transferrers with increasingly hisher poten-
tials until finally it reaches the oxygen that shows a vory high re-
dox potential with 4803 mv.

It nay be assumed that the hydrogen transferrers also have a

regulating, kind of buffering sction, since taey "store® electromns or
hydrogen. Howwver, there are scarcely any data on the amount of
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transfsr substances in the cell that could be significant in this con.
nection. :

Pyridine nuclesotide is present in amounts of 0.5 mg in one gram

of fresh yeast. Tlavins are synthesized bty many microorganisms and oc-
casionally are given off abundantly intv the medium (acetone-butanoli bac-

teria, "remothecium Ashbyi and others). Iron prophyrins (hemoglcbins)
related to the Hoﬁrmes are able to store up oxyzen. According to
Postgate (1956) desulfurizers contain cytochromes up to 3% of the net
weight. Yere, according to Postgate, fhe cytochromes could perform

a protective function with respect to the oxygen dissolved in the me-
diwa, .

According to Moss (1956) the cytochrome A, content in Aerob
aeragenes in cultures with various oxygen concentrations fram 10-3 to
10-0 mol is lusger the less oxygen is present.

Lenhoff, Nicholas and Kaplan (1956) also have found in £s.
fluorescens a depende~sy of the cytochrome content on the aeration con-
ditions. That indicates also that, depending on the external conditioms,
the cell is abla to regulate the amount of transfer substances that,
as has already been sald, participate in buffering the axygen.

2. Redox Potential of the Culture Medium.

Anaerobes grow at an extremely low redox potential; aerobes

requirs higher rHéMues. Anaerobes are able to produce actively a

low redox potential in the medium, favorable for them. If we trans-
fer anasrobas into a fresh medium, the redox potential, before
multiplication starts, drops from 20-22 to very low values (1-5).

The adaptive nature of the ability to give off reducing sub-
stances seems to result also from the following camparison: sapro-
phytes :nd pathogenic anaerobes, widely diffused in nature, in the
soil, in mud, etc., 8s a rule lower the eH of the medium. On the
other hand anaerobic representatives of the specific microflora of the
intestinal t-act of animals, that are only to be found there and have
hecame adapted to the anaeroblc conditions of their habitat, change
the eH only slightly when cultivated in vitro. Apparently this
ability has .ot been deieloped in them because there was no need

for it,

Tt must still be added that these microorganisms can be cul-
tivated in the laboratorr only with difficulty and quickly die.
The reason for this probably lies in the oxidieing action of oxygen
that they cannot ccmpensate.,

Aerobes live in a wide rH, range., Many of them maltiply with an
asundant air supply at rR, values up tg 30 (Actionomyces, Azotobacter).
faey lower the rfil, value simultaneously to 7-8. That is due to the
consumption of the dissolved oxygen and to the dls.narge of reduction
suhstances into the medium,

If we cumpare the curves of cell multiplication in aercbes and
of the drop ir the rH, value with each other, a decrease in multipli-
cation 1s never estabiished vhen the rﬂz goes down. Aerobes are
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apparently not very sensitive to the rH, values in the medium.

It must be realized, however, that values over 20-22 were never
found for the intracellular rH,. Only cells with chlorophyll, that
give off oxygen during photosynthesis, do not have a high redox po.
tentiai, while the rH, in the surrounding medium, saturated with O,
may reach vaiues of 30-35 and more. The production of reducing sub.
stanzes in the cell constitutes a protection against an excessive oxi.
dative action of the oxygen. Experiments with redox iadizators point
in the same direction (¢f. Chap. 6).

Therefore, aerobes also prefer a relatively low redox potential.
That is explained by the fact that mary vitally important enzymes
contain SH groups or other radicals that can be oxidized. They must
live at a low rHp so that these enzymes may not be inactivated. Al.
though they require oxygen, an excess of oxygen in the cell is detri-
mental to aerobes, They protect themselves from the oxygen by means
of a reductive barrier,

On the other hend, an addition of foreign reduction sub-
stancus stimulates multiplication corsiderably. We have observed
this in Bac, subtilis, in Azotobacter and in lactic acid bacteria,
There are indications that yeasts can be stimulated to multiply by
means of reduction substances. Virtanen and Rautanen (1952) demonstra-
ted that pea seeds without storage cotyledons can be grown when as-
corbds acid or other reduction substances are added,

Moreover, we are of the opinion that the biological reason for -
the formation of "redox substances® also lies in the fact that they
represent reservoirs or buffer systems that receive the hydrogen of
oxidizable substances when there is an cxygen deficiency. The oxida-
tion process, the energy source of life, must not be interrupted. The
hydrogen acceptor (oXygen) nevertheless may frequently be absent.

This may be demonstrated, for example, by the fact that in spite of the
slight solubility of oxygen in water, aerobes live in it and are able
even to multiply, which is due to the fact that they mobiiize hydrogen
acceptors. We have established these reducing reserve substances elec-
trometrically in live, multiplying cultures of microbes. At present
the cultures are taking in oxygen voraciously and it is constantly de.
ficient.

These substances act not only in the cell., but are alsc given
off into the external medium where they accumulate in considsrable
amounts. They take over the hydrogen quite rapidly, but they bring
about its combination with the oxygen only slowly. Just as yeasts
can live for some time on the glycogen supply stored up in the cell,
there are also aerobes that live for a long time on the hydrogen re-
serve aszeptors. These act as a buffer betwsen the cell and the
oxygen (:fs also Chaps 9, II, 1). Without doubt the transfer systems
of the oxidative processes, like cytochromes. belong to them, and
probably cther prasently unknown substanses.

Bavmbargerts (1939) experiments are a confirmatinn of this opi-
nion. This author observed simultaneously the state of the cytochromes
in the :ell (by means of the absorption specirum) and the H in the
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mediwm as he was studying yeasts under aerobic and anserobie conditions.
In this case there was complete agreement between the condition of the
cytochromes and the eH in the medium: The cytochromes are reduced and
the eH lowered with an oxygen deficiency; with access to oxygen the
eytochrames are oxidized and the eH goes up. However, it is well worth
noting that with a deficiercy of oxygen the eH in the medium went down
lower than could be the case due only to the cytochromes. Therefore,
the low eH outside is not only conditioned by the cytochromes but also
by other substances from the chain of hydrogen transferrers with a

low B!y Tie fact that chese systems are established outside the cell

is important. This means that the surrender of hydrogen to oxygen does
not occur within the cell but rather outside or on their surface,

It is indeed possible that not only cytochromes, flavin or
pyridine nucleotide are given off into the medium ( Tegge, 1954,
assunes, of course, that cytochrome oxidase appears extra-cellularly),
These substances are very complex; all the constructive capabilities
of the cell must be mobilized for théir synthesis. It is conceivable
that simpler hydrogen acceptors are given off into the medium as a
buffer, that take the hydrogen over from the pyridine nucleotide or
fran the flavins, Since suspensions of aerobe cells are able to lower
the rH, quite sharply under aerctic conditions (to rH, = 5 to 10), it
cannot, therefore, be doubted that the buffer ,substanges show low E&
values,

To date there are no precise data for solving this problem.
The study of the substances given off by microbe cells into the medium
is-a very interesting problem of misroviology that at present has not
been solved in any way.

Therefore, microorganisms are able to modify the pH and rfy of
the surrcunding medium, depending on their requirements. They have this
ability to a considerably greater degree than other organisms. Higher
foms of life have available numerous devices for maintaining stable
conditions within the body. Evolution has taken the direction of an
inereasing separation of the inner fram the outer medium. This is
oevident, for example, with regard to the temperature relationships
with the enviromment.

The evolution of miercorganisms took a different course, Se.
cause of their small dimensions stable internal conditions oannot be
guaranteed with the requisite certainty. Regulation of the living
conditions, therefore, ococurs not within but outside the cell, Many
functions that take place within the body in higher organisms occur
in the enviramment in microorganisss. Thus also some stages of meta-
bolimm, for example same phases of the oxidation process, take place
in the medium or on the surface of the cell.

In their n:tural habitat we frequently run across a sudden
changes frar aerobiu to anaerctic conditions. After a heavy rain, for
example, anaerobic conditions appear immediately in the soil instead
of asrobic ones, OCrganic substances in the soil (animal corpses, dead
plants) came to produce reducing substances in the environment as a
result of the emergy consumption of cxygen and of the discharge of re-
ducing substances by live growing heterotrophic aerobes. In fact, ex-
perinments have chown that many aerobes and anaerobes can tolarate con-
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siderable variations in the redox conditions. This does not excluds
that in other cases, for example in many sulfur bacteria that are ad.
Justed to special habitats, pH and rH, limits are laid down quite
narg;mly (Kaplan, 1956; Baas-Becking and Wood, 1955; Bahr and Schwartz,
1956).,

A c¢hange in the er conditions within the possible limits for
their growth can cause changes with regard to their metabolic proces.
ses in many microorganisms (cf. Chaps. 7 and 8).

This can be seen particularly clearly in various fermentation
processes, With a2 change in the redox conditions a switch from res-
piration to fermentation and vice versa can be observed, above all.
Oxidative conditions, therefore, a high redox potential of the medium,
in yeasts, fungl and bacterial microorganisms bring thc enzymes
primarily into action tc catalyze the utilization of carbohydrates,
in which case body substances and CO, are formed in the end effect.

In addition the fermentation enzymes are more or less eliminated. When
no oxidative processes can occur, the fermentation enzymes come into
operation to guarantee multiplication at the expense of the anaercbic
fermentation. With ancerobic fermentation various acids and neutral
products are formed that are spesifiec for each species of microorganiam.

The quantitative and qualitative composition of the fermentation
products can be changed cons’derably by cultivating the microorganisms
under various redox conditions. This is seen especially cisarly in
fernentations in which neutral C) compounds are produced. Fermentations
like this were observed in Aerob, aerogenas and in sporogemic aerohes.
With a greater degree of oxidation mere strongly oxidized acetyl-
methyl-carbinol is stored up: with a higher degree of reduction, 2,3-
butylene glycol,

Similar shifts can be observed with acetone-butanol fementa-
tion and acetone-ethanol fermentation: strongly reduced products are
stored up in greater amounts under strongly reduction conditions.

A clear shift in the correlation of the products can be cbserved
in heterofementative fermentation. Under strongiy reductive condi.
tions, more lactic acid is formed; under strongly oxidative conditions,
relatively more aceti: acid. Tne proportion of acetic acid and al.
cchol is also changed: under strongly reductive conditions relatively
more a.cohol is Yormmed,

Knowledge about the pH and rH, values as factors that cause natural
changes in the metaboli: processes, therefore, hold out the possibility
of controlling these processes.

However, it is not always simple to produce changes in metabolism
experimentally. Buffer properties can counteract tne pH and rH, change.

Therefore, the study of factors like temperature and radiation
in which suzh a direct countereffect on the part of the organism as
with pH aad rH; is scarcely to be expecied would be all the more im-.
portan’.. Thesi two factors hLave not been drawn on up until now as
a means for tne controlled change of the metabolic processes.
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