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THE BIOLOGICAL DETERIINATICH OF GLUCOSE

INTRODUCTION

An accurate analysis of a mixture of sugars by chemical
means is always difficult. Thelr properties are very simllar,
and a reagent that will react quantitatively with one sugar
will often react to a certain extent with others in the same
solution to cause serious errors in a determination. Hany
hexoses undergo a rearrangement in weakly basic solutions,
forming sugars of different configuration, 'Stronger bases
mey cause g complete decomposition of the molecule, It is
especially difficult to analyze a solutlon for a sugar in low
concentrations in the presence of others in higher concentra-~
tions.

No chemlical reagents known are as selective in their
action on carbohydrates as biological reagents. It has been
denonstrated several times that methods of analyzing mix-
tures of sugars that are based on the action of enzymes,
yeasts, or bacteria, ére nore accurate and dependable than
chemical methods (2,2%,34,38,50). Since the change in the
hydrogen ion concentration of a medium 1s easily and quickly
determined, and since many bacteris form acids from the de-
composition of sugars, an analytical method based on such o

change would be valuable.
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REVIEY OF LITERATURE

Early Fermentation Methods of Determining Jugars

Because of the lack of satisfactory methods for deter-
miring sugars, the study of methods based on fermentation
has always been fascinating. As early as 1789, before the
nature of alcoholic fermentation was known, Lavoisier (43)
suggested a method of determining the concentration of suc-
rose 1n a solution by fermenting it with beer yeast. He
made a careful study of the weights ol carbon dloxide and
alcohol produced, and the welght of sugar that disapoeared.
From the results he obtained, he concluded that the chemicsal
change accompanying fermentation could be expressed accurate-
ly by the statement: Sugar __y aleohol + carbon dioxide.
Although later determinations, noted by Pasteur (49), showed
errors in hils determinations, his method of studying the re-
actions and the theories he suggested were of wvalue to later
chemlists.

The apparatus used by Lavoisier for the fermentation
reactlon consisted of a large flask fitted with a delivery
tube. A mixture of about 7 pounds of yeast and 100 pounds
of sugar were placed in this flask, and allowed to ferment.
A gafety bottle‘was connected with the delivery tube to re-
ceive any liquid or foam that might be forced out of the

flask during rapid fermentation. The carbon dioxide formed
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Wés paszed through a tube of deliquescent salt, and the dry
gas was absorbed by bubbling through three bottles of alkalil.
The increase in weight of the alkali was considered as equiv-
alent to the welght of carbon dioxide evolved, and from this
valué.the original welght of the Termented sugar could be
calculated. It should be noted that Lavoisler's determina-
tions of the welght of carbon dioxide produced from a given
weighi of sugar was lower than values obtained by later chem-
ists. Lavoisier's apparatus did not receive much attention,
probably because the determination of sugar»ﬁas not of com-
mereial importance at this time, and because the French Revo-
lution impeded the progress of theoretical sclence.

The introduction of the sugar beet into France by
Napoleon, crented a need for an accurate gnd rapid method of
determining the concentration of sugar in the jJjuice of the
beet root. Pelouze (50) proposed a method for fermenting the
beet Julce with yeast and determining the amoﬁnt of alcohol
formed. The concentration of suger in the unknown solutions
was determihed by comparing the results with those obtalned
from solutions of pure sugar of known concentrations., He was
able to prove that beel jJulce contained only one kind of sug-
ar, and that the results obtazined by this method were depend-
able. & later article by Clerget (21) states thet this was
2 rout;ne method for testing the sugar content of beet roots

in Pelouze's laboratory.
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Dubrunfaut (27), in 1851, described a similar method
for determining sugar. By this nevw method the concentra-
tion of non~crystallizable sugar (probably invert sugar'or
g;uoose), a8 well as the crystzllizable suger (probably suc-
rqge); wng obteined. A determination of the alcohol formed
from the fermentation of the original solution indicated
the total sugar concentration. A portion of the original
gsolution wag then treated with alkall to destrcy the non-
crystallizeble form. By fermenting this treated solution,
and determining the alcohol formed, the originsl concentra-
tion of the erystallizable form was obtalned. The difference
between thls value end the value for total sugar, was the

concentration of the non-erystallizable form.

Selective Actlon of Orzanisms

L8 early as 1847, Dubrunfaut (25) noted that yeastis ex-
hibited a selcetive action for different sugers which he
called "fermentation elective™. 1In a study of the change in
rotatory pover of "intervertl" sugar during fermentation, the
solution became strongly levo-rotatory, and later decressed
in rotation and became necutral as the sugear thatl caused this
rotation was decomposed. The yeast used by Dubrunfaut was
probably not a pure culture, and since the properties of
yeasts as micre-crganisms were not well known, the reason for
this selective actioh was not understood.

Pasteur (48), in 1858, demonstrated conclusively the
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specificity of orgenisms in his study of tartaric acid. He
showed that the optlcal antipodes of this acld were deconm-
posed at such different rates by molds that the levo-isomer
could be obtained in pure form by destroying the dextro-iso-
mer bj a mold.

Fischer (28), who determined the configuration of most
of the natural cerbohydrates, made a study of the relation be-
tween ﬁhis specificity of organisms and the arrangement of the
atoms 1in the sugar molecule. He used pure straing of yeast,
and later rebeated his experiments with enzymes., The suger-
fermenting group of bacteria were not well known at this time,
The results obtained by Fischer show conclusively that the
possibllity of the assimilation of a carbohydrate by an or-
ganism, or its decompositlion by the enzyme of the organism,
ig determined by the configuration of the sugor molecule.

This is praobably the reason that organisms may clther destroy
one sugar guantitatively, without affecting others in the
same solutlon, or may destroy two or more sugars at approxi-
mately the same rate.

Theobald Smith (58,59) suggested the value of this speci-
ficlty of organigms as a method of distinguishing bétween
them. He proposed using the formation of acid and the evo~
lution of gas from three or more different suger solutions
aé a basis for identifying many bacteria.

Dienert (25), in an interesting study of the action of
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yeast on gelactose solutions, found that yeast grown in the
presence of galsctose could acquire the ability to use the
sugar, but would lose thls proverty agsin if transferred to
2 peptone broth containing no galactose, If the yeast cul-
ture used were known to be a pure culture, this would indi-
cgte:ihat the selective property of an organism was not con-
stant. The result observed is probably due to an increased
rate of reproduction of galactase-containing yeast cells in
the presence of the sBugar.

~ Horgen (47) stated that the fermentation properties of
bacteria often served to differentiate between species that
mave identical agglutination reactions. Butler (13), in =
study of several thousand cultures, found only one instance
of a variable fermentation reaction that could not be explain-
ed elther by o chenge in the sugar molecule by the constitu~
ents of the medla, or to a contamination, He advised using
nedia of a simple composition.

Fermentation Methods for Qualitative
Analysis of Sugars

Although this specific action on carbohydrates has been
an important method for distinguishing between bacteria, the
organisms studied have not been extensively used for identi-

fying carbohydrates. One class of organic compounds, however,

the glucosides, has been studied largely by biological metheds.

Pottevin (H51) classified the glucosides by the enzymes which
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hydrolyzed them. Bourguelot and coworkers (6,7,8,9,10) and
others (11,12,44) have used enzyme action to detect gluco-
pides in plant juices, and to determine the constltution of
new glucosides. Dridel and Charaux (12) have recently de~
scribéd a2 new enzymé rhamnodisstase, that has proved of value
in the identification of glucosides in plént juices. )

One of the most lmportant uses of biological reagents in
chemical analyses has been the rouvtine test for glucese in
urine by the ability of yeast t0 ferment 1t. Castellanl and
Taylor (éo) have demonstrated that yeast cultures are seldom
specific for glucose, and that different yeasts are capable
of aesimilating different sugers. In routine laboratory
tests the yeast cultures used were usually not pure, and no
attenticon was paid to the kinds of sugars fermented by thenm.
This resulted in a diagnosis of glucosuris, vwhen the fermen-
tation observed may have been due to other carbohydrates.

Cestellani and Taylor (14,17,18,19) have suggested an
accurate method of identifying the sugars present in blologli-
ezl fluids such as plant juices or urine, They made use of
cultures of organisms whose action on carbohydrates had been
determined. Glucose was identified iIn an unknown sblution
Py the use of a yeast, Monillia balcanica Castellani, en or-
genism that decomvosed no other carbohiydrete. Glucose is
the sugar most frequently decomposed, and no carbohydrate-

fermenting orgenism that did not decomnosgse glucose was known,
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It was, therefore, the only suger that could be lientified
with a specific organism.

It was possible, however, to identify any other carbo-
hydrate when two organisms could be found whose blochemleal
xeactibns were identical excepnt that one would feyment the
carbéhydrate and the other would not. In this way levulose
was ident;fied by inoculeting two tubes containing the solu-~
tion to be tested, one with Honilia krusel, and the other with
Fonilia balcanica. The former decomposged both levulose and
glucose, znd the latter only glucose. The other blochemical
resctlions of these organisms were ldentical. I levulose
were present alonc, the first tube only would show fermenta-
tion. If glucose alone were présent, or 1f both sugars were
presant,iboth tubes would ghow g reaction. In thlsg case the
second tube was inoculated with Honllia kruseil, after the
glucose fermentation had discontinued. A new fermcentation
would show that levulose, as well as glucose, had been in the
solution, since the glucose had been removed,

A scheme was suggested (16,20) to identify several sug-
ars in s nixture, by progressively destroying each sugar by
Inocculation with an organism that fermented only that sugar

and those that had been destroyed. An outline of this scheme

explaing thig method more clearly.
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Inoculate unknovn with Monilia balcanica

- +reaction
Inoculete with , =glucose
; lion. krusel
+reaction
Inoculate with =levuloge
| Fon. pinoyi
+reaction
Inoculate with =maltose
Yon. metalondinensis
+reaction
Inoculate one tube with =gelactose
Bact. cocli and another
with Bact. peratyphosus
Bact. coli + )pen- Bact. coli -), . Both - ) Some non-
Bact. varatyphosus +)tose Bact. pera- )ISSe Fehlings +)ferment-
typhous - ing reduc-
ing sub-~
stances

A later article (15) suggested other organisms for the
detection of saccharose, lnosite, and substances that did not
reduce Fehling's solution.

This method has proved simpler and more accurate than
any chemlcal method for the identification of sugars in urine.

Kendall'(BS) has prepared a similar chart, using bacter-
ia only, and has suggested e similar biochemical method of
identiflying sugars. The reactions of seven orgaenisms on six
different sugars ere given. All these organisms ferment at
least three different sugarsg, making it impossible to out-
line 2 plan as Castellani did. The reactions are varied

enough, however, to meke it possible to identify any of these

S
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sugafs.

Quite a different biochemlcal method for identiflcatlion
of sugars in urine has recently been suggzested by Klein and
solitermen (39). They observed that the time required for an
active'fermentation to start in o medium, when inoculated with
Baet. coli, varied with the kind of sugar present,'but did not
vary sreatly with the concentration of the sugar. 4 medium
“ containing glucose would have acid formed in one-half to one
hour, fructose reguired one to one and one-hall hours, maltose
and arabinose.requlred & little longer, and lactose did not
produce acid until after three hours incubation, By this meth-
od only the most easlily assimilated sugar in a mixture would
be identifled.

Determination of Carbohydrate by
Products of Enzyme Action

“ince the abllity of organisms to ferment a carbohydrate .
is due to its enzymes, it is often preferable to use an en-
zyme preparation to bring about & biochemlical reactlon. The
hydrolytic enéymes have been especially important in the anal-
yois of biologicel solutions, since they have no effeet on the
products of hydrolysis. Bourquelot (5,10) used invertese to
invert sucrose, He determined the original concentration of
“sucrose by the change in rotatory power or the lnecreasc in re=-
vduéing sugar. Later he determined trehalose (6) and several
glucosides prescnt in plant jJuices, by a similar determination

of hydrolysis products.
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Hudson and'Harding (31) have used this method to deter-
mine raffinose in plant julces, The enzyme extracted from one
species of yeast contalned only invertasge, which hydrolyzed
the raffinose intc fructose end meliblose. An cxtrscet from
anotﬁer yeast contained both invertase and mellblase, and by
hydrolysis of the raffinose, Tormed fruectose, glucose ana_gal-
aetose, From the difference in the change in the polariscope
r@gding of these solutlions, the originsl concentration of the
sugar was determined.

Determination of Carbohydrates by the
Products of the Action of Yeasts or Bacteria

Bacteria and fungl have been snown to be specific in their

action on carbohydrates, and pure cultures of these organisms

=

are more readily obtalned than enzyme preparatlions. They will,
taerefore, be valuable reagents for quantitative analyses as
soon as nmore gecurate and rapid methods of determining the
products are perfected.

There are two general methods by which fermentation reac-
tlone could be used in determining the concentratlion of a sug-
ar, The more rapid method would e one based on the eifect
of the concentration of sugar on the rate of fermentation.

The more fundamental, and probably the more dependable method,
would be a determination of the total amount of one of the
products formed by a complete decomposition of the sugar. The

latter method nas been more gererally used, although a com-
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paratively long time is requlired for complete feraentation,
except in very dilute solutions. This is the wethod develop-
ed by Lavolisier, Pelouze, and Dubrunfazut, long before the true

character of fermentation was known.

liore recently, this method has been employed for the de-
termination of glucose in urine. Antweliler and Breidenbend
(1) describe several methods by whieh complete Termentation
by yeast has been employed for this determination. The sim-
plest method, ascribed to Roberts (52), consisted in determin-
ing the specific gravity of the urine before and alfter fermen-
tation. By multiplying the change in specific grevity by an
emplirically determined number, the origlnal concentration of
glucoge was estimated. lethods of determining the aleohol or
the carbon dioxide formed are also described. The unknown
glucose concentration is obtalned by compering these results
with those obtained from the complete fermentation of solu-
tlons of known glucose concentration.

Jodlbauer (32) suggested six precautions for the accur-
ate estimation of sugars by fermentations with yeast:

1. The yeast must be fresh and potent,'since old yeast

produces a s8low and incomplete fermentation. An old

yeast would resull in & lessened production of carbon

dioxide, and congequently a low value for the determina-

tion of the sugar.

2. There should not be more than 50 parts of tank-formed
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yeast for 100 parts ol sugar, since auto-Iermentation of
the yeast might occur before the sugars have been con-
pletely decomposed, and produce enough carbon dioxide to
cause a scrious error.

3. A stream of hydrogen should pass through the culture
to exclude 2ll air. Oxygen 18 necessary Tor the growth
of yeast, but the fermentatlion process is more rapid and
intensive under anserobic condlitions. In this case the
reaction can only teke place as long as the growing cells
lsst, since no regeneration of cells will take place.

e The culture gshould be incubated at the optimum tem-
pereture (34°C.), and the most favorable concentration of
yeast.

5. 4 mutrient solution should be added. The solution re-
commended contains 25 grams of cglciwz phosphate, 8§ grams
of crystalline magnesium sulfste, and 20 grans of aspara-
gine in 1 liter of well wzter. The addition of the nutri-
ent solutlion shoriens the time required Ior complete fer-
mentation, especiazlly when the proportion of yeast to
sugar is cmall.

6., The fermentation must be a2llowed to go to completion,
and all the sugzar must be decomposed. AL 3 9C, about 20
hours 1is neéessany. in osazone test should be made to
prove the absence of sugar in the liquid. The carbon di-

oxide produced may be determined by ebsorpition in alkali.
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By comparison of these results, with the results obltained
from solutions of known glucose concentration, the origi-
nal glucose concentration may be determinéd.

Slator (56), in using the fermentation method for the de-
terminstion of sugar, measured the total change in preggurc
due to carbon dioxide produced during conmplete fermentation.
He a2llowed the yeast sclution to stand over night in order to
reduce the auto~fermentation. The rate of change in pressure
duc to aunto-Termentation was measured Just before the glucose
was added., In 10 to 20 minutes after the addition of the glu~
cose solution the rate of change in pressure had decreased to
the value of the auto-fermentation alone. This indicated that
Termentation wae complete. The conecentration of giucose in an
unkrovm golution was determined by comparing the change in pres-
sure obtained, with that obtalned from solutions of known glu~
cose concentration, using the same yeast culture.

Bau (2) has used yeast to determine raffinosec in plant
julces and other complex mixtures in s manner similar to that
employed by Hudson and Harding (31) with enzymes. He discov-
ered that top yeast would split raffinose into levulose and
meliblose. The levulose was decomposed but the melibiose was
not changed. The bottom yeast, on the other hand, contained
melibiase, and decomposed raffinose completely. By comparing
the results of the two fermentations, either by the change in

rotation or by the change in reducing power, the concentration
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of the raffinose could be determined. This method was as ac-
curate, and applicable to as many kinds of solutions, as any
other known method.

Klugver (41) has determined raffinose by a2 method siml-
lar to this. Iie fermented twe sclutlons with top arnd with
bottom yeast, but instead of determining the change in sugar
concentration, he determined the difference in the volume of
carbon dioxlde produced in the two cases, This difference rc-
presegted the melibiose that was not fermented by the top
yeast, anq from this the origlinal concentration of rafiinose
could be galculated.

Kluyver (40) used a much larger proportion of yeast to
sugar than other workers, and obtalned complete fermentation
in 40 hours, instead of the 8 days usually required. The vol-
ume of carbon dioxide evolved was measured with a cudiometer.
The concentration of sugar in an unknowm solution was deter-
mined by comparing the results with those obtained from solu-
tions of knowm glucose concentration.

Constantino (22) has suggested dissolving the yeast in
water to which toluene is added. This prevented further
growth of the yeast, and thus reduced auto-fermentation.

Davis and Deish (24) have employed a maltese-free yeast
for the determinétion of meltose in the presence of levulose,
glucose and sucrose, They have found three yeasts, S.exlsuus,

S. Anomalus, and S.meximus, that will ferment the other sugars
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completely in three to four weeks at 25°C., end leave maltose
entirely unchanged. The maltose is then determined by reduc-
tion of copper oxide. In solutions containing pentoses, which
are not fermented by yeast, a fermentation must be carried out
with ordinary yeast. The comparison of the reducing value of
this fermented liquld with that of the liquid fermented by a
maltese~free yesst represents the maltose in the original so-
lution.

In a later article, Davis (23) described biological
methods for the debermination of sucrose, raffinose, maltose
and starch in .the presence of cach other and of other carbo-
hydrates{ ‘The concentration of sucrose wes found by the
change in rotatory power after inversion with invertase. The

raffinose was determined by Bau's method with top and bottom

veast, and the maltose by fermentation with a malizse-free
¥ 3 Al

yeast. The starch was hydrolyzed to glucose by taka-diastase,
and the original concentration indicated by the reducing pow-
er of the glucose.

Jones (33) has demonstrated a method of using bacteria
of the typnoid-dysentery group to determine dextrose. He had
observed that several organiems that did not form acid with
lactose or any qther known constituent of milk did csuse a
trangient lilzc color to form in liitmus milk. This indicated
the pregence of glucose. To demonstrate that the glucose was
not formed by ﬁhe hydrolysis of lactose during sterilization

but was normally present in fresh milk he destroyed all the
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glucose in a tube of milk by inoculating it with Bact. para-
typhosus and incubating it for 48 hours. The nilk was neu-
tralized, sterilized iIn the autoclave again, and when inocu-
lated agsin did not give thls transient acid reaction. By
adding dextrose in varying quantitles to milk treated in this
way, and comparing the change in color when inoculated with
Bact. paratyphosus with the change in fresh litmus milk, he
congluded that the concentration of glucose in fresh milk was
about C.08%.

IT the rate of change in the composlition of & solution
were proportional to the concentration of glucose In the media,
determinations could be made more guickly, since complete fer-
rentation would be unnecessary, 3Slator (54,55,57), in a study
of the kinetids of alcoholic fermentatlon, observed that the
rate of carbon dioxide production was independent of the con-
centration of sugars except in very dilute solutlons. When
the sugar mede up less than 0.5% of the medium it became a
limiting factor, but'ﬁhe reaction was never found to be one of
first order with regerd to it., The concentration and activity
of the yeast used were the most important factors in determin-
ing the rate of the reaction.

Besscon, Ranque, and Senez (3), in a study of the import-
ance of the concentretion of glucose on the 1life of Ract. coli,
obtained similer resulis. They incubated medlia containing

varying concentrations of glucose, inoculated with Bact. coli,
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for about five hours. The solutlions with concentrations of
less then .1 gram glucose per liter showed no gas production
at this time, and those with concentrations higher than 4
grams per liter showed equal gas production; about 25 mm. in
i height., The solutions varying in concentration from 0.5 to

2 grams varied in the helight of gas produced from 2 mm. to 17
mz. Fermentation was probably complete in these sclutions
since determinations made at the end of 24 hours showed no
glucose present in these tubes.

Kendsll and Yoshida (37) have studied the change in hy-
drogen ion concentration of media containing smgll concentra-
tions of glucose, after inoculatlon with varlous organisms,
Early experiments (36) demonstrated the protein~spafing action
of carbohydrates, indicating that the concentration of sugar
might be a determlning factor in the rate of aéid production.

-They have developed a method of determining fructose in
solutions by the chenge in hydrogen ion concentration., As a
reagent they used a culture of organisms in & gtate of active
growth, obtained by inoculating a flask of peptone media and
incubating it for two hours. They then added 10 cc, -of vary-
ing concentrations of sterile sugar solubtions to 40 cc. of the
culture to make the concentration of the sugar in the media
vary from 0.02% to 0.CCO5%.

After incubation for 4 to 5 hours, the pH of the medis

was directly proportlional to the original concentrstion of
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fructose., The pH was determined colorimetrically. The great-
est change in the tube containing 0.02% fructose was 1.1 pH.
unit, and in the tube containing C.0CLY fructose C.1 pH unit.
There was no change in pH in the tube contalning .0C05% fruc-
tose.

In 2 later article (38), Kendall and Yoshida have suggest-
ed determining lactose and glucose in a mixture by a similar
method. A 1% solution of lactose was contaminated with a 0.1%
golution of glucose, This was diluted in order ito obtaln so-

lutions of both sugars varying from 0.CC5% to 0.027 in strength.

By comparing the action of organisms on these solutions with

the chenge in pH of solutions of the purc sugar, Ly the method
used for fruectose, the concentration of the two sugars was

checked,
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Cutline of Hethod

The medis used in these experiments consisted of a
dilute solution of (MNH.)oHPO, and KCl, containing glucose in
different concentrations. After sterilization in an auto-
clave ard inoculation with the orgenism, it was incubated in
a thermostat at 30°C., and at different times the pH values
of some of the tubes of media were determined electrometric-
ally, A study of the dataz obtained, and of graphs of ﬁhese
data, showed the correlation between the original concentra-

tion of glucose and the change in pH of the medla.

Orgzanism

The orgenism used was Aerobacter levans, No., 237, of
the Bacteriology Department Collection. According to
Holliger (3C), this species was first isolated from salt
rising dough by Wolffin in 1894. It was described by hinm
as a non-sporing facﬁltative anaerobe, 1,8 by 0.6 1in sigze.
It fermented dextrose with the production of hydrogen and
carbon dioxide in the ratic of one to three, ﬁaccénkey
(46) found that it fermented gluaose, lactose, galactose,
levulose, mannoge, arabinose, raffinose, mannite, sorbite
aﬁd dextrin., It has no action on sucrose.

Aerobacter levans was suitable for this work because it

produces acid from glucose in an otherwisge inorganlc synthet-
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ic medium. Bince 1t is z facultative —aerobe, 1t will react
either under aerobilc conditlons, producing acid and then des-
trqying the acid formed; or under anserobic conditions in
which the acids formed are not destroyed.

The culture was maintalincd on dextrcse agar slants. Be~
fore it was uvsed in an experiment, it was grown in dextrose
broth, being trensferred dally for three successive days. It
was then growmn for a déy on a phosphate agar slant, and a final
ﬂransfer mede to seversal large phosphate agar slante. By thils
method the beeteria were consistently obtained in the some
stoate of activity. |

The dextrose broth used consisted of 5 gr. beel extract,
5 gr. KC1, 10 gr. pepton¢, 10 gr. dextrose, KOH to give the
medium a pH of 7, and 10C0 gr. of water. The dexitrose ~gar
had 17 gr. of ager added to these constituents.

The phosphate agar used for the two flnal transfers con-
tained lO’gr. peptone, 2 gr. XpHF0., 1 gr. dextrose, 17 gr.
aser and 1000 gr. water.

The phosphate agar slants used for the final transfer
were made in large test tubes (25x200 mm.). The culture was
incubated on these for 12 hours. An emulsion of the culture
was then made by washing esch slant with 2 cc. of a sterile
salt solution, and then rinsing each with 1 ce. of the salt
solutionf This solution contained KC1 and (MH,),!liP0. in the
Same concentratlon as the glucose media to be tested. The

emulsions from all the agar slants were mixed in a sterile
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bottle, and the tubes of @est media inoculated with 1 ce., of
the suspension. |

This heavy inoculation cauged an increase in acidlty to
begin at once, snd changes in pH were evident in a few hours.
There is less possiblility for any contaminating bacteria to
have an influence in a heavy inoculation. It 1s also probable
that the concentration of bacteria in different test tubea was
elways more nearly equal than if a lighter inoculation had been
made.

An emulsion of the culture from s011d media was used be-
cauce 1t prevented any important chenge in the composition of
the test media. Cultures in peptone broth, such as Kendall
(37) prepared, could not be employed, since the addition of 1
ce. of peptone broth would materially affect the metabolism
of the organism. Any change in the concentration of the in-
orgenic constituents of the media would be much less effective
in the presence of thisg peptone.

There 1s some danger in the prepardtion-and use of an
emulsion of diminlshing the activity or vitelity of the or-
ganisms through mechanical injury. It required only a few
seconds of shaking the salt solutlon over the culture, how-
ever, to wash them from the slant. There was no evidence of
serious mechanical injury to the organisms since growth and
change in pH began immediately after inoculation. Only in a

few experiments, in which air had been blown through the emul-
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gion in order to mix it thoroughly, dld there seem to be any
delay in acid productlon.

The method of preparing the bacterial emulsion 1s import-
ant, since it is the most difficult factor 4o control. Iany
factors onter in %o deternmine the activity or potency of the
or?ahisms, the relative importance of which are not well known.
Since the aetivity of the bacteria is the most important fac-~
tor in determining the raste of change in acidity, it is only
by duplicating this accurately that successive experiments can

be made comparable.

Preparstion of Media

Since 1t was necessary to uce media that could be dupli~
cated, only chemically pure salta and glucose were used. The
medin first studled and used in most of the experiments con-
gisted of 0.2% (¥H, ) pHPO,, 0.1% KC1, varying quantities of glu-
cose, KOH to make the hydrogen lon concentration approximately
a pH of 7, and Aistilled water., These medla furnished all the
ions necegsary for the metabolism of the organlism, and could
be reproduced exactly.

Later experiments showed that a lower concentration of
(MH. ) oHPO, could be used, without decreasing the rate of growth
of the organism.' This diminished the buffer value of the

media, and thus inereased the change in pH. It will be noted

later that the concentratinn of (NH,)HPO, can advantageously




Tt

Y

be varied to give o desired change in pH, if the approximate
concentration of the glucose in the original solutlon 1is
known.

It wasg convenient in most of the ervperinents to add to
the medisz some brom thymol blue, cg an indicator. In this way
the approilmate change in pll could be followed easlily and the
exact pil could be determined electrometrically at the time of
greatest diffTercnce.

The tubes of medla were sgterlilized in an autoclave at 15
1bs. pressure for 20 minutes. In an experinment on & mixture
of monogaccharides 1t would be necessary to sterllize by means
of a filter, since the heat of an autoclave might cause a
change in the structure of these sugarsg. The glucose, in the
low concentrations used, did not show any caramelization,

hercbacter levans showed no growth in sucrose nedia that was

©

sterilized Ly this method, indicating that suerose is not in-

verted by the aubeclave 1ln z neutral soluticn.
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Determination of pH of iledla

In the later experiments, the pil values of the nedia were
determined by means of the quirhydrone clectrode. The theory
and applicatlon of this method has been discussed by Kolthoff
and Furman (42) and by Biilmann {4). For convenlence the go-
lution of wvhich the pH was to be determined was plnced 1n an
fl-ghaped vessel holding sbout 20 cc. A few tenths of a gram
of quinhydrone was mixed with the solution on one gide of this
vessel., Two p ain'gold electrodes dipped into tihe solution on
this slde. In the other side of thils vessel a normal calomel
e;ectrcde dipped into the solution. This eleotrode had a glass
tube at the cnd dravm oub into a bent-up caplliary, a orecau-
tion sugsested by an epparatus used by Lester {(45). It served
to decrease the diffusion of the heavier XCl solutlon into the
media to be tesbed. One of the plain gold electrodes was con-
neched to the negative pole of the potenticmeter set-up, and
the calomel electrode wae connected to the positive pole. The
gecond gold électrode‘was used to checlk the reading of the
first one, since polsoned electrodes are periiaps the most fre-
guent source ol error.

A 159 gsolublon of potassium ecid phthalate having a pi

-~

of 3.97 was used as a buffer solution, and the accuracy of the
apparatus was checked by this. The maXimum error of the meth-
od, from several deberminations of thwe pH of the bulfer solu-~

tion was aboub O.1 pH wunit. The guinhydrone method of deter-
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mining hydrogen ion concentretion is simpler than methods us-
ing a hydrogen electrode. Since the solutions come to equil-
ibriun at once, and since an important source of error of the
method 1s the tendency of the quinhydrone to slowly decompose
in gome solutions, the earlier readings are the more accurate.
Ten readings can easily be made in twenty ninutes.

Tith the vessel used in this experimental work, 20 cc., of
solution were required for onec pH detorm;nation. By use of
smaller vessels, or by means of the micro~method described by
Biilmann, much smaller quantities of solution could be used for

a determinaticn.

Incubation of Hedia

After sterilization and inoculatlon the tubes of nedia were
incubated under either asrobic or anaerobic conditicns. In
aeroblc incubation, it was difficult to either keep the medie
saturated:with alr, or to keep approximately the same concen-
tration of air in all tubes. This was especlally difficult
since COp; ls evolved and tends to prevent contact of the medis
with air,

In the earllier experiments, 100 ce. tincture Lottles were
uged for incubating the medis studled, Aboul 50 cc. of media
vere placed in each bottle, and after inoculation the bottles
were partly imucrsed in a constant temperature water-bath.

Since only 20 ce. of media were necessary for pH deter=-
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minations, test tubes were sometlimes used for culturc tubes.
The test tubes used were 20 mm, by 150 mm,., holding =2bout 50
ce. About 20 ce, of media were placed in each. The test
tubes were shaken by & rotary motlon when the culture was
first added, but were not disturbed again. This precaution
wes teken to obtaln approximately the same concentration of
alr. in each tube.

In the later experinents, more constant and wmore com-
pletely aerobic conditions were obtained by the dse of B0 cc.

Erlenmeyer flaske. About 25 cc. of medla were placed in

these, and after inoculation they were shaken to mix the cul-

ture and to ssturate the media with air. In using flasks the
conditlons were more nearly completely aerobic, cince a large
surface of media was in contact with the alr., During lncu-
bation the flasks Qere half immersed in the thermostat by
wiring the necks to a rod Jjust above the surface of the water,
Anaerobic conditions, when studied; were obtained by

slowly bubbling nitfogen through test tubes contalning the
medias Hard glass test tubes were used,; 25 mms by 200 mm.,
with a capacity of about 75 cc. About 35 cc. of media were
placed in each test tube. They were fitted with rubber stop-
pers, through which a short and a long bent glass tube were
raszed, by meaﬁs of which several tubes were connected to

the source of nitrogen.

These tubes were inoculated as soon as possible after
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sterilization, since 1t was impoesible to flame a rubber stop-
per as well as the ordinary culture tube. After inoculation
they were placed in = thermostat, and nitrogen slowly circu-
lated through them during the entire incubation period.

obtained from the Linde Alr Prcducts

n

The nitrogen uged wa
Company. It was washed by & solution of pyrogalllc acid in
HaOH, to sbsorb any oxygen, and then by a botlile of sterile
water, slightly acidified with sulfuric acid. Lfver being bub~
tled through from four to elght tubes of media, 1t was passed
hrough 2 esccond tube of sterile distllled water to prevent
contamination from any chence guction.

The approzimate change of pH of any of the medla could be
egcerteined from the change in color of the brom thymol blue.
Yhen thisg indicator showed that the medis containing different
amounts of glucose had different pH values, an elecctrometric
deterninatlion of pi wes made. The best time for this determin-
ation varied from 2 to 24 hours for aerobic conditions, and
from 4 to 6 deys for anaerobic conditions. The time required

veried withh the activity of the organism, the buifer value of

-

the media, and the original concentration of sugsr in the sgolu~
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RESULTS

Change in pH of Medla under Aerobic Condltions

nvery type of media studied, under varying conditions of
incﬁbation, pesses through the same series of changes in plH.
Imnediately after inoculation the pH value of the media de-
creases. The rote of this change is dependent on the temper-
ature, the buffer value, and the activity of the bacteria.

It is independent of the concentration of the glucose except,
voeelibly, in very dilute solutions. This change is due to
vlie decomposition of the glucose into orgenic aclids by the
bacterisa,

ATter a few hours of incubation the medla containing
low concentrations of glucose begin to increase in pH again,
as the organic acids that were formed from the glucose are
broken down by the bacteria. The media containing higher
conecentrations of glucose continue to decrease in pH value,
but the rate of change is slower., Thils would indlicate that
vhile the remaining glucose is belng changed into acid, the
aclids that have been formed are belng decomposed pimultane-
cugly. The time reguired for the media to attain & minimum
pH value, as well as the rate at which the pH of the medis
returns to the original value, is proportional to the origi-
nal concentration of gluéose. In other words, the pH of the

media is only a function of the glucose originally present




-30-

after it nas attained a ninimum vH value and is deerersing
in acidity.
A typical set of results 1s shown in Table I and Graph

I. In this experiment the mediur contalned 0510% (NH, ) sHPO, ,

0,109 KCl, XKOH to give the medla a pH of 7, 0.02¢ brom thymol

blue as indicator, and glucose in concentrations varying from
0.01% to 0.40%.

‘The graph shows the tendency of all the media U become
acid, at first rapidly, and afterwards more slcwly. It alsc
demonstrates that the medlia conteining higher concentrations
of glucose attain their minimum pH at a much later time than
those containing lower concentrations, All of the graphs
show the tendency of the media to retﬁrn to the original pH,
at a rate proportional to the concentration of the'gluoose.

Although this type of graph was general fqr all experi-~
nments, the exact time at which the difference in pH would be
greatest depends primarily on the activity of the organism.
It is possible, by preparing an emulsion of the organism, as
deseribed, to control even this factor and to duplicate re-
sults., It would not seem practicable to depend on such re-
gults, howe&er, wvhen it is possible to make control experi-

ments, using the same emulsion in known and unknown solutions,
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Tsble I.

Change in pH in ledlia after Inoculation
with Aerobacter levans
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time at which the pH velues of the media are directly

tionél to the original concentration of glucose. The

that originslly contain 0.Cl% and 0.02% glucose vary
ciably in pH only from the sixth to the twelfth hour,

the media containing higher concentratlons of glucose

Relation of pH of Iedia to Glucose Concentraticn

It will be noted from Grapn I that there Ls no specific

Dropor-
media
appre~
while

are al-

moat identical in pH value until after this time. The best

time to distinguish between media containing from 0.02% to

0.08% ig bebtween the twelfth and twenty-fourth hour,

media containing from 0.08% to 0.30% differ most from

twenty~fourth to the forty-eighth hour, and the 0.30%

0.40% media are ldentical, within experimental error,

The
the
and

until

after this. These differences can be seen more clearly from

a gtudy of Graph II in which the pH values ettalned by the

nedia are plotted against the originsl concentration of sug-

ar., The data used are the same as in Table I and Graph I.

From a study of this graph, it is evident that at the

end of 4 hours there ig no difference in pH value of the media

containing 0.08% to 0.40% glucose, although this is the only

time when the 0.01% and 0.02% media vary more than the experi-

mental error. -The media conteining 0.O4% to 0.20% vary most

in pH after 253 hours, while the 0.30% and 0.40% media do not

vary greatly in pH until 50 hours have passed.
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It is seldom necessary in actual cxperiments to deter-
nine glucoge in solutions that vary as greatly in concentra-
tion a8 0.01% to 0.40%. In the later experiments, in which
the highéstAconcentrations of glucose were not more than flve
times the lowest concentration, there was always an interval
of time during which the pH values of the media were a func-
tion of the origlnal glucose concentration.

The difference in pH 1is never much grezter thon experi-
mentel error in the media made to contain 0.01% to 0.02% glu-
cose, and determinations of glucoge in these concentrations
would not e dependable with this medium. Tt will be shown
later that media with less buffer action will develop a lower
pH with the same acid production. This results in a greater
difference in pH in thése lower concentratlions, and a more
accurate determination.

Zince in the higher concentrations of glucose there is
& time vhen ascids and glucose are used simulbsneously, there
is at thls time denger of variations in the pH of identical
media in the same experiment. It is also evident that the
difference in pH of these higher concentrations of glucose is
only appreciable after three days and is never very great. It
would be practicable, therefore, in analyzing solutions con-
taining as high as 0.40% glucose by this method, to prepare
media contalning one-half or one~fourth the originel concen-

tration.
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mffect of Air Suovly on »H Changse

4t different periods of the cxperinentsl work, test tubes,
bottles and Lrlemmeyer flagks were used as culture tubes. Cne
woul&fcxpcct the type of change in pH in each of these to dif-
fer since the amount 5f alr avallable to the orgonisms varies.
{As alir 1is nccessary for the decompositlon of the acids produc-
ed from the glucose, they would disappesr more slowly in tubes
in wﬁich only a small surface 1s exposed to the alr. Satur-
ation with alr was dAifficult in all cases, because carbon di-
oxide is evolved by the organiem and the layer of this gas ov-
er the medla prevented absorption of air,

When Erlenmeyer flasks were used as culture tubes, as de-
gceribed in the methods; the conditions were more nearly aero-
blc and thc regults seemed more consistent. It is probable
that at all timcs the air dissolved in the medla was in ex-~
cess of that required by the organism.

Yhen test tubes were used, 38 descrlbed In the methods,
there wog probably an approximation of snserobic conditlons.

The results obitained with test tubes were not as qonsistent

£

8 with flasks, probably because the supply of air was 2 lim-
ting fector in the use of the acids, and was not constant in
the different tubes. Typical results obtalned from the use

of test tubes are shown in Table II and Graph IIL,
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Table II

Change in pH in iHedia when Incubated
in Test Tubes

‘pH developed after incubation

el T B e crO N To SR e

Glucose ¢ DpH  hrs. t hrg.: hrs.: hrs.s nrg. f days
02 1 6.90 1 6.88 : 6.70 + 6.80 1 : %
08+ 6.90 + 6.75 1 5.8 : 6,29 : ; 5 ”
2 s 6.8k © 5,40 & 5.T3 1 G.AO : 6.Gh : 6,70
20 i 6.8 © 5.40 1 5.65 + 6.37 + G.6T ¢ 6.7
o ieam ! lsaolskeleroles s
4O i 6.8k :  5.40 i 5.20 & 5.75 : 6.48 : 6,63

Graph IIL is of the same form a8 Graph I, except that it

shows more tendency to rise immediately to a minimum pH value,

giving
to the
chance
is not
crease
able.
lower c
and the

acrobic

a curve leas rounded at the top. This is probably due
fact that the limited supply of oxygen gives less

for the simﬁltaneous use of both glucosge and acid. It
until most of the glucose hag disappeared, that the in-
in pH due to the destruction of the acids is notice-
The difference in pH change is less distinet in the
oncentrations of glucose, since the action is slower,
alr present 18 nearer the amount required for normal

action.
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Then 100 cc. tincture bottles were used tc incubate the
nedia, the resulls were intermediate between those obtained
by the use of test tubes and by the use of flasks. Slnce the
flasits seemed to offer more nearly aerobic coriditlons, they

were used entirely in the later experiments.

mffect of Arnercblosis on pH Change

Since it is only under aerobic conditions that the bac-
teria can decompose the aclds, under anzerobic conditlons
there will be no sﬁbsequent increase in pH. The pH values
of the media, after growth has discéntinued, will then be a
measure of the total acid produced. These values are not de-
pendent on the rate of growth ol the bscteria, or on any of
the factors determinimg this, and"probably only depend on the
amount of glucose that has disappeared.

As one would expect, the pH values of the mediz decrease
at o rate that is independent of the concentration of the glu-
cose, until a constant pll is resched. - From the results ob-
tained from changes under usual serobic conditions, one might
infer that the glucose would have dlsappeared, and the medla
would have reached constant minimum pH values within 24 hours
in all solutions., On the other hand, the increase in acidity
and the decrea80 in glucosne concentration would decrease the
number of living bacteria and also the rate of decomposition

of the remaining glucose. A8 o rule the pH values of media
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containing less than 0.40% glucose were constoent after four
1o s8ix days incubation. Some typical results are showmn in

Table III and Graph IV.
Table 111

Change in pH of Hedia under Anaerobid
Conditlons

Ao e = Y

Original :Original : Change in pH of media :
Conc., of ¢ DH : under anacroblc conditions :Average
Glucose : : - : ‘
08  : 6.63 ¢ 6,25 : 6.27 1 6.27 1 6.36 : 6.29
V16t 6.65 i 5.1t 5.49 @ 5.46 1 5.4% @ 5.45
o4 i 6,63 i 4,93 @ 4,90 1 4,88 1 4.87 : 4.90
32 1 6463 1 455 ¢ 4,62t 443 : 4,58 1 4,52

Since only a few tubes qf media could be tested at a
time, and since Tour to six days were required for one incu-
| batlon, it was not possible Lo run as many varied tests as
under aercbic conditions. The results given are typical of
geveral experinments run under identical condlitions,

Although 2 method of determining glucose that was based
on anaeroblic condlitlions would reguire more time it would
probably be more dependable, since only the glucose original-
ly presont would produce a change in pH value., It would be

especially valuable for the determination of glucose in media
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containing lactic or other organic acids that would decom-

»ose under aerobic conditions and have a decided effect on the

pH value.

Effect of Orisinal pH of iedia on nil Change

Acrobacter levens is most active and reacts most readily
in media whose pH value 1s epproximately seven. Since the
rate of acid formation, or decrease in pH value, depends prim-
arily on the activity of the organlsm, this change ié_more
rapid in media with a pH value of seven, than in identical
media with & lower pH value. In other respects the changes
should be simlilar.

Table IV and'Grapﬁ V'give a comparison of the results ob-
tained with the use of media_ﬁhat are identical except in the
pll value which wag adjusted by adding KOH.

This zraph 1s similar to those in earlicr experiments,
except for a variation in the rate of change. It may also
be noted that the ﬁazimuﬁ change of pH in media contalning
corresponding concentrations of slucose is almost equal. A
comparison of this meximum change in pH obtaincd from the
readings made is shown in Table V. ©Since no readings were
token between 3§ hours and 19 hours, it 1s nosaible that
none of these ﬁalues reprecent the true maximim change. It
18 provable that the value of 1.99 change is near the maXi-

mum, while the values 1.69, ©.92, 1.84 and 1.94 are rcpre-
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Table IV

pffeet of Original pH of Yedia

on Change in pH

e mr v —— ———— . oot oo |

B;iginal:Change in pH of media
f original vH = 6.37

Conc., of: o

Change iﬁhbH of media
of original pH = 6,54

Glucose :3.5 hre: 19 hrs: 30 hrs: 19 hrs: 27 nrs: 72 hrs
08 ¢ 5,73 : 6,72 : 6.82: 5.32 : 5.80 : 6.13
L16 : B.32 : 6.10 @ 6.30 : 4.40 1 4.82 : 5.97
24 : 5,32 5,31 1 6,03+ 4,30 1 4,62 @ 5.31
32 ¢ B2 s 5,18 ¢ 5,31 3 4,25 ¢ 4,53 1 4,83
Table V
Haxinmw: Change in pH noted in licdia
in Table IV
G;iginal Concentra~ :Laximun change in pH:llaximum change in

tlon of Glucose sof médla originally :pH of media orig.
e ph=6.87 : pH=6, 24
.08 : 1.14 : 32
.16 1,55 1,84
.ok : 1.56 : 1.94
.32 : 1.69 : 1.99
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sentative of points that are beyond the itrue point of maxi=~
mum change, and the changes of 0.1%, 1.55 and 1.56 were ob-
served in medie thdt had not yet sttained thelr maximum

change.

Effect of Buffer Value of Media on pH Change

The (NH,)oHPO, added to the media acts not only a8 a
source of nitrogen for the organism, but z2lso as s buffer, de-
creasing the rate of change in pH value, The concentratlion
of this salt actually required by this organisn as food is
mueh less than the 0.20% or 0.10% concentration that was or-
dinarily used in ;he preparation of the media. By usling less
of this salt, it 1s possible to increase the rate of change
in pH value without affecting the rate of acid production.

In order to determine the minimum ammonia concentration
necessary for the organism, its concentration in the media af-
ter incubation wag determined by the colorimetric method de-
écribed by Folin and Bell (29). After three days of incuba-
tion under aercobic conditions, the loss of ammonia was scarce-
ly detected by this method. Vhen only 0.05% (NH,)oHPO, was
used in the medicz about one-gixth of the ammonia had disap-
peared in two to three days. The results obtained by the use
of media similar to those in former experiments, using C.05%
instead of 0.10% (NH,).HPO,, are shown in Table VI and Graph

Vi.’
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Table VI

tffect of Buffer Action on Chanme 1n
pH of Hedia

Ld

6rigina1: pH of medla containing ¢+ pH of medla 06£€?=
Conc. of: <059 (NH,)oHPO, 1 o107 (WH, ) HPO,
Glucose :3 hro:6 hrs:lohrs:27hrs:46hrg:92hrs: 3. 5hr:10hrs: 3Chrs
Ok 1 5.83f 6.30: 6.83: 6.87: 7.005 6,991 :
08 5.32§ 4.95§ 6.12: 6.30: 6.80% 6.85: 5.73: 6.723 6.82
2 f 5.32% h.oT 5.21: 5.38: 6.46: 6,831 ¢
16+ 5.32 4,97+ 4.921 £.93¢ 6.05¢ 6.85: 5.32: 6.10¢ 6,30
o ; ; : : : : 5.32: 5.31i 6.03

In the less buffered media, the pH value dininishes at a
more rapld rate, and the maximum change in pH is aboul twice
28 great as in the ldentical media containing a'higher concen~
tration of (NH.),HFO,. This indicates that in experiments on
very low concentrations of glucose it would be advantageous to
use lesg buffered media, which would require less time for a
pH change and make it possible to determine the glucose con-
centratlion earlier.

The use of lightly buffered media in distinguishing be-
tween lovi concentratlions is demonstrated in Table VII and
Graph VII. A mediun was used simllar to thosge in fdrmer CX~

periments, except that it contained only 0.02% (NHg).HPO, and
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Table VII

Change in pnH of Medias of Low Buffer Value
Containing low Concentrations of (Glucosge

STTERaL ORI T T ——
Concentration: pH : pH of mediz after incubation
of zlucosge : : 2 hours : 6.5 hours

. 002 : 7.00 6.88 : 5.99

L0004 s 7.00 = G680 : 6.93

.006 : 7,00 s 6.68 : .87

.008 : 7.00 6.57 : .80

.010 : 7.00 : 6,44 : 6.73

OQOO2% to 0.01% of glucose. Readings were taken in a few
hours, since the pH value thanged rapidly.

The pH values of the media were proportional to the glu-
cose originally present atv the end of two hours. It is possi-
ble that the low glucose concentration was a2 limiting factor
in determining the rate of growth of the organiem, and the
rate of acid production. This would be in agreement with the
observations of Slator (54,55) that in low sugar concentra-
tions the rate of carbon dloxlde productlon is g function of
the concentration of the sugsr. It is also possible that the
media had assimlilated the sugar present, and were beyond the
point of thelr lowest pH value, alter a two hour incubation

period.
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The results obtained with these mediz are more consigt-
ent than in former experiments, and, when plotted, approach
a straight line. This is probably due to the fact that in
the short time of ihcubation the alr absorbed in 21l media
1s in excesg of that required, and the action of the organisms
is more consistent.

From a study of these results and of those obtalned by
Kendall and Yoshida (37), it would seem as if this biological
method of determining sugarse would be most applicable to con-
centrations of less than 0.01% of sugor. The increase in ac-
curacy is not enough, however, to make it advisable to dilute
glucose solutions of higher concentrations, since with in-
creasing dilutvion the relatlive error increases. It should al-
80 be noted that determinations of these low concentratlions
of glucose are possible only in solutions in which the buffer
value is very low. This 1s not the case in many biological
fluids . or other solutions. that one might wish to analyze.

Effect of Increcase of Phosphate and
Decrease of Ammonium Ion on pH Change

Besides diminishing the buffer value, a decrease in the
concentration of (NH,)gHPC, might influence the metabolism of
the organism favoring the decomposition of either the acids
or the sugsars present, In order to determine the effect of
ammonlium ilon concentration, & medium was prepared with other

consbituents in the same proportion as earlier experinents,
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but with only O.049 (WH,) ,HPO, and HgPO, added to make the buf
fer value about the same zg before. The pH was adjusted to a
velue of seven by adding KOH. The results obtained are shown

in Table VIII and Graph VILI.

Table VIII

Change in pH of ledia Containing 0.C4%
LI'TI ) pE’LP Und 3P0n

v — —

Original: CPL sinal s -

conc. of: pb s oll ‘of medla after incubation

zlucose @ ¢ 12 hrs.i17a5hrs : 3 hrs : 67 hrs.f 111 hrs
LB+ 702+ 6Bk i GuBh i 6,72 é 6.80 : 6.92
a6 ¢ 7.02 ;532 i 552 3 5,08 1 6.25 i 6.83
2 : .02 1 5L 5422 1 552 i 5.97 i 673
52+ .02 1 5,12 4 A.O5 f 5.22 : 5.78 : 6.58

The greph is sinilar to that in preceding experiments.,
The increasc in pH may be slightly slower than in medin contain-

ing more gmmonia, butbt the difference is not marked.

Rate of Glucose Disapnearqnce

Table I and Granh I showed the change in pl with time, as
various concentrations of glucose were acted upon by L .erobac~
ter levans. During this experiment determinatlions were made

of the concentration of glucose in the solution at the time the
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pH was determined. This determination was made colorimetric-
ally with picric acid, using the method described by Villaman
and Davison (60). The results are given in Table IX and

Graph IX.
Table IX

Raote of Glucose Dissppearance in ledila

Criginal: FPercentage conc. of tLog. of pnercent. cone. of
conc., of: glucose after incubation :glucose after incubation
glucose ¢ 4 hrg. :11.25hrs: 50 hre.: 4 hrag. :11.25hrs: 50 hrs

se s

.01 : trace’ i o0 10 ‘
02 :trace : O i O
. : trace : 0 ; 0 : ; ;
.08 : .016 ; trace ; trace 5 . 204 % ;
12t .065 ¢ L028 i .0l i LB13 : AT : L146
20 + .13 + .105 :+ LOA5 : 112k 1 1.02 i .653
.30 202 .190 .072 1.346 1,28 857
4O 1,286 i ..222 ¢ .083 : 1.A56 : .135 : .919

(X ]
L3

After four hours the glucose had disappeared from the med-
ia that contained 0.01% and 0.02% glucose and only a trace re-
mained in the Q.O#% medla. In the media containing the high~
eat concentrotions of glucose, there was still an apprecisble
anount of glucose after four days.

As would be expected, the rate of glucose loss is high at
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first, and diminishes rapidly as the supply decreases and the
organlisms act more slowly. The rate of disappearance of glu-
cose 18 not logarithmic, since the logarithmic graph is not a

straight line.

Accuracy of Results

The accuracy of a biological method for quéntitative
'analysis is dependent on the certainty of the organisms acting
in a similer manner under the same circumstances. In complex
media, in which several sources of energy are avallable, there
is less probabiiity of the reaction of the bacteria being lden-
tical in two cases. It has been shown by Kendall (36) that
bacteria use carbohydrates ags a source of energy in preference
to protein. This would mean that in the presence of protein
and one available carbohydrste the changes would be similar,
and the rate of change would depend only on the activity of
the organisms.

In this study the mediz at the begimning conbained only
one availablo carbbhydrataQ 45 soon as acids are formed, how-
gver, they become a possible source ol cnergy under aerobic
conditions and there is opnortunity for variation in the ac~
tion of the organismse. The decomposition of more acid in one
tube of nedia, and of more sugar in another identical tube of
media would have a doubly important effect on the result, since

the one would tend to incresse, and the other to decrease, the
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pH value. There is no possibility for such a variation in
media incubated under anaeroblc conditlions,

To determine the errcor that should be expected, several
determinations were made of thec hange in pli of repllcate media
gftér 24 hours of incubation. Table X and Graph X show the pH
valueg obtained, The probable error of each result ls calcu~
lated as two-thirds of the standard deviation. These are
shovn on the graph, and by drawving o line {from these points to

Y

the grsph, the point is Ffound that represents the concentra-

-

tion of glucose to which this error in pH corresponds.
Table X

The pH of Replicate Tubes of ledia
Containing Varving Concentrations of Glucose.

Crig-: :

inal : pH of medla 2

conc. : after 24 hrs. incubatlon P ltverage
luc.: o »
O :16,87:6.87:6.90:6,88:6.87:6. 87 54081 G 89:5.38: 6.88+.01
08 16,56:6.63:6.52:16,54:6.591:6.61: 6 416 o.ﬁ9.v 563 6.55+.03
W10 26,27:6.28:56.28:6.34:6.27:06. 6 6 40 0.42 G.L*: Ge304 .04
.12 :5.19:5,16:F.83:5.93:5.54:5.83:5 48 AG'J.TO: 5¢57+.18

A varistion of 0.01 pH at 0.04% glucose concentration re-

presents as great an error 1n the determination os a variation

of 0.2 pH at a point at which the curvo is rising raoldly.
I D & 5
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This is counteracted by the fact that the variation in pH
readings at 0,04% concentration is very small. The probable
crror in the four concentrations studled is approxinmately
+0,003% glucose, or about 3% of the concentration.

| The time interval of 24 hours was chosen because prev-
ious experiments had shown that near this time there was the
greatest range of pH in media contalining varying concentra-
tiqns of glucose. This was approximately the time correspond-
ing to the increase ln pH value, immedlately after the mini-
mun pH of the higher concentrations had been reached. It is
gt this time that both the glucose and the organlc acids are
évailable as sources of energy, and the opportunity for vari-
ation is greatest. A comparison was made of the va riation in
pH values of a medium containing 0.10% glucose after different
intervals of lncubation., The results, given in Table XI and
Graph XI indicate that the error is greater a2fter the acids
‘have become avallable as a source of energy.

The resdings of pH after three hours ghowed no variatlon,
since only glucoee had been avaiiable. At flve hours, when
aclds have begun %o be used, the probable error is +0.02, and
after seven hours the error is constantly about £0.04%. It
would probably be advisable in an éxperiment to determine the
pH values immediately after the pH of the highest concentra-
tions of glucose begln to increase. At thls time the varis-

tlon in pH value due to original glucose concentration is
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Table XI

The pH of Replicate Tubeg of Xedla After
Different Periods of Incubatlion

Time of

: : Aver-~
Ineuba-: pH of medla after incubation T age
ticn H - — X - : :

5 hrs: 5.32: 5.32: 5.%h: 5,30 5.32: 5.32: . i5.3240

5.5 frs: 5.06: 4,97+ 5.02+ 5.00+ 5.05: 4,98 5.04:5,04:5.025.02
7.5 hrs: 4,97+ 5,004 4,93+ 4.99: 5.04; 5,061 ; '5.00+.05
9.5 hra: 4,881 4.92§ 5.og§ 4.88: 4,861 4.05:  : §4.9g+.04
25 hre: 5.88+ 5.70+ 5.97+ 5.93: 5.88: 5.88§ : Is.e7e.08
27 hrs: 6.13: 6.12¢ 6.02: 6.00: 6.02: 5.97: 6.02¢  16.0ks,Oh
32 nre: 6.20% 6.0kt 5.98§ 6.22; 6.12: 6241 6.1346.15:6.17+.0k
60 hrs: 6.?2? 6.67? 6.77§ 6.63% 6.70; 6.59% 6..65; ;6.684-.04

greatest, and the probable error is no greater than at later

times. 1In an experiment using medla of different composition
it would be necessary to mzke a preliminary test to determine

the incubation time that would represent this stage of the re-

action.

Determination of Inversion Constant of Suerose

Biclogical reagents are especially applicable for the
analysis of sugar mixtures, because of their selective action.

Since Aerobacter levans does not assimilate sucrose, 1t can
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be used to advantage for the determination of sugars present
in minute gquantities in 2 solution of sucrose in a higher con-
centration. This is an analysis that 1s necessary in the de-
termination of the rate of inversion of suerose in the pres-
ence of a weak acid.

A‘determination of invert sugar by the action of Aerobac-
{ ter levens is possible 1f glucose and fructose are decomposed
by the organism indiscriminately. Slator (55)‘found that these
sugars were fermented by yveasts at equal rates, and Willstatter
(615 observed that engzymes react with them at the same speed.
A comparison was made of the rates of acid production from the
twe sugars by Aerobacter levans, by inoculating medls contain-
ing varying concentrations of chemically pure glucose and fruc-
tose. The results, given in Table XII, demonstrate that the
rates are similar, and that the organism may be used to deter-
nine the concentration of the combined sugars.

In order to determine the inversion constant of sucrose
in o._0153  1igPCs, a 5% solution of the acid was placed in 2
thermostat at 30°C. At various intervals, 10 cc. portions of
the solution were removed. These were neutralized immediate-
1y and 10 cec. of 0.2% (NHy ) HPO., 10 ce. of 1% XC1, and 2 cc.
of brom thymol blue solution were added. The solutlon was
then made up td 100 ce., and sterilized in 25 cc. portions in
Erlenmeyer flasks. The control media were made from exactly

the same formula except that varying quantities of glucose
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Comparison of Rates of pH Change in ifedia
Containing Equal Concentrations of Glucose
and Fructose

pH change of éiECOse medla ::pH change of fructose media

Cone. of : Tine ::Conec. of ¢ Time
glucoge : 3.5 hrs 5 7 hrg fffructose 3_3.5 hrs 5 7 _ hrs
AL i 5.9 i 632 i .OAf i 5.95 i 6.3
087 : 5.18 : 5.32 ii .08% 5.31 :  5.40
124 §.14 + k92 if .12 ¢ 5.16 : 4.98
. 16% 5.06 h.T7 .16% 5.é2 4,38

LX)

wvere used Instead of the sucrose. The results obtained are
given in Table XIII and Graph XIlI.

The graph is plotted from the pH values of the media con-
taining known gquantities of glucose. The concentration of
glucose and fructose in the medig contalning - partlally in-
| verted sucrose is interpolated from this graph. The inversion

constant, calculated from thece determinations 1s zbout 1 X
-7

1 1C .
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Table XIII.

Determination of Inversion Constant of Sucrose

Control medis

Inverted

sucrose media

e et

enfer

Conc.of 1 Average ; Time of : Average :Caonec.of in-:lnver.const.
glucosge:pH value::inversionf pi valuefvert sugar f t=geconds
.005% : 6.75 i Ghvs : 6.25 i .Ol9F 1.8x10"
0107 : 6.63 i: 10 hs : 5.88 i .026% : 1.4x10"/
0207 i 6.17 :f 26 hrs : 4,96 ¢ L0604 : .86x10°
L0407 : 5.1 i : : :

0605 ¢ 4.93 i: ; : ;
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CONCLUSIONS

“hen this problem was gtarted, 1t seemed possible that
e graph could be plotted from which could be read imsediate-

ly the concentration of glucose that corresponded to the pl

. developed in media after a definite period of incubation.

It will be seen from Graph II and Graph XII that it has
been possible to plot the pH developed against the original
concentration of glucose and to obtain a typleal curve. It
is also possible under carefully controlled conditions to du-
plicate these curves, or to estimgte the concentration of
glucose in unknown media by the use of these curves. Since
the method is entirely empirical, however, and since it is
impossible to determine the activity of a2 bacteria erulsion,
1t would not be practicable to depend on a curve plotted from
earlier cxperiments. |

It is possible to accomplish the same result. in a more
dependable method by inoculating control mediaz of knowm glu-
cose concentration at the same time and with thé gsame bac-
teris emulsion ags the unknown media. The pH of all the medla
could then be determined at the same time, a graph drawn from
the results with the control media, and the concentration of
the unitnovm media interpolated. This 1s the method that was
used for the determination of the inversion constant of suc-

roge. Preliminary experiments are often necesgsary to deter~
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mine the optimum time to read the pH valué, and to determine
the optimum buffer value of the media. Usually the concen=-
tration of glucose in the unknown media is knowm well enough
to make the control media of gpproximately the same concen-
tration.

The use of control medies with the same bacteria emul=-
gion as the unknown medlia not only avoids a seriocus error in
this method, but makes possible a change 1n the composition
of medla for any specific experiment. In many cases it 1is
necesgary to determine glucose in media more complicated than
uged in these experiments. By meking the composition of the
control media a duplicate of the unknown media, the method
outlined here-caﬂ be apnlied. In a complex blologlcal fluid,
it would be possible to remove the sugar to be determined by
a preliminéry fermentation with the orgenism. The sugar
could then be added in knowm quentities, and the pH change
compared with the change in the unknown fluld. It would be
necessary in such a determination to use an orgenism that re-
acted only with the suger to be determined.

One of the most interesting appllications of a blological
rnethod for determining sugars 1is in the determiﬁations of
changes in structure of the sugars under the influence of in-~
organlc reagehts. The rate of inversion of sucrose by phos-
‘phoric acid has been determined by this method. Ancther in-

teresting application, suggested by Kendall (3%), would be the
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determination of interconversion of glucose, mannose and
fructose in weakly basic solutions. An organism that is
specific for glucose, and another specific for fructose and
glucose, would be necessary for this determination. The
fructose or mannose could be allowed to stand in a solution
of NaOH for definite time intervals. The solutions would
then be neutralized and nutrient salts added. With one or-
ggnism the glucose concentration of the resulting solutlon
would be detérmined, and, if the frucltose were present in
small enough concentration, 1t could be determined by sub-
tracting the glucose concentration from the concentration of

the combined sugars, determined by the second organisz,
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SUMIIARY

1. The biological method of determining sugars 1g feasible
under carefully conctrolled conditions.

2. If incubation is under aercbic conditions the mediz should
be in an Erlemmeyer flagk, or some provision should be made
for free air circulation.

3. Under acrobic conditlons the rate of change in pH and, un-
der anaerobic conditions the total pH change, 1is determined.
4. The change in pH, rather than the minimum phH obtained, is
constant for the same organism and media.

5, For different concentrations of glucose the buifer value
may be adjusted to glve the desired pil change.

6. The accuracy of the method outlined is about 3%.

T lucose and fructose produce acid and change the pH of
media inoculsted with Aerobacter levans at the same rate.

8. The inversion constant of sucrose in .015 NH,PO, is about

-‘7
1x10 .
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