|

7/ “““\\\ A ECO" SEARCH

% // RESEARCH IN AGRICULTURAL & APPLIED ECONOMICS

The World’s Largest Open Access Agricultural & Applied Economics Digital Library

This document is discoverable and free to researchers across the
globe due to the work of AgEcon Search.

Help ensure our sustainability.

Give to AgEcon Search

AgEcon Search
http://ageconsearch.umn.edu
aesearch@umn.edu

Papers downloaded from AgEcon Search may be used for non-commercial purposes and personal study only.
No other use, including posting to another Internet site, is permitted without permission from the copyright
owner (not AgEcon Search), or as allowed under the provisions of Fair Use, U.S. Copyright Act, Title 17 U.S.C.


https://makingagift.umn.edu/give/yourgift.html?&cart=2313
https://makingagift.umn.edu/give/yourgift.html?&cart=2313
https://makingagift.umn.edu/give/yourgift.html?&cart=2313
http://ageconsearch.umn.edu/
mailto:aesearch@umn.edu




L
~
Y

2

I

i i =5E

b

2 fj2e flas
=

e 22

S M

v

N 5'3{,
b FE@

F.

Lim
—
[
L

j22

rr
E
L

= |

lL

2L

ey

Bl s

MICROCOPY RESOLUTION TEST CHART

WICROCGPY RESQLUTION TEST CHART
HATIDNAL HUFEALE OF sTAN[DARD D06 A

NATIGNAC BUREAMS N STANDAND: o o 8



http:111111.25
http:111111.25

N

Tecumcal Burreriv No. 346 M

UNITED STATES DEPARTMENT OF AGRICULTURE
WASHINGTON, D. C.

Marca, 1933

-THE EFFECT OF CONCENTRATION ON
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INTRODUCTION

The determination of the toxic effect of different chemicals upon
bving organisms is of interest fo vurious %mups of invesfigators.

Consequently, the literature contains much in

of various materials to animals and fo plants. ) )
Tt is the purpose of this bulletin to present n relationship between

32
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41

ormation on the toxicity

the concentration of a poison and its physiological effect upon & wood-
destroying fungus and to point out that there seems to be a definite
connection between the constitution of the chernical and the rate at
which the toxic effect changes with changes in concentration. The
relationship between the concentration and the physiological effect of
a poison also appears to be applicable to aphids, to bacteria, and to
green picnts.

1 This bulletin smbodies the resu'ts of toxicity Investigations made bf the Forest Prodacts Leborntory

over & period of 10 years. 1t has been the suthor's privilege to draw wilhonl restyaint upon the aocmuis-
tion of information that has resulted from studies of toxicily by other members of Lhe laboratory stafl,
The quthor wishes to peknow indge His indebiedness for the toxicity data to C. 1. Humphrey, R. M. Fleming,
and O, Audrey Richards of the Division of Ferest Pathology, Burteu of Pignt Industry, U. 8. Trepariment
of Agricuiture and perticalariy to C. H. Heooingsen and 14, H. Daeettier, both of whom worked under the
direction of the nuthor at the Inhorstory. i .

2 Mainisioed by the U, 8, Department of Agcicelture ut Bladison, Wis, in caopemiion with the Univer-
sity of Wisconsin.

151455°—33-—1 1
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EFFECT OF THE CONCENTRATION OF CHEMICALS ON THE RETAR-
DATION OF THE GROWTH OF THE WOOD-DESTROYING FUNGUS
FOMES ANNOSUS

The work of other investigators on toxicity has well established the
fact that as the concentration of g poison is increased, the effect on
the organism in general becomes more marked ({, 4).3

This bulletin attempts to show that the chanrres in toxte effect
produced by changes in concentraticn can be stated mathematically.
The data upon which this bulletin is based were collected in an investi-
gation on the toxicity of various chemicals used as wood preservatives.
A knowledge of the amount of chemical required to kill the organism
would pwbably be most desirable; however, in o relative way, “know-
ing the concentration st which the chemical prevents the lﬁrowth of
fungus, or the total inhibition point, is almost equally usef

METHOD OF CONDUCTING THE TESTS
PETRI-DISH METHOD

The first part of the experimental work reported followed very
closely the method of testing developed by Humphrey and Fleming
(7} of the Division of Forest Pathology, Buresu of Plant Industry,
Department of Agriculture, and modified by C. Audrey Richards of
t.hle, same bureau. Richards (18, p. 181} describes the method as
follows:

Measured quantitics of the hot filtered medium [which consisted of 25 grams
Trommers’ malt extract, 15 grams of bacto-ugar disselved in 1,000 ¢ ¢ of water]
are poured into small bottles. Into similar bottles are weighed or messured
amounts of preservative necessary fo give the desired concentration. This con-
centration is based on the setuul weight of the preservative in the final medinvm-
praservative mixture. The bottles containing the proper amounts of preservative
and medium are sealed, clamped into frames, and sterilized. The preservative
and medium are kept separate uotil sfter sicrilization in order to reduce the
possibilities for chemienl combinations,  Affer sterilizetion the medium is poured
intp the preservative boltic under sterile conditions and the contents thoroughly
mixed. In the case of water-soluble substances the mixture is easily obiained by
sheling by hand, hut in the case of ¢ils it is necessary to use a specially designed
motor-driven shaker. Just before the mixture reaches the temperature where
the agar solidifies, it is poured into o sterile Petri-dish 100 mun in diameter and 15
mm deep. In using oily preservatives, when emulsions—not solutions—are
obtained by the shaking process, the medium-preservative mixtyre is hardened
irmmmediately by placing the Pelri-dish on iee. This quick cooling insures &
uniform, finely divided emulsion.

After the medium has cooled, & smull piece of funpus cut from & vigorously
growing Petri-dish culture is planted in the cenior of euch dish. The inceulated
dishes are then placed in an incubator snd held at a constant temperature feor
from four to six weeks. Freguent growth readings are made.

The fungus used in the present work was a. strain of Fomes annosus
developed at the Division of Forest Pathology. It is exceptionally
well fitted for this worls because it is very resistant to the toxic action
of chemicals, and it normally produces an easily measured growth in
gultures, This strain has been adopted by the Division of Forest
Pathology and others as the standard fungus for all toxicity testing
for wood preservatives.

Falck {9) has shown that when the fungi Aderwlius silvester, M.
domesticus, M. sclerotiorum, Polyporus vaporarius spumarius, Verpa
bohemica, Phycomyces nitens, and Mucor mauceds are grown in & nutrient

1 Halie numbers in Jureatieses refer o I;itumlur\. (‘ltezl, 1 B2




EFFECT OF CONCEMNTRATION ON TOXICITY OF CHEMICALS 3

agar-agar medium atb constant temperature, the length of the myce-
lium is directly proportional to the age of the culture so long as the
food and air supply are sufficient and other condifions remain constant.
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(Fig. 1.) The fungus Fomes annosus ncts the same in this respect as
those used by Falek. [Fu _ 3 :
agar-ngar medivm containing o small quantity of n poison, the radial
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rmore, if the [ungus is grown on an
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growth of the fungus on a Petri dish will still be direcily proportional
to the time of growth, if the concentration ¢f the poison is kept con-
stant, although the rate of growth will be retarded. Figure 2 shows
& numrber of straightline relations when the fungus F. annosus is
grown on & mwedium containing inhibiting material.

ERRORS IN THE PETHI-DISE METHOD

When the work was started it was not realized that the Petri-dish
mebhod gave rise to several errors in measurement which made some
of the data of little value. This was particularly true of data collected
over long periods of time. The existence of these errors was very
forcibly shown in & matter of routine testing. In order that a large

number of tests might be

&a carried out as rapidly as pos-
sible, 75 or 100 Petri dishes
with various smounts of
cosal-tar ereosote were placed
in the incubator at one time.
At the time of the first read-
ing, which was ther oneweek
afterplanting, the sixormore
control dishes that were al-
ways run with such a large
number of dishes showed but
Little i any signs of growth.

The air in the incubator
had become filled with the
odor of coal-tar creosote, and
it was therefore believed that
the volatile portions of the oil
had evaporated {rom the cov-
ered Petri dishes containing
the creosote, and had dif-
fused into the covered Petri
dishes containing the control
cultures, thus inhibiting
o growth in the control dishes.
0 2 6 The large number of dishes
under test made the amount
FIGURE 2—Rals of glrowth_of Fowtes amoie;:la (;n 8 non-  of material th&t! might evap-

POIsODOUE 8O0 01 W0 DOISONOLS To2d T Orate -]_11 t,h_is “,"&y Suﬁicient’
to almost saturate the air in the entire inoubator. This explanation
was valid only if it could be shown that the toxic effect of a chemical
could be transferred by the medium of the air. Actual proof was
obtained in the following meannar:

A 2-liter glass-stoppered Erlenmeyer flask was used as a culture
flask. A number of indentations were made in the neck to supfjort. 8
hollow glass bulb from whose lower extremity was hung & small glass
dish or watch crystal, and the upper portion of the bulb was left open
but wes entirely contained within the flisk below the ground-glass
stopper. Seversl such flasks were then sterilized, and approximately
150 g of sterile nutrient agar was placed within each. The agar was
planted in the usual manner when it had cooled and solidified. lmme-
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EFFECT OF CONCENTRATION ON TOXICITY OF CHEMICALS 5

distely after planting, various toxic materials, such as phenol, cresol,
naphthalene, and benzene, were placed on the watch glasses suspended
at the top of the several flasks; none of the toxic materiais could have
reached the agar except through volstilization. In every case the pre-
dicted toxic effect was obtamed. Furthermore, it was possible to
obtain only partial retarding by using less than the quantity required
to kill, These retarded growths differed in no way from the retarded
growth obtained from nonvelatile compounds m solutions in agar.
Though the foregoing experiment showed that the closed Petri dish
was not a suitable container for testing volatile compounds, it also
poimted. out a possibility of error with nronvolatile compounds. The
medium in which all of the tests were madewas chiefly water, s, volatile
material. Losses of the water would change the concentration of
the toxic material and hence the rate of growth. Consequently the
resulting growth plots,
if taken over periods of
from four to six weeks,
should be curves and
not straight lines.
Moreover, the concen-
tration at the end of
the test might be dif-
ferent from the con-
centration upon which
the test was started.
An examination of the
date available at that P
tineshowed thatmany a
of the plots were ob- T
teined over long per- ° N b eEpary
lods of time ; withnon- Figore 8.—Comparison between vate of growth of Fomes ennosus
volatile compoundsthe ona medinm L%Dt:gir;ilng bydroguinone g.b"voiutinn in & closed dask
curve was less steep at and in o closed Petri dish
the end of the test than at the beginning, but with volatile compounds
the reverse was true. Both facts are in conformity with the previous
discussion.  Im aclosed flask,however, the timne-growth curves are practi-
cally straight lines within the experimental error of measurement.  This
is shown by Figure 3, which represents the dats obtained simultaneously
with a closed glass-stoppered flask and with a so-called closed Petridish.
The loss of water from Pefri dishes under test was of such vital
tmportence that an attempt was made to gain a rough approximation
of the amount lost. Three Petri dishes chosen at random were tared
and the weighis recorded after approximately 17 ¢ ¢ of nutrient agar
had been added. These dishes were then placed in an incubator along
with other material and weighed at the end of 11 and 24 days, respec-
tively. The original weights and the losses are giver: in Table 1.
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TaBLE 1.—Loss of waler by evaporation from closed Peiri dishes
[Incubated at approximataly 25¢ C.]

Gristual | Lossatond of1! | Lossat end of 24

of agar days dnys

Grams LPercent | Grome | Per cent
17.85 & a2 112 02
18, 03 13 0. 16 H
18,55 3 ar 1. 71 63
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There was considerable wvariation in the amount of water lost
through evaporation, depending probably upon the tightness of the
corers, but even the hest result showed a-‘{css i weight of 13 per cent
in 11 days. Even with nonvelasile compounds an error of at least 10
per cent in the concentration would therelore be obtained at the end
of 11 days. This loss was considered entirely too great for any but
approximate determinations.

It was realized that with o more nearly airtight incubator the losses
could bave been greatly reduced, particularly if care had been taken
to humidify the air in the incubator by the use of a relatively large
dish containing water, but even then the Petri dishes eould not be used

with safety in working
70 with volatile com-
pounds. The Petaidish
method was therefore
Al discerded and s closed
&0 / flask adopted instead.
8] Perhaps the most
/ important criticism
that could be made of
the use of a closed flask
is that there might not
l be sufficient air to per-
mit a steady normal
growthof the orgonism.
Afewexporiments were
30 therefore mude to de-
{ termine the air require-
ment for the {ungus.
£ The first of these con-
sisted in selecting seven
shallow Petri dishes of
approxiinately 50 ¢ ¢
capacity. These were
0 3 setwith 17 ¢ ¢ of nutri-
ent agar and planted
in the usual way, but
o were sealed  air-tight
o 4 8 12 /6 20 belore being incubated.
TImE (DAYS) They were then incu-
Fisure 4--Effect of Inck of air vn the rate of growth of Fomes anno- bated with three un-
cua; A, Growth in uuseaied Petri dish; B, growth in dish before  sealed controls. Daily
g:n(} ai;&i;tﬁﬁaﬁémg gir senl; O, growth in eovered dish with air- gi‘OWth measurements
were made on all the
dishes at the same time. The results of three of these lests are shown
disgrammastically in Figure 4; they show that air is an essential
foctor in toxicity testing. The largest Petri dish had o total capacity
of 52.4 ¢ ¢; subtracting from this the volume of the agar, or 17 ¢ g,
gives o fotal of 35 ¢ ¢ of air as being sufficient for only from two to
three days’ growth. One of the dishes was opened to determine if the
rate of growth would remain the same after being retarded by lack of
air. . Curve B in Figure 4 shows that on the entrance of a new supply
of air the rate of growth returned to normal.

3
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The second experiment was carried out in large glass-stoppered,
flat-bottomed weighing bottles having o total capacity of about 115
to 126 c e. The total air spaee in these bottles was reduced about 17
¢ ¢ when the ager was inserted. The stoppers were sealed in, air-
tight, after ¢he agar had been inoculated. L every sealed bottle the
growth st the end of three and one-half days exceeded the growth on
the controls and had reached the edge of the dish so that no further
measurements could be made. A maximum radivs of 26 mm was
obtained. On the supposition that the amount of air required is
proportionsl to the aren of the growth, it would appear that 400 ¢ ¢
of air should he more than is required for a growth equal to the radius
of the flask. The ordinary wide-mouthed, 500 ¢ ¢, glass-stoppered
Erlenmever flasks fulfill the air requirement when 100 ¢ ¢ of agar are
used. Tlasks of this capacity or larger were used In the experiments
here reported.

Some thought was given to replacing the glass-stoppered flasks
by ordinary Erlenmeyer flasks with cork or rubber stoppers. It was
shown that cork stoppers, even when covered with tin foil, were
difficuls both to sterilize and te keep in place without tying down.
Rubher stoppers can not be used with volatile, oily compounds
because of the sbsorption of the toxic material by the rubber. MMore-
over, they become hard with continued sterllization and nearly useless
as stoppers after a {ew sterlizations.

FLASK METHOD OF TESTING TOXICITY

The method of testing finally adopted differed from the Petri-dish
method only in replacing the Petri dish with glass-stoppered Erlen-

meyer flasks with a minimum capacity of 500 ¢ . The quantity of
agar used varied to some extent with the guaniity of toxie materinl
o be used; also with the size of flask, sufficient being used to insure
nearly the same depth of agar ip the center of the flask as was used
in the Petri dishes. The detailed procedure was as follows.

The culture medium was prepared by heating with steam at afmos-
pheric pressure for two hours a mixture of 1 liter of water, 15 g of Bacto
agar, and 25 g of Trommer’s malt sirup.  After this mixture he-l been
coolced 16 was filtered through cofton and measured quantities were
poured into giass-stoppered Erlenmeyer flusks of 500 ¢ e capacity.
Usually 100 ¢ ¢ of agar was used in each flask. The quantity of agar
was decreased when the material to be tested was aveilable only in
small quantities. When very low concentrations of 2 toxic materisl
were to be tested the quantity of agar was increased ; thus by increasing
proportionately the quantity of toxic material used, the error of
measurement was decreased.

The flasks containing the nutrient agar were stoppered with cotton
plugs and the glass stoppers were covered with small pleces of cloth
and fastened to the flasks during sterilization, The flasks were ster-
ilized in an autoclave for 30 minutes at 15 pounds pressure. After
stertlizetion a measurcd quantity of the toxic material was introduced
either in the form of powder, liquid, or concentrated aqueous sointion,
depending on the nature of the toxic material. In many cases, par-
ticularly with sodium benzoate, it was impossible o introdnce the
toxic material as weighed powder because of contamination; & con-
centrated solution was found to be sterile. After the introduction of
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the toxic material the glass stoppers were removed from their sterile
cloth containers and placed in the flasks. The agar was then gently
melted and the toxic material thoroughly incorporated by shaking.
It was sometimes necessary to let the sterile agar stand two or three
days to permit all parts of the agar to arrive st the same concentra-
tion; usually, however, the flasks stood overnight and were planted
the next morning. The transplants, which were about 5 to 8 mm
square, were taken from a culture of Fomes annosus that had been
growing for from 5 to 12 days.

The concentrations used were recorded in percentage of the volume
of agar talen because it was more convenient experimentsally. When
100 ¢ ¢ of agar was taken, 1 g of toxic material equaled 1 per
cent concentration, 1 mg of toxic material equaled 0.001 per cent
concentration. For comparative purposes the molar basis is a bet-
ter one to use. The experimental data have therefore been calcu-
Iated te moles per liter by dividing the percentage concentration
multiplied by 10 by the molecular weight of the compound under test.

DBIFFICULTIES ENCOUNTERED WITH THE FLASK METHOD

While there are several minor difficulties, such as the darkening
of the agar due to the interaction of the toxic materials and the fun-
40 gus and the production

/ - -
L of halos immediately
7 beyond the growing
i fungus, only two seem
worthy of discussion
G here and these only
1€ APMITIED | heeause they affect the
values of the measure-
ments. One of these
difficulties was con-

d nected with the air re-
/ guirement and occur-

-~ red only in those flasks
L4 & 8 RO M e g R 22 24 thﬂt Coﬂﬁﬂined easﬂy
TIME (PAYD) oxidized m :terials,
AT A Ry Such esenilincorpyro-
' a curve showing the
-growth on & solution of aniline. After nine days the growth of the
ungus practically ceased, and no growth took place for nine days.
A new supply of air wes then admitied, and the growth started
sgain at the original rate. The shape of the curve obtained here is
almost identical with that shown in Figure 4, B, which was known to
have been influenced by lack of air. In caleulating the retarding
effect on such curves the period of no growth was neglected.

The other difficulty was encountered chiefly with oily toxie ma-
terials, such as benzene, chlorobenzene, or nitro compounds. With
such materials, the surfaee of the transplant appeared at first to be of
& gray shimy consistency; later this changed and the surface appeared
like gray pebbly oilcloth. This condition often continued to the end
of the test, but the trensplent was neot dead, because it recovered
almost immediately on being transplanted to fresh, nontoxic agar.

GROWTH (MILLIMETERS)

A
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Occasionally the transplent started to grow after long periods of no
growth, and the growth continued at the same rate as that of a normal
control culture. ~This rapid growth was even detected after 1090 days
of apparent inactivity. Under the microscope the fungous hyphwe
appeared to divide into many smaller cells, each forming a chlamy-
dospore. A few of these grew at the same rate as would be expected
of the control. In one case, because a drop of condensed water ran
down the side of the flask and over the transplant during the periodical
examination, one of these sporelike bodies was carried awey from the
transplant so that it was possible to measure both the retarded growth
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FIGURE 6.—Comparizen of the rate of growth of o conirel with that
af Lnsplunts origionking rom myeelium and from a spore

of the fungus and the rapid growth of thespore. These measurements
are shown in Figure 6. In another case it was possible to detect the
beginning of a spore growth by its luxuriant growth in the shape of &
small pompom. Measurements were taken on both the retarded
growth and the spore growth until the more rapid spore growth had
entirely covered the slower retarded growth. These data are shown
in Figure 7. If the two diffcrent growths had not been recorded in
Figure 7, the curve would have resembled a steep curve such as might
have been obtained if the loss of toxic material had been complete.
While this apparent sporulation is of interest to the pathologist be-
cause 1t offers a possible explanation of the mechanism of accommo-
dation, it is also of interest i the practical field of wood preservation

1514556°—33——2
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because it suggests that certain preservatives may appear to retard
the growth, but if the organism is not killed there is always a chance
of the formation of chiamydospores. It is evident that with such
materials a different orgsnism from the test organism, or at least a
very different strain, must be considered. Whenever the growth -
was almost as rapid as the control, particularly if it followed a long
inactive period, it was considered that a spore growth was responsible,
and the particular test was repeated.
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CALCULATION OF EXPERIMENTAL DATA

When the radial growth of the [ungus grown in closed flasks is
plotted against the time of growth, & straight line is obtained at least
within the limits of the radius of the containing flasks. Moreover,
when the fungus is grown on agar containing & toxic material that
retards the growth, straight lines representing time-growth curves are
still obtained. This fact is llustrated in Fiegure 8. The chemicals
represented in Figure 8, the exact composition of which is immatertal,
have been introduced merely to illustrate the wide application of the
straight-line relationship between growth and time when the culbures
tre grown in closed flasks,

The data obtained from the daily mensurements of fungous growth
are recorded in Table 2 and were later plotted on ordinary coordinate
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aper along with the control. An almost ideal plot is shown in
Tigure 9 since all the growth lines appear to start at about the same
time, but the growth is much slower than the confroel.

TaeLe 2.—Sample sheel showing method of recording data on the radial growih of
Fonies annosus on a medium conlatning various concendralions of poison

Tindial growth of Fomes araosus in & concentration of—

Time
0 per cent ! | .02 per cend | 0.03 per cent | 0.04 per cent | 0.06 per cent U‘E&H‘" U'?,;"Qc’

M- | AN
Daye Miiitimeters | Miltimeiers | aJiftimeters | Alitlimeters | Millimeters | wmelers | mieters

R 4 3-3-3-5 1=1-1-1 () Gg

o] S4=35-35-35 | H=1T-17-EF | JO-12-13-12 |, 4] (a
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1 Centrel,
? Growth on rnnsplant.
4 Transplant white, ne visible growth buat no chisnge to B slimy condition.

If the line in Figure 9 representing the growth of the control be
extended until it reaches 100-mm radius and all the lines representing
the retarded growth caused by the toxic action of the chemicals under
test be rend at this peoint on the time ordinate, the percentage of
retarded growth is obtnined without calculetion. Subtractivg the
perecentage of retarded growth from 100 per cent gives the percentage
of retarding effect caused by the toxic action. of the chemical. Either
the percentage growth or the percentage of retardation provide a
measure of the effest of the toxie chemical, The percentage of
retardation gives values that are direct functions of the concentration
and are easier to handle than the inverse functions of percentage
growth. Throughout this work the percentage retardation has been
used. The difference between the two systems of measurement is
shown diagrammatically in Figure 10.

All of the data were not so 1deul as tlnt shown in Figure §; in fact,
the ideal condition of growth was obtained in only an occasional test.
More commonly the retarded growtls on the toxic solutions did not
stort immediately, because there was an initial rest period during which
no growth was apparent. Even the control comumonly took o day
or more to geb started. In some exceptional cases no growth was
obtained on the control agar after two days and only slight growth at
the end of three days, yet when the growth became established on the
agar it continued as rupidly as if there had been no rest period.



http:thepercenta.ge

12 TECHNICAL BULLETIN 346, U. 8. DEPT. OF AGRICULTURE
It seems reasonable that the transplanting of agar containing the

growing fungus from one position to another should cause a setback
mn the growth of the fungus. It also seems reasonable that if the

/

/

RADIAL GROWTH (MILLIMETERS)

o
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FIGuRE 8.—Time-growth eurves showing siraight-line relatjon when Fomet nnnogis Is grovn on B
medium containing toxie materials: A, Medium saturated with petroleum fractions; B, medinm
duturgted with sromatic hydrocarbons; C, medium contalning inerganie salts; D, medium
conteining organic compounds

transplant were placed on a medium on which it would have difficulcy
in maintaining itself that it would take a little longer time to become
established. It might be suggested rensonably that this period of
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delay in starting is & measure of the toxie effect of the medium upon
which the fungus is trying to establich itself. If so, it is & very un-
reliable measure because the starting time varied over wide ranges
even with the same concentration of the same toxic material. As
shown in Figure 11, which diagrammatically presents the date for
two idenfical concentrations of chloroaniline that were started af
different periods of time, the starting time for one was 3 days and
for the other 10 days. The controls for the two were duplicated,
both as to starting time and rate of growth. For the present, there-
fore, the starting time must be looked upon, not as a measure of
toxic effect, but as a rest or recovery period. The rate of growth
on the toxic medium

is o better measure of {
toxic effect. In Figure /
11 the two lines repre-
senting the growth of
the same concenira-
tion of chloroaniline
but with different
starting times, are par-
- allel, ndicating that
the rate of growth is
not affected by the
rest period.

The simplest way of
calculating the retard-
ing effect, when the
data contain rest peri-
ods, is to plot the data
in the ucual manner Ve
and obtain the best /4
straight Lne throuwgh |
the data. Then draw °~ A
n line parallel o this I ;J
growth line in such a ¢
manner that the curve
sterts at the starting
time for the control ¢ 4 8

From this corrected
line the percentage vo- FIGURE 0.—Rate of growth of Fomes annosus on o madum coutal.

. ing different eoncentrations of p-nitrosuiling

tardation ean be cai-

culated in cxactly the same way as it would be had the growth been
ideal. Figure 12 shows the data collected on three concentrations of
nitrobenzene and also the dotted linss which correct the data to ideal
growth conditions. This method of plotting the data diminishes the ex-
perimental errors in two ways: (1) The plotting of the data to obtain
the best straight line removes in large measure the errovs caused
by parallax and other difficulties in the actual measurement of the
growth, and (2) the correction of this line to the ideal condition re-
moves the error due to the resting period. The corrected data, there-
fore, give the most probable value for the percentage retardation and
permit each concentration of toxic material to be represented by »
single figure of the most probable percentage retardsation.
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The values obtained for the percentage retardation of the different
concentrations of a single chemical were plotted against the various

concentrations.

In the resulting diagram the trend of the points

may be along either o straight line or a curve, if ordinary coordinate
paper is used, but conforms rather closely to & straight line on [ogarith-

GROWTY

AMOUNT OF RETARDPING EFFECT

TIrrE

FIGURE 10—Mcothed of calenlating percentpps retardation

mie paper if the loga-
rithm of the percentage
retardation is plotied
against the logarithm
of the concentration.
The extension of the
line to 100 per cent gives
mmmediately the most
probable total inhibition
point, or the point at
which no growth should
he obtained. It also
permits the data to be
collected with a smaller
number of tests, since
each concentration
serves as a check upon
another concentration.
The total inhibition
point indicated by the
extension of the line to
100 per cent can then be
checlced if more accurate
figures are desired. For
example, the data shown
in Table 3 were obtained
directly from the curves
shown in Figure 9,

TanLg 3—Caleulation of percentage of relardation for Fomes annosus on o medium
containing p-nilrogniline solulion

{Data from the curves in Figere 9]

QOrpwth obtained
during samg in-
tervel of time as
was raquired for
control to go w
106 mm in recids

Concen-
tration of
p-nitro-
nalline

Peroenisge
retardeiisn
{100 por
rani—par
vent of ro-
trrded
growth)

Ceoneen-

vathon af
P-nitro-

ouilioe

Percentuge
retardation
{160 per
egnt—ner
cenl of re-
turded
growth)

Qrpwth obtoined
during same in-
tervat of time a5
was tequired for
eontool da prow
10 mm in rodiug

Afm
60.0
2.0
125

Per cené
50.0
28,0
15

Per cent
8.0

74.0
8.5

Per cent
005
R

A
8.4
7 i

Per cent
8168
B N

Per eent
%0

When the dats in the first column were plotted on logarithmie
paper asgainst the date in the last column a straight line was drawn
as shown in Figure 13,
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DIBCUSSION ON METHOD OF CALCULATING DATA

In general, the scheme of analysis and presentation of toxicity
data used here depends upon fwo methods of plotting the results.
These methods are (1) the plotting of the growth with time in such ¢
inannetr that the effect of the different concentrations below the total
inhibition point can be recorded in a numerical manner, and (2) the
plotting of the numerical values for all the concentrations in such a
meanner thut & straight line is obtained, The main objection to the
method is that in general more labor is involved for an equal number
of tests because greater attention -
must he given to those tests ' : ]
which are usually considered as /
negative. Aside from the fact /
that the data obfained seem to
be of & more fundamental char-
acter, there are several other ad-
vantages in the scheme of analy-
sis used here,

(1) A more eficetive control of
the experimenial conditions 1is
made possible while the experi-
ments are in progress, because
experience has shown that such
major variations from straight-
line growth curves as are shown
in Fagure 5 sre due to changes
in concentration of the toxic ma-
terial; these occur either because
of evaporation of the water or
the chemical itself, or because of
the chemical action of the toxic 2
matenial. In many such ecases 4
the concentration after a period y P
of time is not the same as when {"
the test was started. Expen- /
ence has alse shown that when
curves are obtained which show % <« & 2 s 20
little or no growth {or quite a rioag (0AYS)
period, followed by a growth Fiure f1.—Rate of growth 1o]r Famgls_ gnmoeus o
glmost, as rapid as that of the G iha same concentrntions: A, Schriad prowing
normal culture, it is almost al-  §,%s per trusphnting: B, started growing
ways because of the produetion
of spores from which, apparently, a more resistant strain of fungus
1s obtained.

(2) A smaller number of checlk tests are necessary because the
method of plotting makes each concentration serve as a check on all
other concentrations,

(38) Since the method requires the recording of the effect of con-
centration below fhe total inhibifion point in & numerical manner,
it permits the calculation of the effect of a combination of two or
more toxic materials which by themselves are insufficiently soluble
totally to inhibit growth. This use is best illustrated by Figure 8, B,
which shows the growth curves for saturated solutions of dipheny!

=1
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o
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and gcenaphthene and
for a saturated mixture

&

of the two in the same

test. The percentage

retardation for ace-

naphthere as given in
the footnote to Table

4 is 82.6 per cent; for

T
“"""h..

diphenyl 84 per cent.
If the two compounds

reacted independently
of each other, it would

h3 -~
LY

, be expecied that the

[ =l
TEN

growth permitted un-
der their combined ef-

fect would be the prod-

uet of the respective

RADIAL GROWTSH (MILLIMETERS)
2,

retarded growths pro-
duced by their use,

because the retarded

growth with the first

chemical becomes the

equivalent of the nor-
mal growth as far as

the second chemicsl is
concerned. Therefore,
the combined effect

2 &
TimE (Pars)

FieukE 12.—Rete of growth of Fomes canomis on medizms contain-
ing different concentrations of nitrobenzene, Bolid line ropresents
experimental dnta; broken line represents dnls corrected for rest

periods

should be 0.174 < 0.160,
orQ.028, or 2.8 percent,
or a retardation of 97.2
per cent. Two other
pairs of compounds,

namely, durene and dipheny!. and durene and acenaphthene, rave sub-

stantially the same kind ol
resulis, as is shown in Table
4. The agreement between
the experimental results and
those obtained by calcula-
tion seems to be somewhat
better than fortuitous. 1If
this is the proper way ol
crlculating the effect of sat-
urated solutions of more
than one compound, none
of which is alone able com-
pletely to inhibit the growth
of the fungus, this leads to
the conclusion that, from a
theoretical point of view, no
combination of such com-
pounds would ever be able
completely to inhibit the
growth of the fungus,
although it might very
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seriously refard it. This idea was tested by combining diphenyl,
durene, and acenaphthene. The combined calculated effect should
be a percentage retardation of 99.88 per cent, or & growth of 1¥ mm
in 100 days. At the end of 21 days no visible growth was noticed,
but the fungus wes not dead, because by moerely sersting the flask to
Temove the%"llydrocarbon the vitality of the fungus was restored, and
at the end of the third day after aeration started it was apparently
making the same rate of growth as that on the unpoisoned medium.
These ealeulations make it appear probable that when saturated
solutions of materials, none of which is by itself soluble enough to
exert & full lethal eflect, are combined, the combined effect of two or
more can be caleulated from the individual results, provided the
solubility of none of the materials has been affected by the presence of
the others. The calculation raises a very inferesting point as to what
would be the effect of two or more soluble toxic meaterials admin-
istered in doses which, if cach material were taken alone, would be
insufficient to kill the organism. It also raises the question whether
or nof & similar mode of actionr may be expected n & solution con-
taining toxic basic ions, toxic acid joms, and toxic undissociated
molecules. Should such a relationship, or one based on similar
princip]ias, occur, it would aid materially in the work on mixed toxic
materials.

TasLe 4—Comparison of calowlated and experimenial resulls when salurated
solulions of fwo hydrocarbons, neither of which 4s lethal, are used

Celoulnted Observed

Mixture contains— relardstion ! | retardation

Per cent

Acennapthene ared dipheny] . 46,
Acengpthene and dursne L 08,
Diphenhyi and durene o e e ee——————— a9,

! Percentage retardations of satumted solutions of each alone are: Acenapthene, 82.6 per cent; diphenyi
84 per conl; and durene, 15.6 per cent. .

MATHEMATICAL DISCUSSION

In order that the succeeding discussion may be understood more
easily, it seems desirable to give o short discussion at this point of the
mathematics involved in the experimental work, Since 1t has been
shown that within the limits of the experimental work the radial
growth of the fungus can be represented by a straight line on ordinary
plotting paper, the relation between radial growth and time can he
expressed by the general equation of a straight line, or G=K (t—m),
in which & 13 the radial growth, X the slope of the line, ¢ the time,
and m the rest period thet occurs before the fungus grows. The
method of comparing the different rates of growth eliminates m us
being of no consequence in this connection. The equation can there-
fore be written:

=Kt orK=?

where { is the time elapsing after the rate of growth has become
established.

151455°—33——3
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K the slope represents the rate of growth of the fungus in the par-
ticular experiment. In order to compare the rate of & retarded growth
with the rate of the normal growth, the slope for the retarded growth
hl?s been expressed as a percentage of the slope for the normal growth;
that 1s,

K retarded growth=K normal growth times the percentage of re-
tarded growth

This procedure gives inverse functions of the concentration; that is,
a5 the concentration increases, the values of K normal growth times
the percentage of retarded growth decrease. This was obviated by
subtracting the percentage growth from 100 and calling the result the
percentage tetardation, or B. The actual growth in millimeters per
day on any toxic solution is therefore expressed as

B G
Knormni growth (1 .OO—W)-)= ?

When the values of E were plotted against the concentration on
logarithmic paper the data conformed closely to a straight line; that s,

log R=log D+nlog C

in which R is percentage retardation, ¢ the concentration of the toxic
matenal, log I a constant, and « the slope of the line. The normal
form of this equation is

R=DcC"

which is the general equation of & parabola® The straight [ine shown
in Figure 13 therefore represents a paraboln, and the relafion between
percentage retardation and concentration is a parabolic relation.
The values of C, the concentration, may be expressed in terms of
percentage concentration er in terms of moles per liter without chang-
ing the value of the slope, hut the value of the constant I will be
changed by a value that depends on the n'™ power of the ratio between
the values in percentage concentration and meoles per liter.
In the growth equation

Kunrmnl Erowth (100 - R) jtl G
B can therefore be replaced by DC" to form the equation
K, (L00~DC) =1 G

When the values of K,,, the normal growth, and I, C, and » are
known, the effect of any concentration within the limits of the para-
bolic relation can be calculated and should reproduce the actual
experimental figures corrected for the rest period.

¢« Parshola or parabalie curve as used io this bulletin refers to any of the curves represented by the genoral
equation p=oaz®, where #1 13 positive, and not with the restricted meaning where y=afl.
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EXPERIMENTAL RESULTS

When the percentage retardation for the various toxic materials
was plotted agsinst the concentration as given in the preceding dis-
cussion, the straight lines on logarithmic paper had a number of
different slopes. It was first thought that the slopes of the various
lines were of little or no consequence but that they were character-
istic of the individual chemical. It was found, however, that as the
data sccumulated there were several groups whose slopes were nearly
the same, that the average of these would portray the data fully as
accurafely as the experimental work justified, and that in each group
there existed a similarity of chiemical construction that did notl seemn
to be entirely fortuitous. The six following fizures show the con-
centration-rejardation curves for these groups of chemicals. Within
each group the line representing the change in percentage retardation
with changes in concentration is parallel to the other lines in the same
group and interprets the data within the limits of the sxperimental
error of the metiods used.

INORGANIC COMPOUNDS

The inorganic compounds naturaelly divide themselves into two
groups: (1) Those chemicals whose basic radicals, such as silver,
mercury, and copper, can be considered as the toxic radical, and (2)
those compounds whose acid radicals, such as arsenate and tungstate,
may be considered as the foxic radical. In general, the sslts are
preferred for this type of work because they eliminate the effect of
the hydrogen or hydroxyl ions. Growth of the fungus Fomes annosus
has been obtained on apvroximately half-molar solutions of sodium
chloride, potassium chloride, magnesium sulphate, and calcium
acetate; none of these radicals can be considered as very toxic.

Figure 14 gives the data collected from inorganic salts whose basic
radicals may be considered as toxic, and Figure 15 gives the similar
dota collected from inorganic salts whose acid radicals may be con-
sidered as toxir. Tables 5 and 6 give the total inhibition points as
determined by extending the percentage retardation-concentration
curves to 100 per cent {p. 20).

TanrLe §5—The masi proboble tolal {nhibilion poinfs of salls in which the basic
radical i3 poisonous

Lowest : Lowast
Higbasl . Itighest
comcan. | SoLceD Most coueen- | coneen- | Most

* iration | probable tration [protmble
oration |t which | lotal fh- oraton | at which Fatal 10,
g’ [ P iyl Mgy Ko
2 :
EeW 1 teined &% 1 Yained

Muofe per | Mole per M'?!e ner J‘Lfgitfc per | Afote per DMole per
i ] it e i

titer fiter 7 fiter {iter
Nickel sulpbats___..|] 0.00052 | 0.0015 0.00115 | Silver nitrate, 0,00132 | 0.00153 | 0.00137
Nicke] ammenium Copper chloride .z L0023 L0082
G2 D72 J0040 || Uranlom scetate ) L0024 L0028 . 00272
0017 , 00021 L0022 || Cadmivm sulghate .| 0057 i) - (N8
. 00g4 . bo0s3 00047 || Zinc acetate. ... _._. L0t 0185 .ol

Thallous sulphate. ..
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TABLE 6.—The mosi probable total inkibilion poinls of sally in whick the acid
radical ¢s poisonous

L

Highast | cORSSt | Highst | oonoen | Most
concen- | iratlon | probable cone tration [probable
:tmt;)?nh at which | tatal in- si“,?f,‘}?h Bt which | total in-
Phangie no growtdy bibition ungus [°0,ETC b bibition
was obe | poin was ob- | poin
graw [ Yaodt P % | tmined

Mole per | Male per | AMofe per Alnfe per | Mole per | Mole per
fiter {iter {il diter fiter titer

3 3 Sodivm tungstate__ . 0.067 0.067

Bodium srsenats. . T . Ammonitm molyh-

Bodium chromate 0 39 .39
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FIGURE 14,~—Concentration-retardstion curves for inorganic meterisls with Toisonous hasie mdicals
sgelpst Lie fungus Fomes annosus

It is evident that the slopes of lines given in Figures 14 and 15 are
quite different. Lines with a slope that seems to fit the acid radicals
can not be drawn through the points representing the data for basic

radicals, or conversely. .
ORGANIC CHEMICALS

Very little if any data are available on the toxicity of aliphatic
compounds; most of the work has been confined to the aromadtics,
chiefly benzene derivatives. The benzene derivatives present a num-
ber of possible combinations having different structures. 'The
disubstituted compounds are perhaps hetter suited to show the effect
of differences in structure than any other class because many disub-
stituted compounds can be obtained that have the same substituent
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oups in different positions. It would be expected that the greatesat

ifference would be obtained by comparing the ortho with the para
disubstitutéd compounds since these present the greatest structural
differences.

Figure 16 presents ¥ » data obtained with para substituted benzene
derivatives. Figvze 17 gives similar data obteined with ortho substi-
tuted benzepe derivatives. Tables 7 and 8 give the total inhibition
points of these compounds as determined graphically. The lines rep-~
resenting the data for the ortho compounfs can not be made o repre-
sent the para compounds, or conversely. This difference in bekuvior
cen only be explamed by tho difference in sfructure since the two
gronps of compounds contain the following structural isomers:
p-chlorophensl, p-aminophenol, p-nitrophenol, p-chloroaniline, o-chin-
rophenol, o-aminophenol, o-nitrophenol, and o-chloroaniline.
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FIGURE 15— Concentralion-retardstion curves for inorganic materlals with poisonous acld radicals
against the fungus Femea annoses

TapLe 7.—The most probable lotel inhibilion poinls of para substiluted benzene
derivatives

pecivindll SEVIIN Highest | fORS! | 3
T.rur,ii(;nl [tlr-:t}biaplc ﬁg&g’ l'.:rar.]i]unh prob?tljle
ol wiich | total-in- ut whieh | total-in-
oagrowth] hibition n}:u\\*hich no growthi hibjtion
wns ab- | point e | wasob- | point
tained gre tained

Adole per | Mole per Mole per | Mele per |Afole per
titer fiter titer titer titer
p-chlorophancl 0.00145 0,% p-ehloroaniline X 0. 0030 0. 0039

p-nitropheno!____ 60107 -nitronniline. . . LOHI . {46
p-aminopheool . . 038 N (k1] yilroquinone . LHS . 038
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TABLE 8.—The most probable tolal inhibition points of ortho substiluied
derivalives

benzene

Lowest Towast
Highest

COnCRN- Mfoaf toncel-

tration | probable CONCOR- | tration

Somponud at which | totaiin- Compound aton {4 which
nogrowth| hibitian P at which no growih!

A [ungEs
wasz ob- | Deint was oh-
tained ET8¥ | tgined

fiter diter liter fiter Hiter

e-chloretoluens, . 00078 0. 0024 0.0024 || o-nitrotolusne 0. 00145 0.0017
e-nitrophenoi .. _..| .00084 00 L0000 || e-aminophencl . 0052 Q108
echlorophencl__. ... .9020 3L L9931 |i o-ebloroaniline. . 0038 QML

Alole per | Muile per Mele per | #ole per |Mole per

liter

0.0017
LGS
e

There was one major exception to the behavior of ortho and para
substituted compounds. This occurred in the salts of the substituted
benzote acids. Before these ean be discussed it is necessary to present
the date for the monosubstituted derivatives of benzeme shown In

Figure 18,
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Fioore 18 —Concentration-retardetion curves for monosubstituted
benzans derivatives sgainst the fungus Fomes annosus

The total-inhibition points are given in Table 9. In the monosub-
stituted compounds there seems to be no general slope that will fit all
the data; the structure of the four monosubstituted derivatives may

be represented as follows:

Sorium
Phanol Azllice KNitrobonzena benzozle

N N;
7N\ # &

B H o o




24 TECHNICAL BULLETIN 346, U.$. DEPT. OF AGRICULTURE

Tanie 9.-—The most probable tofal-inhibition points for mencsubstituled benzene
derivatives

Lawest : Lowaest
E}Iggxe_t concen- | Most nghegf" concen- | Most
tration  lratioR |probable foation | tratlon |probable
at ohion |8t which | total.in- Compound b which | 8¢ whick [ totatin.
fangus [2EOR1N) Ao “fungus” (2551054 bibition
Ere% | tsined grew | oy

Mule per | Mole per | Mole per Mole per | Afole per | Mfole per
liter iHer fiter liter tiler {iter
Sodinm benzoate....| .00 6. 008 C.{8 0.01 0.0845 | 0.0102
Aniline 028 - 035 R 31 [O) 0042

! Noo norinal growth was obtained at 0.0044 and 0.005¢ mole per liter, but abaormal spore growtil was
ohtsined, At 0.008% mole per Hter no growth of any kind was chiained, and the fuogus waos dead,
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Figurg 10.—Conconirption-retardation chrves for suity of banzoke
undd substituted benzoie nelds

In Figures 16 and 17 it was shown that when combinations of any
two of amine, chlorine, hydroxy, nitro, or methyl groups were present
in the same molecule the slope of the line representing the effect of
concentration on the percentage retardation seemed to be dependent
upon the relative positions of the two groups. This was not so with
the sodium salts of substituted benzoie acids, the slopes of which were
mere nearly parallel to the slope of sodium benzoate as shown by
Figure 18. The total-inhibition points of these compounds, deter-
mined graphically, are given in Table 10,
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TaBLE 10.—The most probable total inkibilion poinis of the sells of benzoic and
substituted benzoie deids

Low- . Low-
High- |est con-| Most High- [ést con-| Mast
st con- | cenira-1 prob- est con-| centrs-| prob-
cenira-| tion nt | “able centra- | tion st | Bbla
Compound tion at | which | total- Compotnd tion st | which | total-
which{ ne inhibi- which | oo |iohibl-
fMungus | growth| tion s funsus | growth | tion
grewr |wasob-1 points grow wasob-) pointa
toined talned
Afole + Meofe | Afole Mule | Mule | Muofs
per Hter | per Bier | per fiter per titey | per fiter | per Her
Bndium benzonte_________ 0.06 | 0,098 0,082 | Bedium p<chlorobenzonte | 0,011 | .0128 | 0.0128
wodlum paminobenzoate| .1 L1 ] p-taluenasulphamide..... L1
Sodiim m-zmincbenzoate] 084 | DM N

Another exception is p-toluenesulphonamide. This may be looked
upon as the ammonium salt of p-toluenesulphonie acid from which
one molecule of water has been lost. Its structure may be represented
by:

CH;

a
vy b

which is very similar to that of sodium benzoate:

P-toluenesuiphonamide has a physiological action very similar to

that of sodium benzoate, suggesting that all the sulphonie acid salts
may behave in & very similar manner.

DISCUSSION OF EXPERIMENTAL RESULTS

The departures of severai of the paints in Figures 14 to 19 from the
lines averaging the series to whieh the points respectively belong
are somewhat greater than can be sttributed to experimenta! error,
Most of these points occur ab the lower concentrations. This seems
to indicate that in such materials the effect of low concentrations is
quite different from that of high concentrutions in the rate at which the
toxic effect increases with concertration.

Whatever may be the cause of this apparent change in behavior, it
is sufficient here to limit the discussion to the region over which the
parabolic relationship shown by the experimental worl holds goed.
At present these Limnits appear to be as follows: Between 60 and 100

151455°—33—

r
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b

per cent retardation for para compounds, or when the slope of the
toxicity eoncentration curve is 0.56; hetween 80 and 100 per cent
retardation for ortho compounds, or when the slope is 0.15; between
80 and 100 per cent retardation for substituted henzoic acids, or when
the slope is 0.19; between 20 and 100 per cent retardation for inorgaenie
basic radicals, or when the slope Is 1; and between 90 and 100 per cent
retardation for inorgsnic acid radicals, or when the slope is 0.07.
When stated in terms of concentration, the relationship seems to
hold in all compounds between the concentrations producing total
inhibition and & concentration only one-third as great.

The straight ines shown in the logarithmic plots, such a5 in Figures
14 to 19, are equivalen$ to parabolic or simple-power curves on ordi-
nary eross-section paper. The equation of such o curve may be
written B=DC" in which R is the percentage retardation snd € is
the concentration. The exponent » 1s the slope of the line on loga-
rithmic paper, and I} is & constant or parameter whose value depends
on the position of this line. The experimental work indicates that
one value of » Is applicable $o a group of chemicals of similar coa-
stitution. It may, therefore, be considered that n is determined by
the structure, or configuration, and D by the composition of the
chemical.

CONCLUSIONS FROM EXPERIMENTAL WORK

The following conclusions can be drawn from the experimental
work on Fomes annosus:

The radial growth of the fungus Fomes annosus is directly propor-
tional to the time of growth, provided other conditions are the same.

There is & definite relationship between the concentration and the
percentage retardation of the growth of Fomes anngsus grown on
nutrient agar containing various chenreals. ) ) )

This relationship may be expressed as a straight line on logarithmic
paper and holds true apparently between the total inhibition point
and approximately one-third of that concentration. For this
portion g parabolic relation apparently exists.

It is possible to arrange chemiczls In groups whose percentage
retardation-concentration curves are similar in slope and in which the
chemieal constitution is also similar,

The relationship between concentration and percentage retardetion
mey be expressed by the general equation

B=DC"

in which R is the pereentage retardation, ¢ the concentration, n 2
constant or exponent which seems to be a function of the chemical
structure, and D o constant which seems to be dependent upon the
individual compound.

WORK OF OTHER INVESTIGATORS

A comprehensive search of all the literatura to find whether similar
relationships exist in other organisms is well-nigh impossible and has
not been atiempted. In fact, only a small portion of the literature
has been reviewed and even g smaller portion of that reviewed has
been used. It is believed, however, that the date presented in this
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critical review are sufficient to show the possibility of a wider applica-
tion of the scheme of analysis used here and to aid in the development
or extension of relationships which were beyond the scope of the
original data. In dealing with different organisms, different methods
of measuring toxteity must be used. In general, the toxicity is meas-
ured by whatever convenient measure is available. If the toxicity
data are of such & nature that they can be put into terms comparable
with the percentage retardation of the previous discussion, it is pos-
sible to determine whether a similar relationship exists between toxic
effect and concentration, Arranging chemichls in groups of like con-
stitution and like rate of changs in foxic action with changes in con-
centration is a more difficult task, because it requires a sufficient
number of chemicels of like constitution to establish the best relation-
ship, and also because there is no reason to believe that the relation-
ship shown in the experimental work on fungi would hold in exactly
the same maaner with other organisms. In fact, it would be surpris-
ing if this were true, but some other arrangement of like chemicals in
groups showing, in general, the same sort of influence, though with

ifferent numerical value, would net be surprising. But, as stated
previously, a sufficient number of tests would be required to establish
the relationship. Such data are not likely to be found in the litera-
ture unless some other investigator has proceeded along a similar line
of attack as that followed in this bulletin.

In attempting to find the relationship in toxicity date with other
organisms, cogmzance must be taken of the fact that in some toxicity
work the organisms normally live beyond the length of the expert-
ment, while in other work the organisms normally die under the con-
ditions of the test, even if no foxic agent is present.

APPLICATION OF THE ANALYSIS TO DATA ON BEAN AFHIS

Tattersfield, Gimingham, and their coworkers have conducted ex-
" tensive toxicity tests (15, 16, 17) using insects and worms as their
organisms, Since such organisms are representatives of the animal
kingdom whereas the wood-destroying fungus Homes ennosus repre-
sents the vegetable kingdom, the data are of particular interest be-
cause any scheme of analysis that can be used or the toxicity date
from two such widely separated groups must approach the funda-
mentals of toxicity as & whole. Many of the data collected on the
bean aphis (Aphis rumicis) by these workers are not susceptible to
the mathematical treatment proposed here because, for the most part,
they record only the lethal concentration and give no idea of the rela-
tive effect of concentrations below lethal doses. Tattersfield, Giming-
ham, and Morris report experiments (/6, p. 220) on more than 60
organic compounds with approximately 10 aphids for each compound.
The accidental death of two aphids would, of course, introduce a
large error in theiv data. This is perhaps the reason why the authors
state: '

It should be pointed out that the curves on the disgrams arc not suitable for
mathematical anulysis and ean not be used for exach interpolation; they are ine
tended to show the general frend of the experimentally determined points * * *#

The relationship between toxic action and concentration under the
scheme of analysis used here does not require the exact determination
of the killing point, but does require that a sufficient number of deter-
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minations be made below the killing point so that the trend of the
effect of the concentration can be determined. '

As much of Tattersfield’s data as possible has been taken, keeping
in mind that the data can not be more accurate than 10 per cent and
that & 20 per cent error would probably be within the limit of the
occasional experimentsl error. Tattersfield’s data give both the
number of survivors and the number dead or dying.  The number
dead when expressed on a percentage basis is similar to the percentage
retardation, if it can be assumed that the weak aphids die at lower
concentrations than the stronger ones. The method of plotting also
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Figure 3),—Concentration-denth curves for varions chemicals apalnst the besm aphis (Aphis
ruaieis).  Froln datx by Tattersfield, Glmingham, snd Morris {(18)

requires that at least three determinations be recorded below the con-
centration that was lethel to all the subjects investigated. This con-
dition is fulfilled by only 13 of the pure organic materials used by
Tattersfield. The curves for 9 of the 13 materials are given in Figure
20. The others have been omitted for the sake of clearness of the
figures. Omnly four of the points shown in Figure 20 are farther away
from the lines drawn than would be accounted for by the death of one
aphid. Two of the four points in the curve are for o-methoxyphe-
nol. The actual record taken from the original paper and the number of
deaths required by the curve for this chemical are shown in Table 11.
The best agreement is furnished by 2-6 nitro- 4 methylphenol, which
gives o straight lie including zll four points,
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Tasre 11.—Comparison between the number of deaths eblained by experiment® and
that required by the curve for o-methozyphenol

Concen- | Number | Number | Required ] Differ-
tration [unaffected] dead (brceurve) ence

MAote per
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1 From dgta by Tuttersheld, Giminghem, and Morris {161,
# This point oot plotted in Figure 20,

. The data furnished by Tattersfield and his coworkers on the tox-
wcity of the alkaloids (76) also plot as straight lines on logarithmic
paper. (Fig. 21.) Their data on the toxic effect of various plant
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Fiepnz 2t—Conceniration<death corves of aikalolds ageinst the hean aphis {Aphis rumicis).
From dals by Tattersfield, Ghoinghom, and Morris {157

extracts, and the like, need not be considered here hecause the extracts
were necessarily tmpure toxic substances. These are outside of the
scope of the present discussion since their consideration necessarily
leads to & discussion of the complex relationship that must exist when
two or more dissimilar toxic materials are mixed together or when a
water-soluble toxic material is dissolved in an oil.

Of the 9 curves shown in Figure 20, 1 is the hydrocarbon naph-
thalene, 1 is an alpha substituted naphthalene, 1 is an ortho sub-
stituted benzene, 2 are para substituted benzenes, 2 are trisubstituted
benzenes, 1 a tetrasubstituted benzene, and 1 a hexasubstituted ben-
zene. In view of the meagerness of the dats it is not possible to
arrange the compounds into groups of like or nearly lice constitution.
1% 1s believed, however, that there is sufficient evidence to show that
the parabolic relationship between changes in concentration and
toxic effect holds here as with fungi.
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JPPLICATION OF THE ANALYSIS TO DATA ON THE BACTERIA STAPHYLOCOCCES

PYOCENES AUREUS AND BACILLUS PARATYPHOSUS AND ON ANTERAX SPORES
The conditions of many toxicity tests in which bacteria are used
as test organisms are such that the bacteria would slowly die without
the aid of the foxic material. The effect of the toxic material is
therefore to increase the death rate, It is essential to know something
_ about the death rate under the con-

8.

il ¥ ditions of the tests before any at-
610 ¥ tempt is made to determine whether
or not the parsbolic relationship be-
4.0 tween concentration and toxiceffect
A holds with bacterin also.
Chick (1), following the sugges-
20 tion given by Krénig and Paul (9),
found that the viability curve of
~ 0 bacteria can, in general, be repre-
~ a8 3 sented by the equation of a mono-
% o6 ] molecular reaction,
P i
% | e — K2
= 04 a—zr=daeg
S or
W 0.2 a
2 K= log Tz
N2 . .
Joos Where a is the number of organisms
X 0.06 at the beginning; « the number dead
e ¢ at the end of any time, f; and K a
.04 copstant which expresses the death
rate for the particular condition un-
der which the test was run. This
0.02] representation of the viability curve
of bacteria by the monomolecular
80! equation was later substantiated
4 2 4 & 8.0 (0 by Cohen (2) and by Winslow and
. CONCENTRATION FaI}\ (18}, although the latter paper
PARTS PER THOUSANO)  potes numerous apparent excep-
thons.

Fioohe 22.—Changes in the value of the com- . .
stanl K with changes in concentration of the  Any change in the conditions of

Eﬁgf"mma%i%ﬁm‘}mﬁ‘f“'ﬁsz % the test changes the v:}xllue of the
getarizm Loeac PROJENRES DU,

buotarim, | Saphyte e s CoDstant K since it changes the

calouiated to the Jogasithm busac, whilo those rate of death. The constant K of

15 Aval L

imtarleranes of one curve with the other. The those conditions must, therefere,

data for B cun be converied to thewsecby contain the factor K; for the normal

death rate and P for the percent-

age effect of the poison. This part of the equation could therefore

be written
K=K, (1.00+ P)
or
K=K, +KP

I K, were known, it would be very sinple to calculate the values of
P and the e\'pemmenbn,l value of A, but Chick does not give any



http:calcula.te

EFFECT OF CONCENTRATION ON TOXICITY OF CHEMICALS 31

value from which K, could be ecalculated. If, however, the value of
K, is small in comparison to the values of K P it can be neglected
and therefore K can be taken as equal to K,P. Since P is compa-
Table to percentage retardation, the value of K should plos as a straight
line on logartthmic paper, because the multiplication of P by any
other constant will not change the slope of the parabola that
might be formed by the various values of P obtained from different
concentrations,

Chick, working with Bacillus peraiyphosus and Staphylococeus
pyogenes aureus tested the toxic action of phenol against these organ-
13ms.  She presented evidence to show that the monomolecular-
reaction equation could be modified to fit the various conditions of
her experiments. It is not the purpose here to question the validity
of Chiclk’s modified equation, but merely to point out that the rela-
tionship shown in the experimental part of this bulletin also fits the
data. To this end the values of the constant K for each concentra-
tion of phenol have been worked from Chick’s original data as given
in Tables 12 and 13, and plotted against their concentration, the
assumption being that K was small. Part of these data are shown
in Figure 22. It is evident from the steepness of the line in Figure
22 that K; must be small because K equals K, + K, P has a value of
only 0.01 af, a concentration of 4, and at a concentration of 2 parts
per thousand would have a value of 0.001. They show a parabolic
relationship between the concentration and the value of the constant
as is required by the relationship.

TaBLE 12.—Time required for killing 30,000,000 Staphylococcus pyogenes gqureus
at 20° C. with varying concentrations of phenol’

Phenal Plienal :
Time token for " Time taken lor
T le | disintection ) | Yiog {5 | disintection
Howrz | Minutex Finnry l Minutea
4.0 1] 4,8 Al 3 4.0
13,5 il 29 4.0 4 [ 45.0
10.0 | 2.4 4.0 <] L0
8.0 1 30 i

Y Fromn datn hy Chick (7). )
10y polol not plotted,” [t is slighily nbove Lhe curve.

Tapte 13.—Time required for reduction in nwmber of about 50,000,000 Bacillus
paralyphosus al 20° C. to less than 80 with varying conceniralions of phenol)

FPhenol Phenal :
Time taken for Time token for
Tos fe | disinfecsion | 00 P 1 * disinfection (0
HMHoure | Alinules Tloury | Minutes
12.0 1] 325 13.q 2] 1]
110 0 a6 80 n 45.0
0.0 1) 8.5 i.8 1 150
&0 7] LIRS 7.0 1 45.0
8.0 1 8.0 G5 2 5.0
il 2 0,4 B. ¢ 3 45.0
G0 4 1] o5 T 2
LA 10 1] 5.0 1 .0
740 14 &

1 From dafs by Chick (f). )
# These poiots aof plotted, The point Jor 4.5 purts of phenol js on the line; the other 2 ara slightly obove.
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Chick also reproduces the data of Kronig and Paul on the effect
of mercuric chioride on enthrax spores. These data have been handled
in & manner similar to that described for Chick’s data. The values
of the constants K for Krénig and Paul’s data are plotted against
their concentrations in Figure 23.

From these dats it appears more than likely that the parabolic
relationship shown in the experimental work on fungi can be used
with satisfactory results when bacteris are the test organisms. The
complete equation for the viability of bacteria may therefore be
written as

v

e

VALUE OF CONSTANY N

4
aFr a2 O Ab LD A0 40 &0 MO RO K0
CONCENTRATION OF MERCURIC CHLORIDE

(PaRTs PER THOUSAND,

Ficuke 23.—~Changes in the walue of the constant & with changes

in coneentrntion af mercaric chlorideo ngninst anthrax spores.
From duln by Krinig and Faul (%)

where DC" is equal to P if the normal viability constant is small,
and as

K, (1.08+ DC™) =5t log £

if the normal viability constant I is large in respect to DC".
This last form is similar to the equation of growth for fungi as
given on page 18.

K. (1.00— DO = lt Pes

The left side of the equation, which is the side governing the rate,
differs only in the sign. The viability curve for the fungus was a
life curve and was opposed by the toxic action; the viability curve
of the bacteria was a death curve and was aided by the toxic action.

APPLICATION OF THE ANALYSIS TO DATA ON GREEN PLANTS

The effect of different matenals upon growing plants has long been
of interest to mankind because the whole science of {ertilizers is bound
up with the effects of lime, magnesia, ammonia, and the like, upon
growing plants. These effects are of particular interest fo those
plants coramonly used as foods. MeCool (12) messured the effect
of various poisons on peas and wheat, grown in distilled water,
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Pfeffer’s nutrient solution composed entirely of inorgsnic salts in
distilled water, and in scil. He measured the weight of the green
tops, the weight of the green roots, and the average length of both
roots and tops. Because of the wide range of the investigations and
becsuse in many cases mixtures of two bases were used, not all of his
date were valuable for use here.

Figure 24, which has been plotted from McCool’s data, shows the
effect of i mcreasmg the concentration of manganese chloride on the
weight of the tops of peas grown in nutrient solution., The data are
given In Tsble 14.
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FiGune 2¢.—Cohcentrationretardation curves for manganese chioride against Canadn fleld peas
grown in notrient seluilon. From datn by MeCaool (18]

Tazre 14.—Effect of manganese chloride on the weight of tops of peas

Cancen- Concen-
tratien | Weight trotionr | Weight
of man- | of green Totardation of man- | of gpreen Retardstion
REDOSG tops i Einesn ops 1
chicride chloride
N Granis Grams | Percent N Grams Graws | Per cent
g 10, 40 o 0 0. 020 150 8.90 85.5
S 173 7.20 3.20 30.8 050 .85 0, 55 fLO
.05 4. % 7.020 68.2 1) -H 2.78 H.O
Rl 220 B.20 78.8 200 00 i 40 100.0
\ From datn by NeCool (19). t Wutrient sohatipn.

The parabolic relationship given on page 18 expresses the data from
the total inhibition point to approximately one-fifteenth of that
concentration as accurately as the cxperimental data will allow. The
effect of changing the concentration of the posion shown here has also
been confirmed in other exampies on green plants. The toxic effect
can therefore be considerzd as a parabolic function of the concentra-
tton of the poison for a very considerable part of the range.

EXTENSION OF THE ANALYSIS TO STIMULATION

A discussion on the general eflect of changes in the concentration
of & toxic material can not well be concluded without some considera-
tion of the stimulating effect of low concentrations. This is particu-
larly true here, where it has been shown that an increase in concen-
tration causes an increase in toxic effect and that within certain
limits the increase in toxic effect appears to be a simple parabolic
funetion of the concentration. Since a parabolic function does not
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permit of any reversal in the curve, no stimulation can be accounted
for by this simple parabolic function. However, the fact that
poisonous materials when used in low concentrations frequently act
as stimulants is well known. Winslow and Falk (/8) ascribe to
Richet the discovery that there are certain concentrztions of the same
salts which are (1) indifferent, (2) stimulating, (3) inhibitive, and (4)
toxic. Winslow and Falk point out that the change from a stimulat-
ing to a retarding influence is apparently a contimuous process and
that the inflience can be represented by smooth curves. It is
extremely difficult for"the chemist to visualize a single reaction that
proceeds in one direction at one concentration and in the entirely
opposite direction at some other concentration. There are a fow
cases in colloid chemistry where apparently one concentration of a
foreign material peptizes the colloid and snother concentration
coggulates it.

The conception of two opposed reactions can easily be applied to
the effect of changes in concentration on the welfare of living orennisms
if it is assumed that both reactions are present at all concentrations
of the reacting material. If one of these reactions is beneficial and
the other detrimental to the well-being of the organism, the one which
has the greatest effect at any particular concentration will be the one
whose influence is more apparent at that particular concentration.
If the two reactions are equal at some coneentration, there will be no
apparent effect. This bulletin has shown that the detrimental effect
of a peison on a fungus, on aphids, on bacteria, and on green plants is
very closely approximsted by a parabolic function of the concentra-
tion, at least within the range of the data shown.

If this range is extended into the region where stimulation Is
obtained the whole range of change in concentration can be repre-
sented by two parabolas, one representing a detrimental and the other
a beneficial effect. At no concentration can either effect be measured
alone, because of the presence of the other opposing effect. The
measurable results are the net resultant of these two opposed reactions.
When the beneficial reaction is greater than the detrimental reaction
the net result will be stimulation. When the detrimental reaction
is greater than the beneficial reaction the net resuit will be a toxic
action. At the point at which the two are equal there will be no
measurable effect. The net stimulation must be added to the figure
representing the growth of the organism in the absence of the chemical
under investigation, and the net detrimental effect must be sub-
tracted from this figure. When the net detrimental effect equals the
normal growth, no growth or total inhibition is obtained. The mens-
urable detrimental effect can not therefore exceed the normal growth,
but the net stimulation may exceed the normal growth. No such
limitations apply to either effect if talken by itself; the detrimental
cffect, if talken by itself, may be many times the normal growth
provided it is opposed by & beneficial effcet which is great enongh to
bring the difference between the two effects within the range of
measurement. Since the beneficial and detrimental reactions have
different rates, the curves representing their plotting on fogarithmic
paper must cross.

Some explanation is necessary, since a hypothesis is now offered
which proposes to represent by the difference between two crossed
paraboFas the same effect that was previously represented by a single
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paraebola. Fortunately, this conception of fwo crossed parabolas
18 the explanation of the exceptions and discrepancies noted in the
early part of the bulletin. Figure 25 shows three different pairs of
crossed parabolas representing beneficial and detrimental reactions.
The difference between the two is the net beneficial and net detri-
mental effect. In these figures the net beneficial effect, or stimulation,
is always on the left side of the crossing point of the two lines. This
is added to the normal growth. The net detrimental effect is slways
on the right side of the crossing point. It must be subtracted from
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Figure 25.—1iljustration of the hypothesis of benellcis! end datrimental effects used as parabolie
funetions of the concentration: A, B, and C, crossed parabolas; D, E, and F, the corresponding
growth curves. ‘The hesvy line with dots represents Lho difforenco between the two paraboias
when the net effect is detrimentai

the normal growth. The net detrimental effect obtsined by these

airs of crossed parebolas is shown by the heavy line with dots in
g‘igure 25. Any investigator collecting date within the range of
toxie effect would be justified in drawing & strajght line through the
experimentelly determined points represented by the dots because
the differences of the experimental data are less than 5 per cent from
the line, and are within the limit of error of most experimental toxicity
data. A close examination of the points in Figure 25 shows that the
data are not true straight lines but are curves and that the points have
s tendency to be above the line in the center and below the line at
both ends. In experimentally determined points the experimental
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error may throw the point on either side of the line, and a straight
line relation would be even more justified.

In order that the idea of crossed parabolas may be more clearly
depicted the curves in Figure 25, A, B, and C, have been replotted on
ordinary coordinate paper as total growth lines. (Fig, 25, D, E, and
F.) The normal growth is represented by a horizontal line drawn at
100 per cent. The portion above this line is the difference between
the two parabolas at the left side of the crossing point added to 100
per cent, The portion below this line is the difference between the
two parabolas at the right side of the crossing point subtracted from
100 per cent.
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Fioure 26.—Illustration of the hypothesis of beneficial and detrimental eMfects used as parabolic
functiona of the conceniratiion when ther is no messurabla stimulation: A and B, crossed pamb-
olay; Cand D, the corresponding growth curves, The henvy line with dots represenls the
dilference between the two pambolas when the nel eifect is detrimenial

One objection to the hypothesis of crossed parabolas is that some
organisms do not show & net stimulation with certain chemicals;
others may not show a stimulation with any materials even when the
whole range is carefully investigated. In Figure 26, curves A and B
show two pairs of crossed parabolas representing opposed beneficial
ond detrimentasl effects. TEe growth curves for t%c crossed parabolas
in Figure 26 are shown opposite them in C and D. Both pairs of
curves show a stimulation which is less than the experimental error
and would ordinarily be missed or considered as erroneous. In
Figure 26, D, this condition exists for over one-fourth the distance
between zero concentration and the total inhibition point. The
objection that no stimulation can be shown, therefore, does not elim-
inate the possibility that the net effect can be depicted by crossed
parabolas. Curve C of Figure 25 showing stimulation and curve A of
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Figure 26 showing no measurable stimulation are made up of two

airs of crossed parabolas having the same slopes, but different
miercepts, The point of crossing in curve C is at concentration 9.5
and percentage effect 56; in curve A the parabolas cross at concentra-
tion 9.5 and percentage effect 5.6.

APPLICATION OF THE HYPOTHESIS TQ BACTERIUM COLI

The data presented by Hotchkiss {6) afford an excellent opportunity
of testing out the hypothesis of two reactions with Baclerpum cols.
Hotchkiss measured the effect of 2 number of cations on the number of
bacteria present at stated intervals. For the most part her data
show only the numbers present at one time during the test. The
time of the test is, therefore, of no interest in this connection, provided
that the same interval Is used for each concentretion. For conven-
ience, her data have been recaleulated into percentage of the normal
numbers alive as indicated by the control cultures that were run at
the same time. When the percentage alive exceeds 100 per cent of
the normal, the stimulating effect was greater than the detrimental
effect and, convarsely, when the percentage alive was less than 100,
the detrimental effect was the greater.

There is at present no simple way of caleulating the real values of
the beneficial end detrimental reactions from date as collected. It
is, however, very simple to pick out by “cut and try” methods a pair
of parabolas that will fit the data for each compoun?.

Some of the data collected by Hotchkiss (6) have been so pletted
and the results of this method of “calculation” are shown in Table 15
slong with the original data recalculated to percentage effect.

TasLe 15.—Comparison between the caleulated and experimental values of the effect
of various conceniralions of inorganic salls on the viability of Bacterium coli

Number sirviv- Number surviv-
ing oltor § lisurs ingalter & hoirs
. Concen- Concan-
Salts tration Salis tration
Caleu-{  COb- Calew-1 Ob-
inted | served? lnted |served?
Mole per} Per Fer Jole per | Per Per
ier cenit cent {iter cent ceni
0, 0125 148 147 0. 000001 146 139
. 625 160 wel . - 00000S 135 13p
Megnssium chioride ..t * ?gg %.:.% igg Amc‘chior:ds """""" mﬁﬂﬂﬂé lgg gg
23 05 il . DOGL i}
i [H 1] L 0000GS 141 142
H00005 17 i . D00GT 140 142
0006} 173 175 . i . 00005 134 142
» 00005 181 175 || Stannic chloride...an.o. L0001 127 00
Mickel chloride.___..___ 001 172 175 . 0005 2] 83
0005 1 12 [1.t133 L] 58
.oel 55 5 005 0 0
005 0 i)

! From data by Hotchiiss (6},
APPLICATION OF THE HYPOTHESIS TO THE SPROUTING OF WHEAT

The work of Jensen (8} furnishes an example of the application of
the crossed parabolic hypothesia to green plants. Jensen usedsprouted
wheat seedlings in water solutions, In nutrient solutious, in sand, and
in soil. He varied the concentration of the salt and measured the
average length of sprouf, the total transpiration, and the weight
of the test specimens when green and also when dry. The grain was
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sprouted before the experiments started, but since there are no data
on the aversge dry weight or green weight at the beginning of the
experiment, these figures can not be used. The statement 1s made,
however, that the sprouts were approximately 3 mm long when the
experiment was begun. The growth which takes place during the
experiment is the total length recorded minus the length at the begin-
ning. In this case, therefore, the length factor is the only factor
which can be used to determine the effect of the chemical on the growth
of the organism, and even this is only approximate because it must be
assumed that all of the sprouts were 3 mm long. The process of
preparing the data for use in this mathematical freatment involved
the following steps: (1) A determination of the increase of length
that took place during the experiment (total length minus 3 mm}).
{2) A determination of the percentage increase or decrease over the
normal growth expected. (3) The empirical fitting of the data by
two crossed parabolas. {4) Reading frem these theoretical curves
the percentage increase or decresse in the growth due to the presence
of different concentrations of poisons. {5) Reconverting the per-
centage effect into length measurements and adding to this figure the
3 mm which wes subtracted at the beginning of the calculation. This
procedure gives the total length of t,%[e whest sprout required under
the theory of two reactions, one of which is stimulating, the other
detrimental, and also shows that both reactions are parabolic func-
tions of the concentration. A comparison of the results obtained by
this proeess of calculation and empirical fitting of the data when the
wheat sprouts were grown on a lead nitrate solution of various con-
centrations is given mn Table 16. A similar comparison between the
theoretical requirement and the experimental result when the wheat
was grown on & nutrient solution containing various concentrations
of zine sulphate is given in Table 17.

TasLy 16.—Comparison of caleulated and experimental determination of lenglh of
wheal sprouls grown in lead nitrale solution

Concen- i.ength Langth Concen- Length Length
tration | calculated | observed ! tration calculnted | observed &

N om ; Cm
0. D001 1243 3

L oot
002
T

| From dats by Jensen (8).

TasLe 17—Comparison of calculated and experimental values of the lengih of wheat
sprouls grown tn zinc sulphale in @ nuirient solulion

Concen- Length Length Coneen- Length Length
tration calculsted | observed t tration enlcniuted | ohserved !

N Cri O ol

0. 00001 4. 13. 85 3 . il 47
. 00002 13.30 . i 5V
. QU005 a 14.70 . . ]
. 0001 16. 2% . L T 6. 6%
L0003 . 12,77 . X 5.7
L0005 ., iz.20 . . 502
. 07 11.08 1t 45 . . 4,57

! From dota by Jepsen {8),
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When, however, the plants are grown on soil the data do not follow
the same laws. Jensen (8), however, shows that even with pure sand
there is a considerable surface adsorption, so that the concentrations
he records as being used in soil were certainly not the concentrations
that were available to the plants. If there were a means of caleu-
lating the surface adsorption, & closer egreement might be obtained
with soils. These results, while they do not prove the existence of
two opposed reactions, at least show that the hypothesis is tenable
and warrants further consideration.
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FIGURE 27.~-Curves reprosenting n bepefleisl and detrimenisl offect of mahganest chloride on
Cannds fleld pess grown in soll.  From date by dMelool {iz)

APPLICATION OF THE HYPOTHESIS TO GROWING PEAS

The discussion of the work of McCool (p. 33) was based on
the assumption of & parabolic relationship between concentration and
toxic effect. The chemicsls previously discussed, however, showed
the existence of a stimulating effect when used by MecCool under
different conditions of the experiment. In Figure 24 MecCool’s
results on growing peas in nutrient solution with the addition of
different concentrations of manganese chloride are shown as a para-
bolic relationship between toxic effect and concentration. Figure 27
shows two parabolas which represent McCool’s results when peas
are grown in soil having the same concentration of manganese
chloride.® These results show a stimulation. The agreement of the
experimental data with the curves are shown by Table 18.

It is more than Hkely that the concentrtions recorded tiere were nol the concentrations available to
tha but are lowsr concentrations, dus to surface adsorption of the mangayese by tho soil as was shown
by Jenszen (8) in bils experlments with wheat,
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TasLE 18.—Comparison between the calculated and erperimentol values of the effect
of mangenese chloride on the growth of peas

Avernge length of tops Averago loopgth of tops
Concontra- Congentra-
Lion tion
Calonistedi] Obgervad Chrileulutedt| Observed 1

N m

1O 5 ic.0
100 -5 L5
.1 [+]

* ¥alues obtained from the curves by adding the nel efect Lo 100 per cent i tha net offect is beneficial and
by sublracting the net effact from 100 if the net afect is detrhinential and moltiplying the values by 15 {the
normal growth or 100 per cent).

1 From data by McCool £28).

McCool’s data also supply seme figures on the effect of calclum
chloride on peas grown in distilled water. The data collected were
entirely witﬁin the stimulating range. It is interesting to see how
close the hypothesis of crossed para%olas will fit these data, Figure

28 shows the two parabolas chosen for this trial. Table 19 gives a
comparison of the caleulated and experimental results.
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Froune 28.—Curves representiby s bDencleinl and detrlmental effect of calcium chioride on
Canada fleld peas grown in distilled water. The datn were collected antively within the stim-
uinting replon. From dats by MceCool (18).

TaeLe 19.—Comparison of calculaled and experimental stimuliation of Canada field
peas by calctum chloride

Weight of green tops Weight of green tops

Concentra- after 30 days Concontra- aftor 30 deys

tion Uon
Calenlated!] Cbssrved 2 Caleulatadi| Observed 2

N Grams G‘rafngs N Grama Grama

¢ L85 Q. 31000 .00 68.20
ALY 5. 00 500 - 00200 5. 70 6.70
« JA00G 7. 10 710 . D050 4.1 530
« J2000 .20 (A L] . 00025 4.00 4. 20

1 Vaiues obialned from Lhe curves by adding Lthe not affect to 100 por cent If Lho net affeet is benaftelal and
h% sublraebing the net offect from 100 0f the oot effect is detsimentsl snd maliipiylog tbe values by 1.BG
(ths normsl growth, or 100 per cont),

2 From ¢ota by McCool (18).
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Only one of these values in Table 19 is as high as 1 gram difference
between the sxperimental and theoretical results. The values there-
fore ara certainly within the limit of measurement.

APPLICATION OF THE HYPOTHESIS TQ FUNGI

At the time the experimental data shown In the early part of the
bulletin were colleeted, no thought was given to possible stimulatin,
effects; in fact, it was not known that timber- destroying fungi coul
be stimulated. It was not until the arrangement of many of the data
in a form similar to the one presented that it became evident that some
other influence must be at work to cause the discrepancies found in
many of the deta, and it was not until the idea. of stimulation had been
applied to Hopkins's data (p. 37) that the nature of the explanation
became apparent. It was then too late to collect data on the stimu-
lation of the test fungus. Since then Liese (10) has found that Conio-
phora cerebella, a wood-destroying fungus, is stimulated by dilute
solutions of foxic materials. It seemed worth while, therefore, to
review the experimental data on Fomes annosus for evidences of stimu-
lations. Several instances of stimulation were found, some of them
amounting to as much as 20 per cent. These data arve much more
ligble to serious error than the data within the toxic range because the
time during which they were growing seldom exceeded three days and
never more than four and the measurements were probably not so
carefully taken because they were of little interest at that time.
Table 20 shows & comparison between the theoretical requirements for
2 pair of crossed parabolas and the observed experimental results.

Tasre 20.—Comparison of caloulated with experimentol resulfs of the effect of
chrome alum on the grawth of Fomes arnnosus

Iiadinl growth Hadial prowth
Caoncentra- Concentra-
Lion tion
Caloulated | Ohserved Calouzlied | Observed

Per cenld of | Per cent of Per cent 6f | Per cent of
Grow per | mormad noTmnl gram per | nermal normal
fiter growth growth liter gromih growth

014 123 152 0.11 3 1

024 114 11l L4 0 a

. 051 V] it

It has now been shown that when the whole range of concentration
is taken into consideration, the parabolic function must be replaced
by two parabolic functions, one of which is beneficial and the other
detrimental to the life of organisms, and that this relation seems to
hold for bacteria, green plants, and fungi. It has also been shown
that the two concepts of simple parabolic and crossed parabolic
functions are compatible within the limits of the experimental error.
Of the two, the concept of crossed parabolas is the more nearly
complete since it covers the whole concentration range, whoreas the
simple parabolic relationship holds approximately only over o limited
range. It is now desirable to determine whether the hypothesis of
crossed parabolas can be applied to the effect of hyrdogen ions on the
well-being of organisms,
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APPLICATION OF THE HYPOTHESIS TO HYDROGEN ION

Investigations on the toxicity and stimulation of hydrogen ions
are of interest to many fields {rom medicines to fertihizers because
apparent small changes in the hydrogen-ion concentration may make
great differences in the life of many organisms. These changes are
o great that some investigators have postulated that all toxieity is
founded wpon the toxicity of hydrogen ions. Before the hypothesis
of crossed parabolas can be applied to this type of worls, it is necessary
to discuss the differences between the work on hydrogen ions and
work with any other ion.

(1) In all concentrations of hydrogen ions there are also present hy-
droxyl ions. The system of recording the concentration in pH values
is such that even when the great preponderance of the ions present
are not hydrogen but hydroxyl, the pH value is recorded in terms of
the hydrogen ion. For the sake of clearness the number of hydrogen
and hydroxyl ions in moles per liter is given in Table 21 for each
whole number of pH. From Table 21 it is readily seen that a change
in concentration of hydrogen ions from a pH value of 7 to 2 pH of 3
is not a small change but one of ten-thousand fold. A range of this
magnitude is common in hydrogen-ion work, In dealing with hydro-
gen-ion concentrations two jons must be taken into consideration each
of which may be toxic or stimulating, and at each concentration the
effects of both ions must be present,

Tapue 21.—Values of pH and their corresponding concentration of hydrogen and
hydrozyl ions

LCc;:noen-r C‘oneen—[ Cnnr:en-' t(Jormen-f COncEI‘l-r tcotrllcm‘r

ration of | tration o iration of | trakion o tration of | trationa

hydrogen | hydroxyl PH valldf jyirapen hydroxyl pH volue ydrogen | hydroxyl
ions ions ions ions ions ions

Audes per | Mofes per Afoles per | Adoles per Alales per| Aoles per
fiter fiter ) titer titer fiter fiter
102 1oz jlig] 168 100 10+
10 11 i ag 1 1gn 10}
1 il 105 1o 1012 103
108 plia ! 167 limd

(2) Though the neutral point of water as far as the electrical charge
is concerned is ot & pH of 7 when both ions are present in equal num-
bers, it is not necessarily the neutral point for fungi or bacteria any
more than it is the neutral point for a large number of indicators.
In fact, only the exceptionsl indicator correctly locates the lonic
neutral point. Why certain organisms thrive best on slightly acid
or shghtly alkaline solutions is a very interesting speculation which
need not enter into the discussion at this peint, provided it is accepted
that such is the case. It is only necessary to conceive that iomic
neutrality is not necessarily neutrality toward any particular organism,

(3) Many fungi, bacteria, and other living organisms have the
power to change the hydrogen-ion concentration of their medium,
sometimes in one direction, sometimes in the other direction. Fre-
quently this change is toward a definite pH which the organisms seem
to prefer. This change is illustrated in Table 22, which is taken from
the experimental data of Hopkins (5).
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TapLe 22.—Changes in hydrogen-ion conceniration due {o the growth of the fungus
Gibberille saubinetii on ¢ lguid medivm adjusted with sulphuric acid and sodium
hydroride !

H at
gin-
ning

pII aiter 211 at pH sfter | Differ- PII aiter

pa i epin- = f .
7 davs njgng T days | ence pIE T days

o
%
3

1 From data by Hopkins (5),

Curves produced by plotting growth figures (however expressed)
against the pH value may be of many different patterns. 'The typical
curve has twoe points of no growth—one at a high value and one at a
low value of pH. As the pH increases from the low value at which
no growth is obtained, the growth increases to & maximum point,
then decreeses to a minimum point, and then increases to a second
maximum and finally decreases again to no growth at the higher pH
value. Xither of the maximum points may be higher than the other,
and the mmimum points may be either quite pronounced or scarcely
noticeable.

In the previous discussion of the simple parabolic relationship and
of the crossed parabolic relationship the basis of the caleulation was
the growth obtained in the absence of the poisor. In hydrogen-ion
concentration work it is mot possible to obtain experimentally a
growth in the absence of either hydrogen or hydroxyl ions,

A bypothetical normal growth, however, can be assumed. This
assumption requires that the effect of both ioms be referred to the
hypothetical normal as 100 per cent normal growth. The effect of
both jons will be represented by two effects—a beneficial effect and a
detrimental effect-—in exactly the same manner as has been done in
the previous discussion, but with this difference: Each point on the
curve, instead of being dependent upon a single detrimental and bene-
ficial reaction, is in this case governed by four different reactions—a
heneficial and detrimental reaction for the hydrogen ion and a bene-
ficial and detrimental reaction for the hydroxylion. In other words,
mstead of s single pair of crossed parabolas, there are two such crossed
pairs.

Inasmuch as the system of expressing hydrogen-ion concentration
in terms of pH is a very convenient one and inasmuch as the pH
value is the logarithm of the concentration, semilogarithinic paper
may be used for plotting the curves. With semilogarithmic paper,
the effect in terms of percentage of normal growth is plotted in loga-
rithms, and the pH values are in ordinary units. Hopkins’ work (§)
on the fungus Gibberella saubinetii has been chosen for an example.
This fungus is of great importance in agriculture, since it causes &
serious disease of wheat and other small grains. Table 23 shows that
this organism is cepable of changing the hydrogen-ion concentration
of the medium in which 14 grows. This change appears to he not
toward the point of maximum growth but toward the minimum
point. Changes of at least two pH units, which means spproximately
a hundredfold change in hydrogen-ion concentration, are given by
Hopkins within seven days, (Table 22.) The pH value at the
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beginning of the experiment js of no consequence, therefore, unless
the solufion were buffered. This Hoplins did in one series of tests.
He records data for 4, 7, and 14 days. Even in buffered solutions
the pH values are liable to change if the fungus is able to produce
enough acid o0 use up the amount of buffer in the solution.

It might be expected, therefore, that even in buffered solutions
soine changes in hydrogen-ion concentration would be obtained,
These changes would be more apt to be obtained in the longer period
of time. Table 23 gives Hopkins’ data on a buffered solution. In
analyzing the data cbtained after seven days a normal growth of 10
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Fiaure 2.—Curves representing beneficial and detrimentni effects of hydrogen and hydroxy ions
on the fangus Gilberelle aribinedii. From dats by Hopkins (5)

w0

mg has been assumed, and all calculations have been based on this
normal growth. Figure 29 shows the method of applying the anal-
ysis. Table 24 gives the net detrimental and net stimulating effect of
each ion separately, also the total effect of both ions and the caleu-
lated total growth at the end of seven days. Figure 30 shows the cal-
culated total growth plotted against the pH values in the usual way
end & smooth curve drawn through the points thus obtained. The
experimentally determined points have been added to show the accu-
racy with which the calculeted curve fits the experimental points.
Figure 31 shows the same kind of data for the 4-day period reported
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by Hopkins (5). In this calculation the hypothetical normal growth
was taken as 2. The four paraboeles used in producing the two patrs
of crossed perabolas were the same as were used in the previous
exsmple, with the exception of the beneficial effect of the hydroxyl
ton. This lack of agreement seems to indicate that in the 7-day period
some slight change in the hydrogen-ion cencentration had taken
place. This fact seems to explain why the same two pairs of parabolas
can not be used to express the effect after 14 days. In the two periods
shown the calculated results depict the experimental points well
within the limits of experimental error. It seems, therefore, that the
hypothesis of two pairs of crossed parabolas representing two bene-
ficial effects and two detrimental effects—one pair for each ion—can
be applied to hydrogen-ion toxicity work in exactly the same manner
as It was applied to other ions,

Tanre 23.—Hydrogen-ion concentration and growth of the fungus Gibberella
saubinetii in liguid medivn in which the reeciion wos adjusted with primary
potassium. phosphafe, secondary polassium phosphale, phosphoric acid, and
‘polassium hydrozide *

Results afler Resuits after | Nesnits after Hesnlts after Resulis after Results after
4 days 7 days 1 davs 4 days 7 days b dlays

Dry Dry Dry Dry Dry Dry

B welizht PH waight pi welght PR weight pH waight P waight
Alg Afy My Alg Ay Mg

280 0.8 Al 0. 2. 80 A 5.0 3.4 6. 83 282 ¥. 13 i1

2,00 A 24 -8 3.15 3.0 7.10 w0 7. 10 48, 8 7. 45 . 1

3.0 0.0 410 1.8 3.25 i7.2 .10 184 .15 3LT7 .80 3.2

3.40 1.8 347 R 3.85 HG 7.1G 2.8 T JEN 7-

4. 25 8.0 4. 60 44 R 422 T.1a 7.8 7.20 3.2 7.

£ 75 4.8 4. 60 354 & A 0.4 7.1% LB wAG 2,

5.35 iR 307 202 &, 60 722 720 2.4 7. 40 2,

5. 10 7.0 b 45 15.2 3.75 G.8 7.20 AL

0. 25 2 £.25 4.4 & a0

I From data by Hepkins {(5).

TapLe 24.~—Sepa. 2te effect of hydrogen end hydrozyl dens and lotal hypothetical
effect obtoined unth the fungus Gibbarello soubinetii

Sum of Sum of
Effect | Effect | facie of Efect | Bifect | fans of
et ZTect | fevts o £ [Tet Lfen eels O
pE | g1y | of iy | the by | Potay Gmel o of by | of by | the b | otal Caley-
rogen | drogy Tomen | effect . wropen | droxy rofen ellect 5 -
ion ? jent fand hy- Erowthy fom i ion t nndpily- Erowit!
droxy) N droxyl
fomns ! hgnst
Per cent\ Per cent| Per cent | Per cent| Mg et cenitl Fer cent] Per cent (Per cent|  Afy
3.45 41 =@ feeia_, 50 -+ 6 140 14.6
3,48 0 4.0 ik -+ +38 +138 118
3. 50 100 0.8 600 =424 i3 | Fids .3
3.55 -0 0.0 B 25 -+47 +60 | 160 6.0
560 00 300 0. 53 442 100 | 4200 0.0
3,75 =420 42.0 a.%5 472 +i78 278 %.8
4.00 420 2.0 700 +25 S | 3 35,4
4,25 4350 ) usg 7.0 206 o400 14200 ;o300
4. 30 -+ 0 .15 I 100 Bt i) +200 €00
4.75 4237 L 7.25 4] 0 106 ita
500 -+ i85 8.6 T8 — 100 — 100 G a
5 25 14t 15,1

! In terms of nofmal.
1 Total elfect iv percentape times normod growil of 10 mys,
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DISCUSSION OF THE HYPOTHESIS

Other investigators have explained the phenomenon of a minimum
growth with two maximums in different hydrogen-ion concentrations
on the basis of electrical charges and membrane equilibris, basing
their work on the concepts of Loeb (17) and his associate and treating
the hydrogen-ion work ns specinl cases. Loeb (17) showed that when
colloidal materials such as gelatin or mastic, which are amphoteric,
are suspended in aqueous solutions, and an electrical potential is
applied to the solutions, the suspended particles move toward one
pole if the solution is of a higher negative potential than the sus-
pended particles; toward the other pole if the solution has a less
negative potential than the suspension; and remain stationary if
the solution and suspended materials are of the same charge. This
movement of the suspended particles is called catephoresis, and the
rate of movement Is 2 measure of the difference in potential of the
solution and the suspended particles. If the amphoteric substance is

i made in the form of a mem-
? e " hrane and held rigid in solu-
tions of diftferent hydrogen-
N\ ion concentration, the same
\ type of phenomenon takes
\ place except that the solu-

\

&
kY

tion moves from one side to
the other according to the
sign of the electric charge on
the membrane, and the di-
rection of movement can be
changed by changing the
hydrogen-ion concentration
. i of the solution.‘ This move-

ot lf p - . - . mendof water is called elec-
HYDROGER=1DON CONCENTAATION (aH) trical endosmose, or electri-

Fiovke #0—Comparison of Ui kypathetical erveand the  Cal  OSMose. Ib, too, Is n

exneritients] remils obinined with Giblerelln sanbinetii 4
nfter seven deys, ‘The solid line reprosents the by pothier- measurce Of t.hG pOtentIal

fenl ciitve, the dots the experinentnl duta. Fromdatn by of the membrane. When

Hopkins (3 nonliving materials, such as
gelatin or mastic, are used, and the rate of movement is measured,
the data form curves similar in many respeets to the curves produced
by living organisms in different coneentrations of hydrogen ions.
Donnan pointed out that the similarity of the curves suggested
the importance of membrane equilibrium on the life of organisms.
Other investigators following this suggestion have measured both the
cataphoresis and the rate of growth of the same organism. For
instance, Robbins (/4) has shown that the iscelectric point for
Rilgzopus nigricans, & mold, is approximately at pl{ 5. He has also
shown that the growth of the mold in a stated time has o minimum at
pH 5.1, which 15 & very good agreement between the measurements
of the physical charscteristics and growth characteristics of the
organism. Qther investigators have obtained similar results with
other organisms. In Figures 30 and 31 the minimum point shifted
from a pH of approximately 5 in four days to & pH of 5.75 in seven
days. It would be of interest to know whether the isoelectric point
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also shifted amd, if it did, what explanation could be given {or this
behnvior.

Winslow, Falk, and Caulfield (19, p. 197-198) at the conclusion of
theiwr article on electrophoresis of bacteria, stated:

Professor Donnan and other investigators have ¢learly understood the impor-
tance of applving the concept of membrane ecquilibria in the elucidation of
physiological phenomena. (ur findings add to the numerous vindications favor-
ing this view and emphasize the importance of further study of membrane
equilibria in bacterial suspensions. We have pointed out that certain potential
differences between bacteriz and their menstrua are apparently associated with
some of the phenomena of vinbility. Viability and potential differences may,
however, under eerfain conditions vary quite independently as cvidenced by the
fact that norinal rates of migralion are demoenstrable after the cells have been
killed by heat. Thus considerable caution must be exercised in relating the
existence of these changes Lo the metabolism of the cell,
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FisuRrg 3l.—Comperison of the hypothetical curve and the experimental results obinined with
Gibberellg paubindtii after four dnys. The solid line represents the hypathetieat curve, the
dots the experimental dats. From data by Hopking (5)

Loeb (11) showed that with suspensions of mastic, collodion, egg
albumen, and gelatin the cataphoretic potential differences are the
same for calcium, strontium, barium, magnesium, manganese, and
cobalt. In fact he stated that, regardless of the chemical nature of the
particles, the depressing influence of electrolytes on the cataphoretic
potential differenee is determined largely by the valency, but not by
the nature, of that ion of an electrolyte which has a sign of charge
oppostte to that of the particle. 1t 1s well known, however, that a
gven concentration of caleium chleride will not have the same toxic
effect upon living organiems as the same concentration of cobalt
chloride although both have the same valence. Bince, therefore, the
ioxic effect of salts, such as caletum chioride, ean not be explained in .
terms of cataphoretic effect, why should this effect be expected to
explain the toxic pffect of diflerent pH values—particularly when the
same cotaphoretic effect can be obtained with dead as with living
organisms? It has been shown in this bulletin that the effect of
hydrogen and hydroxyl ions on the well-being of the organism can
be considered in exaclly the same way as that of any other ions and
that there is no need for a special ease for hydrogen and hydroxyl
ions,
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Perhaps the concept of erossed parabolas also furnishes the clue
(p. 42) to the reason why certain organisms have a2 minimum-growth
point at ene pH and others show a minymum growth point ot some
other pH. A change in the slope of any of the four parabolas will
change the minimum point.

The similarity of the cataphoretic effect and the physiological effect
in hydrogen-ion work can be explained on the following basis: Both
effects are dependent upon the concentration of both the hydrogen or
hydroxyl ions, Both would be a measure of the same thing and,
therefore, changes in the hydrogen-ion concentration sheuld, in
general, give the same type of curve. There is this difference, how-
ever, that the physiological effect first shows an acceleration of growth
followed by a rapid depression until no physiological effect can be
produced at certain concentrations. Amphoteric membrances first
mcrease their migration velocity and then decrease it, but there is no
point except perhaps in very concentrated solution where the velocity
15 zero. Here at least is a difference in the effect caused by the same
change in hydrogen-ion concentration.

APPLICATION OF THE HYPOTHESIS TO ANTAGONISM

Often when more than one chemical is used the toxic effect of the
more toxic is offset by the presence of the other. This offsetting, or
minimizing of the effect of one chemical by another, is known as the
antagonism of one chemical for the other, or simply as antagonism.
This anfagonism is of particular interest in medicine and in_agri-
culiure; in the former because a poisonous effect of one material may
be offset by the antagonistic eflect of the other, and in the latter
because the deleterious effect of chemicals may be offset by the action
of other chemicals in the form of fertilizers. Past at least of the
antagonisms might be explained on the assumption that, if one
chemical were used at n concentration whose net effect was beneficial
and the other at a concentration whose net effect was detrimental,
the two effects would tend to neutralize each other. 1f then the effect
of the two compounds were known independently, it might be pos-
sible to calculate the effect of hoth combined on the assumption that
the combined eflect would be the algebraic sumn of their individual
effects at the same concentration. MeCool's work referred to on
page 33 furnishes a number of results which might serve as a test for
this idea.

Nowhers in McCool’s results (12) is it possible to gather data show-
ing the total effect of manganese chloride. Fortunately, however,
McCool presents growth data for peas grown in different concentra-
tions of both manganese chloride and calcium chloride, and also the
growth data for the comtrol. From thesc data the eﬂect. of any
particular concentration of manganese chloride and caleium chloride
can be calculated dircetly. For ¢ example, McCool gives the weight of
the green tops of 10 peas in distilled water as 1.85 g, and in N/10
calcium chloride as 5.90 g. Taking the 1.85 g as representing the
normal growth, the N/i0 calcium chloride stimulated the growth
4.05 g, or 219 per cent. The growth obtained with N/4000 manganese
chloride was 1.80 g; that is, a retarding effect of 0.03 g, or —3 per
cent. The sum of the two effects if peas were grown on N/10 caleium
chloride plus N/4000 manganese chloride should be 219 -3, or 216
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er cent stimulation, or 4.01 g in excess of the 1.85 g normal growth.

he expected growth is therefore 585 g. MeCool found 5.76 g
experimentally. Other data calculated in the seme manner are given
in Table 25.

TasLe 25— Comparison of the caleulated and experimentul resulls of the weight of
the green lops of Caneda field peus grown 30 days in miztures of calcium and
manganese chloride in distilled water

Mixture §olot- lobserved !| Difterence

Grains Grams Grame

N0, CaC - N{0.00 ) MO oo e e mcaemcc e e 3.94 512 —1.18
AN DCRChERN 0000 MBC . i mmmma—————— 5.15 514 +.01
NN CaClyHN 000025 M oCH e aaaccceeanccanan . 5.85 576 +.09
N o.mgc:aciﬁmomn ol . 525 4.52 +.73
N0,01) CaCl+N{0.001) MnCh, . 5. 10 5.5 — 48
N{0.002) CoCl-N(0.000) MnCh.. _ 4.35 275 +. 60
F(0.0005) CaCla+N{C o0 MuCly o iieiiiiiaaean. 3.40 3,45 —, 05
N{0.00025) CaClhI 00N MOC 2 oo e r e e 2.40 2.01 +. 40

t From date by MeCaol ({£).
t Effect of this concentration of MnCl estimated from curve of MaoCl: alope.

The agreement between the calculated and experimental results
given in Table 23 is fair when it is considered that each ealculation
may involve two experimental errors and that the experimentel re-
sult may also contain some errors. Similar agreements with other
pairs of chemicals can be shown from McCocol’s data, but these are
sufficient to Indicate that af times the antagonistic eflect can be cal-
culated from a simple consideration of effect produced by each chemi-
cal taken alone. McCool {72} also presents data on the cffects pro-
duced by growing peas in nulrient solution containing different com-
binations of calecium chloride and manganese ehloride. This shouid
also be capable of caleulntion if the effect of the nutrien$ solution can
be estimated. The nutrient sclution was wade up as follows: Cal-
cium nitrate, 4 g; potassium menophosphate, 1 g; potassinm nitrate,
1 g; magnesium sulphate, 1 g; potassium chioride, 0.5 g; ferric chloride,
0.1 g; disiilied water, 3 liters.

Peas grown in distilled water produced green tops in 30 days that
weighed 1.85 g Peas grown on the foregoing nutrient solution pro-
duced 10.40 g of tops in the same time. The difference hetween the
two weights represents a sbmulntion of the solution ef 8.55 g, or 462
per cent.

Since this is an attempt to caleulate the antagonistic effect of cal-
ctum and mangenese in nutrient solution and since the nutrient solu-
tion contained caleiwm, it is necessarvy further fo [netor the effect of
the nutrient solutions. The concentration of caleium In the nutrient
solution was N/0.016. In Figure 28 the stimulation of this concen-
tration; that is, the difference between the beneficial and detrimental
effects, is ealcuinted as 300 per cent. The stimulation of the nutrient
solution is about 460 per cent of the growth in distilled water, 300 per
cent of this is due to caleium and 160 per cent is due to elements
other than calcivm or manganese. The figure 0.016 was added to
the concentration of the caleinm chloride used in nutrient solution
to determine the total concentration of caleium.

The solutions of manganese chloride used in this experiment were
much more concentrated than those in some of the previous experi-
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ments of McCool, so that for the most part the eflect of manganese
chloride alone is unknown. This effect can, however, be calculated
if it be assumed that the effect of manganese chloride in nutrient
solution is made up of (1) & stimulating action of the sclution and
(2) an eflect of the manganese. (Table 26.)

TaBLE 26.—Calculation of the cffect of mangancse chloride in @ nutrient solution on
the growth of peas

Percent-
item Grmns oga nf
growth

Normal growth of peas In distilled water_ L ..o ...
Growth [n notrient solution_ o oo
Qrowth in notrient solution contudning Nf100 B nCly

Petrimental effect of NAW MnCly o e

1 Stimulnting.

Values for N/50, N/200, N/500 manganese chloride have been
worked out in a simtar monner to that shown in Table 26. These
taken with data obtained from McCool's experiments in distilled
water were plotted on logarithmic paper to get the most probable
effect in distilled water of manganese chloride at all ranges of toxic
concentrations.

The total cffect of calcium and manganese in nutrient solution is
therefore made up of four factors: (1) Normal growth in distilled
wader; (2) effect of the chemicals other than caleium in the nuftrient
solution; (3) the effect of the calcium chloride referred to its effect
in distilled water; (4) effect of the manganese chloride referred to its
cflect in distiled water. Each of these effects hias been estimnated
separately. It is only necessary now to combine them. This has
been done in Table 27,

TasLe 27.—Comparison of coleulated and experimenial resulls of the weight of
green tops of Cunadae field peas grown 80 duys in different concentrations of cal-
ciuan chloride and mangnuese in nulrienl solution

Coneentrotion Effect In terms of normal growth Growtl:
Culeiwm chioride | Manga- M Nntrient
aese ehlod Calolun: |, o AT | solution | Total | Caleu. Ch-
ride, re- | chloride 'ri;t;'u exeept elfecl lated | served L
Recorded | Actusl | corded enleinm
N N N Fer eend | Prercent | Feroent | Pereent | Grams Grama
Q.00 WG 0. {20 200 =520 =180 — ) ] 0. 50
- 100 L] .o 200 —4N +-164) —BG0 e 5,05
L1000 LI AN =200 — 180 4160 150 518 745
L0 03 L1020 300 — 40 +160 —0 LTt .45
20 L 3G .o --300 0 416} +4in 2.0 2, 55
.00 L0 L2 +300 —H20 <160 - T4 L
.mn Mxi Q10 =300 =410 10 =40 ] 2.5
.00 X L - 300 —~ 180 <160 230 .05 7.1
Do LO18 L (T 400 =320 4160 =il .74 s
, D2 QIR 010 L300 —il20} 160 40 L) .10
N LB L0 300 — K} =+ LiHy +1060 1. 81 416
L 001 Nl L -2t — L} -+ 1G0 440 .40 L.60
Lo .my L 005 2K} Bl 160 +150 4.62 @10

1 Prom dets by McCoal (12),
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The agreement of the caleulated with the experimental results is
by no means perfect. It is believed, however, that all but one of
them are within the ranges of e\perunental error and the error of
celoulation, The basis for the caloulation was the weight of the green
tops grown in distilled water. This was used to calcu}ate the per-
centage effect of the nutrient solution. A wvariation In this basis
would make an enormous variation in the calculated results. A
variation from 1.85 g to 2.10 g in_the weight of the green tops in
distilled water would have made all the experimental results higher
than the caluclated results and would have given negative growth for
three of the ealculated figures. McCool (12) does not give many
determinations of the We]ght of the green tops grown for 30 days but
he does give a number of such determinations after 24 days’ growth.
These are shown below. With so large & variation in the basis of
calculation all but one of the 13 caleulations in Table 27 would be
considered as check results.

Experi- (Weight of]f Experi- [Weight
ment No, [groen tonsy ment Nougreen tops

Crams Grams
| S LT72 1,85
L 1.4
1,85

- .78

th=157 0

L
1.
2

uEg

It is therefore evident that some of the data on the antagonistie
setion of one salt for another can be explained entirely by a considera-
tion of a stimulating and retarding nction ss presented here. The
complete explanntion is yet imperfect, just as the explanation pre-
sented by representing the toxic action by a simple parabolic function
of the concentration was shown to be imperfect. The method of eal-
culation presented here does not and can 1ot explain the stimulating
effect obtained by combining twoe compounds each in concentrations
which alene would give & toxic action. In order to do this it scems
necessary that the concentrations used in some way be reduced uniil
at least one of the chemicals produces a stimulating action. Little is
known about the concentration of chemieals within living membranes.
Genearlly it has been supposed that these concentralions are the same
gs in the solutions upen which the organisms grew, or ab least that
the equilibrium between the concentration within the membranes Is
in some direct ratio fo the concentration in the solutions. This
equilibrium between the coneentration on cither side of & membrane
might be upset very casily by the presence of another constituent,
The theory of membrane equilibrium brought out by Donnan preb-
ably provides the basis for future extension of the work on antng-
onism. If the hving membrane is ampholeric gnd eoutains lonized
but nondiffusible compmmds, or is capable of forming such com-
pounds, then very different concenirations may exist in equilibrium
conditions on either side of such a membrane. Caleulations on the
effect of such amphoteric membranes vequire & knowledge of the base
combined with the membrane or the proportion of cach base
combined with the membrane if more than one could be combined ab
the same time. This information is not availeble. Analysis of the
ash of roots of plants grown in mixtures of antagonistic compounds
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should be of interest in this connection since it might give some idea
of the ratio of the materials within the membranes In comparison
with the ratio of the same materials outside the membranes.

SUMMARY AND CONCLUSIONS

The normal redisl growth of the fungus Fomes annosus is directly
proportional to the time of growth, provided other conditions are the
same.

The radial growth of the fungus Fomes ennosus is directly propor-
tional to time even when poisonous materials are added to its food
supply, provided other conditions are the same and the concentration
of the poizon is not lethal.

The change in the rate of growsh of the fungus Fomes annosus due
to the presence of & poison appears, within limits, to be proportional
to & parabolic function of the concentration of the poison and can be
expressed by the equation E=DC" in which R 1s the percentage
retardation, C' the concentration, and D and » are constants.

The constent I in the equation B =DC" may vary with each indi-
vidual material, but the exponent » appears to be dependent upon the
constitution of the poison. The exponent n has one value if the poison
is an inorganic salt with a polsonous basic radical, another value if
the poison is an ortho substituted henzene derivative, and still another
velue if it Is a para or meta substituted benzene derivative.

The ides that toxic action can be expressed as a parabolic function
of the concentration appears to be applicable, within limits, to other
organisms, such as aphids, bacteria, and green plants.

timulation and toxic action can be regarded as different phases of
a pair of opposed reactions.

The. whole range ol physiological effect of a poison can be repre-
sented by the difference between erossed curves both of which are
parabolic functions of the concentration.

The physiological effect caused by ehanging the hydrogen-ion con-
centration can be represented by the sum of the effects produced by
both hydrogen and hydroxyl ions each of which can be represented
by the difference between two curves which are parabolic functions
of their respective concentrations.

A partial explanstion of antsgonism, based on the hypothesis
developed from the previous work, is offered.
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