Naw, 244193 3.

The Effect of Temperature and the
Critical Thermal Increment
for

Several Spécles of Amebas

by
‘Fred We Allen

A. B., Unlversity of Kansgas = 1926
Me A., University of Kansas - 1927

Submitted to the Department
of Zoology and the Faculty of
the Graduate School of the Univer-
sity of Kansss in partial fulfill-
ment of the requirements for the
degree of Doctor of Philosophys.

Approved bys:

YR

Instructor in charge.

[} -4

clecy

Datdf

Head or Chairman of D3pte



Acknowledgments

I wigh to express my apprecilation to
Dre ﬁ. He Lane, Chalrman of the De-
partment of Zoology, and to Dr. A« A
Schaeffer for the helpful suggestions,
end thelr personal interest shown
throughout this most interesting prob-

lem.



1.

Se

4,

5.

6.

7

Contents

Introduction «

Historical . s« ®

Materials § & »

me{;hO&‘a @ & &

Result o & o« « o«

Conclusion o » «

Literaturse cited

Page

13

19

30

74

79



INTRODUCTICH

It is the purpose of this paper Lo show the effect of
temperature changag‘ on several specles of amebas, to con=~
struct their temperature éurves from ‘the data obtained and
to analyse the tmdarlying prﬁhép}.asmid acﬁiﬁiﬁy bﬁf ecmpari—
son ‘wit‘h other biological ané‘. @hysiolagiéalv prﬁcesées;
sinée the quantitatively détermined effect of ﬁemperature
on the velocity of & biologlcal process may serve to help
identify the nature of the underlying réaction we shall con-
sider (1) the xfelafcity at constant temperatures, (2) the
vé,locity at various temperatures observed on the ‘same ameba,
(5) the £all in rate above the optimum, (4) the effect of
successive riées and falls in the temperature , {5) rhythmic
activity, {6) general effoct of tamparaﬁuré on movement,
{7) viscosity. The temperature characteristics obbained
Wiil be compared with those of other biological and chemi=
cal processes.

The 'é.nalysis here proposed deals with the effect of
temperature on forward mobion in several spe‘cileé- éf amebas.
This i1s perhaps the most common act which the aﬁimal" {ameba)
perf‘-orms, and is thevefore at all times available for ex-
periment, It is to be understeod that this work in no way
attempts fo explain the mechaniés of aﬁxeboid fnoirement‘, butA
rather it involves the employment of tamperature' effects
to detect the basic chemical reactions that szipply the



energy required for the execution of ameboid movement. Ale
tﬁeugh biclogists and §hys161agisﬁs have believed for some
time that bialegical praeessea az'a pro‘bahly chemiaal in na=-
fure s 1t m enly recently: that dai‘iniﬁe p:'e@a*ess has been
made ln analyaing the nature of the un&arlying chemical To-

ﬁc*{:\ianss

HISTORY

émeboic’i movement was f‘ira%: discovered by Rosel V. Rosen-

hof 1n 1755* mla this peculiar type of movement was in-
terast.mg 1t was not considered important becanse of its
seemingly isolated and limited occurvence, Although Dujar-
din in 1841 from his studies on the pseudopods of : ainebéa;

and for&miniféra made the remarkable digccvéry that proto~-
plésm is the physicéi basis of 1ife, he contributed 1ittle
or nothing to the questinn ai‘ amebaici movement .

- 1t was not until 1774 that Corti naticsd. & gimilar stream-
ing of protcplasm in the calls af chara, the differenae be~
ing that no lacamction aceompaniad ‘the streaming in the cells
Of Ghara , but was always f@und tes aacampany streaming in
amebas. This seemed to ba the only stimulus neaessary for
the large amount of investigation that followed. From these
investipgations came the generally accepted view that "the
i-eally‘ mndamental feature of ameboid movement is i:he stream=
ing of the protcplaém“ + {Schaeffer 120)
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I)tzring theaa mvestigatiﬂnﬁ the physialogiats aaon no=-
ticed the ameboia cbaracter of the white blecd cella nf man.,
ami Iatem fallcwed the diacovery nf ameboid mmrement ameng
cells of other animals’ Su widespmad has the ebservaticm
of amebuid mmramenﬁ heaame that :mt of 5.1; has grcwn ?;he the-
ory "’that even msaular movement 13 at bettem a specialized
‘snrt of amabeid mmrement, not mersly phyl@genetically but
as 1t is now Icnsm“g {sshaa‘ffar '»5*2&3}

,ﬁ&myﬁ i;heeﬁas “have been ?mpased to explain ,an;ebaid
movement .« Moéﬁ_ of the's'e‘ theories cencem'thémselves; how-
ever, with the acesssory -phénomena , rather i;hazi with the .
_eentrai b:mugsses thet 1ie at the bottom of ameboid moves
ment (streaming).

Streazniﬁg always occurs in amebold movement but some of
the accesst}ry phenemena such as surfaes t&nsion and tha for=-

maticn of the ectuplasm i;hat ara saz.d to lle at the bgttam

uf amebo id mavement da not always OCCUT. We neea rather
than thaories, a8 largg«a;z;ount of objective data to solve the
question of ameboid mdvement._

In discussing the “thivd layer" or. the surface tension
1ayez* in smebas (plasma membrane), Schaefi‘er (26) questians
its lmportance as a necessary factor in amebo:id mavement
since it does not move the same way in the pseudopms of
Difflugia or of ’E‘oraminifera and is entirely lacking as &
moving layer in ciliates and planﬁ cells whara streéming

protoplasm occurs. He nevertheless recognized that its move-
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ments indicate a greator surface tension at the ends of
active pseudopods than over the rest of the ameba and sug-
gests that "this fact if carréetly interpfeted, may prove
to be a useful guide in-further experimental analjsis“;

When amebaa‘mnve, free from external sbtimuli, in a
clear fluld, they move in & wavy or ainseidal path, which
represents a helioal spiral path on a plane surface. This
spiral mevement‘is not confined to amebas bnt_cecura in all
énimalé 1ncluﬁing man,and’éll motile plants.  Larvae of
many species of aquatic inveﬁtebrates and all motiie sper-
matozoa move in a’spiral path. The.apiral path of the ameba,
h&ving its movement restricted to a space of two dimensions,
is the projection of the well knovm helical spiral rath of
ciliates andlflagellataa. ( Schaeffer 120)

‘Bullington (925) in his study of 165 ciliates and one
snatbrian concluded that "All ciliates swim in a spiral
path and that the spiral is characteristic for eadh apecies”.
The Investlgatlon showed nolcorrelaﬁion between any visible
morphologlcal structure and the direction of turning.

Because so many plants and snimals of snch widely sepaw-
rated groupsvmove in spirals, Schaeffer ('20) thinks that
spiral movement is not an acquired habit to overcoms agsyme
metry of the body but belleves.the cause for its existence
to be found phylogeny. Hé was the first to break away from

the older ldea that the reactlons of animals were due %o

troplems or chemical or physical stimull exclusively. He
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thinks instead that there is an "automatic regulating me=-
chanism" present In every living organism, comparable to
the brain centers of higher animals.

Rogers ('27) suggests that something may be learned
as to the nature of a physiocloglcal process from a study
of the ef'fect of temperature on that processe. He bases this,
of gourse, on ﬁhe well known law of Van't Hoff which states
'tﬁaﬁ the veloclty of a chemical,reaetion is approximately
doubled or trebled by a rise in temperaturse of 10° C. Thia
law has been found 4o be valid for various kinds of blologl-
cal processes by a number of Investlgators. Xantz studied
the frequency of contraction in the isolated heart of rab-
bit and dog. Snyder investigated such phenomena as the rate
of trensmission of nerve impulses 1ln the pike and frog, and
the rh&thmla contraction of mammalisn small intestine. In
all of these cases the velocity was found to be increased
two or three times by a rise in temperature of 10° Cs

Strumpter reports that ants move twice as fast at 21° ¢
as they do at 11°C. MoCutcheon from his studies on the
locomotion of leucocytées of Limalus found that the velocity
of the locomotion shown by neutrophilic pélyﬁorphonuclea#
leucocytes of one individual is doubled by & rige in tem= -
perature of 10°C within certain limits of tempefature varia-
tidn~

In the above tases the Van't Hoff law seems to hold
and we are justified in thinking with Rogers that "If any
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physlological process shows ossentlally the same modifice~
tion in rate by changes of temperature as do ordinary chemi-
cal reactions the belief would seem. to be justifiable that
some chemical reaction lles st the basis of the physioclogl-
G&l,PPOQ@QS"&

Pantin, (%24) in his work on the "Fhysiology of Amoeboid
Movement"JShéwe& that the rate of change of state (solZzgel)
in the protoplasm of amebas is directly related to the ve=-
locitys From this it 1s arguod that the velocity of continu-
ous amebold movement does not depend directly upon the vew
locity of some chemical reaction aupply&ng.thé necegsary
energy, but on the rate at which the prbtoylasm can change
its sﬁéta‘(SOIZdel)c

. Pantiﬁ<thinks that the temperature affects the rate
of thig change of state as it does the rate of moat.other
biologﬁaal Processes. This does not preclude the poasle-
bility that the source of thﬁ’energy of ameboid movement
is ultimately a chemical reactlon and in fﬁis réapecﬁ Pantin
and Rogers are in divect agreement,

In view of Crozler!s recent wark wnich suggested that
the quantitaﬁively determined e¢ffect of temperatufe_on the
veloeity of a biologlesal process may aild in identifying the
naﬁurekof the underlyling reactlon, it was deemed of interest
also to determine the temperature charscteristic of several
specles of amebas, and to compare thelr temperature charace

teristics with those of other blological and chemical pro-
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cessess The chief difficulty in working with amebas lies
in handling them, viz., isolating single amebas for study,
feeding aﬁ'propar intervals during the course of the ex—
periment,vkeéping the glasaware, pipeppts, lenses etce,

free from chemicals, whose dissolution would kill the ameba,
selection of food, all requires not only extrome patience
but slso a special technique that can be developed only
after months bf‘précﬁice. There are two methods that have
been used extensively to identify the nature of biological
procegaes.

(1)« Temperature coefficients of vital processes has
attracted a good deal of attentlon and is centered for the
most part around the Ven't Hoff rule, which states that ﬁh@
velocity of a chemical reaction’is?apprcximaﬁely doubled or
trebled by a rise in btemperature of 10°C. Since biologicél
Pﬁocesaes follow the Van't Hbff rule it is assumed that thore
is at bottom some chemical reaction.

While biologleal processes are no doubt sontrolled by
an underlying chemical reaaﬁion, Crozier ('24) has showmn,
that tha}#emperature coefficient, Qs glving the ratio of
veloclities for an inteyva1~nf'10°,’is'an 1mberfeot‘meéna
of characterizing a process, andvliﬁtle can be: learned when
the temberature coefflicient is used as @n index except to
separate the chemlcal from the physlcal phenomena, as the

former were found to have lower or negative temperature
ecefficieﬁts;
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(2)+ Following Arrhenius {1889) who first peinted
out by use of his equation that a linear relationship es-
1sts between the 1¢garithm Df‘bhﬁ veloclty of a ahemicaii
reation and the reciprocal of the absolute temperaﬁure,‘bia
ologists have been abiefﬁa show that the velocities of nu=
merous physiological p&acassﬁa'aré aimilarly éfféctédAby
temperature, a fact which gives presumptive evidence ﬁf the
'chéﬁical naturslmf‘auan phenomens .
 Crozier was the £ivst to point out how the equation of
Arrheniug  could be used fbr biﬁlbgical prméeases, and rew
cently has collested from the literature the data on Lempera-
ture effects that Weﬁé'aapable»af mathematical treatments
The Arrhenius équahian in the form used by Crozier,

and singe by Glazier and others atates:

@ ei(F %)

In this equation the ratio between the velocity cone
gbtants Xy and Kg of a chemical reaction taking place first
at one, then at anotggv temperature ls related 1ogaﬁithmically
on the naperian basa'e to the gas congtant, the absolute
temperature and to a conatdnﬁ {q),/ﬁu,,whiah charécterizes
a particular resction.

The temperature characteristlc («) can easily be deter-
mined by transformation and changing.ﬁhﬁrfnrmnla from the
Naperian to the Briggsian base. In this form the equation

reads:
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M= HG/ o, e L}L/

'FM wao

in.whleh Kl is the v@loaity of the pro¢ess under abserva~
ticn aﬁ the kamp@ratﬂre Ty and Kz is the velocity of the
same proceaa at temperature T, and Mu is the critical there
mal iﬁarément Mu, aividaa by ﬁhﬂ.gaéaéonsﬁaﬁﬁ 2.

I bhiajfarm the Arrhenius formula has cbmé into wide
usaga'fb?f&etermining tha chardoter af.biolagical préaesq
ses, and because of distinet adventage is used inst@ﬁd of the
%0 empleyad by the chemlst ( T,z 7y =~ 10, then Ky = Qi )+
As pointed nuL by Grozier, the value of m gi*\rz?sK1 a greater
range of values as empirically deﬁermined, for wheraaa Q0
fbr chemical reactions usually varies between 2 and 4, Mu
has a range between 4000 and 35,000}
| Again in aome ¢ases at ¢ortain points in the tompera-
ture gocale an abrupt change in the value of Mu will occur,
indicating that the process 1s controlled by a new_limiting
reaction; Thils change would not be apbarent if the usnal
method of determining Qyq is used, The value of Ql@-is not
e constant bub varies with the temperature, whereas mu're~
méins a constant. as long as the underlying chemical reachilon
is the seme regabdless of the temperature.

The chief reasons for obtaining the temperature charac-
teriatics (value of Mu) for biologlcal processes are:
{(1). To dlscover the chilef underlying reactions of
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the bilologlcal processes by a comparison with temperature
characteristics of simple, known chemical reactionse

{2)« A preliminary survey has shown that vital phe=
nomena are Lo a'large degree ampirically separable inko
groups according to the associated value of Mus While the
teﬁp@ratuﬁé characteriatics have been daﬁermined'for‘a great
many bioiagical processes, similar Wﬁ%k.0n amebaa is very
frogmontarys (Cole, Wa H. 1925; Crozler, W. J. 1025-26;
Emmerson, R, Jo. Gens Fhysiel.; Vol 13;}9; 15?; Schwitalla,
A. M., 1926, Jo. Morph., Vol. 39).

In a study of locomotion in planaria (Cole, W. He, 1926)
one finds a process with the lowest Increment (lu 3‘7,000
to 8,000) assuming control of the locomotor rate at a tom-
perature above 20°-22° ¢ and that the highest lncrement
.(ﬁu = 18;000 to 22,090) controls below 13°C and one with an
intermediate valuo (Mu = 11,100) is in command at -the inter-
mediate temperature 13° - 21° g,

Crozler (*aéj'r@pcrts the eritlicsl thermal increments
for respiratory processes (02 consumption, COy production)
in various plants and'ahimalsb . They are characteristically
fpuhdvto‘be of two, possibly three, typess Ma = 11,500 and
16,100 or 16,700). The first is cmmmonly'encounﬁered above
15°C and the second below that temperature, but thesé rela-
tions may be reveised,

The value Mu = 16,100 is asgsociated with the oxidation
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of Fo and may be compared with that of regpiration in sea=
urchin eggs for which ivon is a catalyst (Warberg, 1914,
Warberg and Hyerhof, 1913). Alaa.srazier {¥124) from the
data of Hartridge and.Raﬁghﬁon {*23) galculate& mﬁ = 16,525
fer“tha dﬁaxygenatian.of hemoglobine. Simila® values for Hu
ﬁare not found for oxidative reactions In which iron is nob
Involved.

Clark (1920-21) gives Mu = 16,000 for frequency of con~
traction in the isolated auricle of the rabbit heart.

Taglos and glvavez (117) pgive: Wu %.1é,1ﬁ0 for the fre-
quency of rhythmic movements in sﬁﬁipg af‘rabbiﬁ intaStiﬁe,
dependent on Oy betwoen 30°and 40°C; from 20°¢ to 309,

i e 8006; Gréy {1923»84) shows bthat ciliary'aoﬁivity and
02 cansumpﬁion in ﬁhé gill epithelium of Mybtllus are in con-
stant prapertinn; _Gvazimf (1924-25) givea Mm = 16,700 for
1° to 18°C., I = 11,500 for 15° to 35.5°C, yore’ (1910)
gives Mu kvls,sea from 14% to 23°C for rate of regeneration
of polyps in»Tubularia; Loeb (1891) showed Op w&é necessary
for the rageneratidnv

Snyder (1911)‘repcrts that determination of the veloclty
of the latent perio& preaaés\in'atrips of'turtle,venﬁricle
ylelds Mu = 16,170 from 14%to 50°C and Mu = 24,750 from 0°
to 1400,

Stewart (1900} gives Mu = 17,000 for the velocity of
the 1atént perilod process in the contraction of strips of
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gat bladder.

Hooht {1917-18) gives M = 16,400 for velocity of con-
duction of %ha'héarﬁ weves 1ln Ascidia atras

Kolke (1910) shows Mu = 16,500 for the velocity of the
process underlying firatxérdar p@fiads In the discharge>cf
the eiaatfia organ’ of Malaptérurua»

‘Gasser and Erlenger (1922) give Mu « 16,180 for the
vala@iﬁy'ﬁiéh,which the actlon curvents in frog spinal nerves
riga’ﬁé a meximams

The aéhivities of the nerve net in the body of the colon=
ial enelénﬁeraﬁe Renilla (Parker 1920) &nd in the foot of
the gastropod Limax (Crozier snd Piltz, 19235-24) yieid
Mu = 11,200 and 16,100 (Renilla) and Mu = 10,700 (Limax) .

The velocity of the process underlying the first osocll-
lation in the electromyogram of frog gastrocnemius (Judin,
1923) gives M = 11,000 from 2.4% to 15% and Mu = 16,000
from 15° to 200¢,

The frequencies of respiratory movements in the aquatilc
Libellula larva (Babak and Rocek, 1909) give Mu = 11,000 and
16,4604

The velocity of elongation of the radicle of FPlsum
ylelds Mu = 16,450, (Ieitoh, 1919),

Arrhenius, in commenting on the similarity of the value
of Hu fdr diverse processcs does not atbtempt an explanation

(1907~1912) but Crozier (1926) points out that the value



for Mu In organic activitles is simllar to, if not iden=
tleal with, those given for the oxidatlon phenomena and goes
further to say that "since it‘is paasiblﬁ to show in cerbaln
ingtances that an achivity in question is a function of oxy-
gen tensiané'or in other cases may safely be presumed to ine
volve cell respiration, the agreement of the values of Mu

is scéréaely to be conaidered as aéaidﬁntai“.

W, Hy Cole {1925) debermined the rate of pulsation of
the antérier contractlle vacuole of Paramecium éaudatum
over uemperabure range of 99 %o 819 G; In this cage as in
others the rate of pulsation was found to be a logarithmio
function of the temperabture according to the Arrhenius equa-
tion. From 9° to 18° C, M = 25,600; from 16“Vto 229 ¢,

M = 18,0003 from 22° to 510 G, Mu = 8,600, The work of
Cole agrees with Crozier's assumption in that an oxidative
précass-may be of fundamental impartance in determining the

rabte of pulsatlions

MATERIAL

8ix specles of amebas were used in this investiga-

tianél &3

1 _
For desecriptlon of three (conipes, citata, clava) see
Schaeffer, Pubs, Carnegle Ineb,, Wash., March, 1926.

2 , ey v :
Discoldes, bigemma. {Schaeffer, 19164 and 191801 )
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In some instances reliable culture methods were lmown whichl
made it possible'to'gpt pure line strains of amebase

Mayorella conipes and Flebellula citata were grown in
Petrl dishes with sea water and small bits of wheat grains;
In this way rlch eniﬁuras;were'abtéinea'in abadt\ﬁwo‘tb'fhrae
ﬁééks, and by emplcying.iaolatiﬂn m@thc&s, it was possible
to get pure line stbainé» HMayorella bygamma were grewn in
large culbure  dishes with ccﬁtan, wheat grains end distilled
wator.

Flabellula cltaba was grown In Petrl dishes In gea water
containing the sea weed Fucuss This was first boiled to kill
off any other amebs, then inoculated with Flabollula eiﬁata¢ 
it'grew in large numbera by this ﬁeﬁheda It was later de~
termined that Flabellula cibata could be suécessfuliy grown
by inoculating sterile sea water with two species of baateria
jsolated from sea waber. _

Collections of water samples were made over a wide area
from ponds, marshaaé'wétering tanks, etc., until the desired
apéciea of amebas were found, Water fr&m this aoﬁrca con=
taining amebas along with some é&caying vag@ﬁabla matber was
taken to the laboratery and placed in 1arge culture dishese

In culbtures of thia sort the amebas continued to grow in

t Me conipos, M.vbigamma, Ce diffluens, Fs cliatae
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the laboratory in some cases for several months. The marine
amebas (Mayorella.conipes and Flabellula ciﬁata) were se-
cured from the east coast in,sea‘water; shipped to the Uni-
versity in\15~gallon cantainers; Some of the sea-weék Fucus
was contained in the sea water where the amebas could be found
in great abundance. Cultures were made from this.

. The culture method is also kmown rox h008 diffluens
(Schaeffer) but this ameba did not lend itself at all well
to this type of experimentation because of 1its :Lvregular.
Qhéﬁes It was 1mpossible-to get‘an accurate measure of its
path and also, when a Ghange of 5°C. was made in the tem-
perature, (especially in the highar ranges, 250 ~55°C) the
ameba released 1ts hold on the substratum and floated off.
Since this wnrk 1a'baaed primarily on uniform movement, suf'-

ficient data could not be collected on this form to warrant

including it here.

DESCRIPTION OF AMEBAS

The amebas used in this study were: 1. Flabellula
citate; 2. Mayorella conipes; 3. Mayorella bigemma; 4. Tri-
chomoeba clava; & Metachaos discoldes; 6. Trichamoeba ver=

rucosn.,
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Following is the classification and description of the

above organisms, given after Schaeffor.

Regnum Animalia
Phylum Protozoa Goldfuss, 1817
Class'ﬁhizopoda Siebcld, 1845
Order T.obosa Garpemter,‘iasl
Suborder Amoebea Ehrenberg, 1830
Eﬁmily‘ﬁéya@éllidae Schaeffer, 1926
Genus mayoralla(séhaeffer
Species conipeé

Degeription: Ameba, 1angth in locomotion 80 , shape
variable, trianguler With the base anterlor; oblong or
rectangular. Blunt and cnnical'daﬁerminata pseudopods,
mostly on ﬁh@ anterior part,. Endopiasm clear along anterior
borders A few extremely small, barely optically-active
erystals ox none at all. THucleus single ovoidal to spheri-
cal with nuclear membrane about 10 =20 in diemoter,
and an mvaidél to shperical chromatin mass, 4 to 2 in
diameter; varying with the gize of thé nuclear membranes

Habitat, salt water.,

Cenus Nayorella Schaeffer
Species blgemma
Description: Ameba in locomotion 100~300 » Forms very
changeable; pseudopods, numerous, tapering, blunt, never

sharp points. Surface smooth, no fine folds or ridges.
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Endoplasm usually containsg numerous small btwin crystalse
Crystals attached to "excretlion spheres. Movement rapld,
rate 125 por minute. Nucleus, single, spherical or
alightly ovoi&¢ 12 in diamatér‘ Contractile vacuoles,
small, sbout 18 in diameber. Endoplasm filled with small

vacuoles. Habltat, fresh water,

Genus Mayorella Schaeffer
Specles Flabellula cltata

Desoription: Length in lecomotion,vls to 75 3 width,
25 to 55 « BShape very variable, from a broad fan«-shape
to a spatula~shape, with the broad end advencings. Pseudo~
pods numerous, of many shapes and sizes, determinatoe, ndt
directing locomotion. No eruptive waves of endoplasm dur-
ing 1ocombtiong Anterlior third of clear protoplasm, with
an occasional ridge. Endoplasm in posterior region'grgnuu
lar, and set off definitely from the clear endoplasm by

a sharp line. Nucleus single, not conspicuous. Chromatin
mass sphefical, homogeneous, surrounded by a nuclear mems
branes Diameter of chromatin mass, 2 ; of membrane5 .
Urold of few to many slements always present. Food, bac=
terial. Food vacuoles, from 1 50 12 or more,frequently

presents Habitat, salt water
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Family Chaldae
Genus Trichamoeba Schaeffer
Species clava

Description: Size, 75 to 125  long in locomotion. Usu-
ally clavate in shape, 6coasianally'%ith a}few short pseu=-
dopods,_QVenyyflgid endoplasm ana'tﬁin ectoplasms. Vﬁroid
of fine hairwiiﬁe'prpjecticns» Color: a light ash-gray
tinged‘with¢b1ﬁe, ﬁudlegg'single,‘spherica;g abquﬁ 14

in diameter. Chrpmatiﬁﬁmégs in a transparent homogeneous,
hollow sphere with a vafiable number of large graﬁuies on
it. Contractile vacuoles numerous, maximum size, 10  kto
15 diameteﬁi Syétole sﬁddens Rate of movemené 150 pér

minute,

Genus Metachaos (Schaeffer, 1916 arch. f
Protistenk, V1. 37 pp204-28)
Species discoldes

Description: ILarge amebas, 120 -~ 15  that move by de-
terminate pseudopods, that 1s, pseudopods that direct loco-
motion. The general shape of the body is oblong resembl-
ying an antler or stag horn. The moss of the body is di-
vided up into blunt pseudopods which are cylindrical or
sub cylindrical in shape, without longitudinal folds. The
granular endoplasm £ills the éntire ameba or all‘bﬁt the
extreme ‘érips of the advancing pseudopods, and the granules
are very %ﬁénly}distributed, indicating a unified stream=-
ing of thé endoplasm which involves the whole of the\endoﬁ

Pla
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plasmic contents. A main pseudopod which leads in loco-
motlon 1is distingulshed at all time. Habitat fresh water.

Family Thecamoebidae
Genus Thecamoeba
Specles verrucosa
Description: This specles is easlily distinguishable from
those'bf other groups and have frequently been réfe::ed to
as the "ameba with a'pellicle?,‘bacauae in'laeomotion they
present the appearance of being invested with a tough oubter
layer which may readily throw itself into folds or ridges.
Thelr shape during locomotion varies from a clrcular disc
to a flattened'cvaid and, when of the latter éhape the broad=
er enﬂ.advénces aS‘thé anterior énd. The dorsal surfacé has
1-6 longltudinal ridges which continually form at thé ans:
terior‘end, end disappear at the pésterior end. No pseudo-
pods are formed. The antérior portion ef the ameba is clear
protoplasm while the posterior half to three-quarters con-

sists of granular protoplasme

METHOD

1. APPARATUS

In order to measure the rate of locomotion of amebas
under known conditions of temperature, a method for keeping
the temperature constant had ko be devised. Methods used by
other investigators who have worked on constent temperatures

were triled out but were found not to be sultable to this par-
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ticular problem without radical modification.
The Pfieffer warming stage was first tried. (Figure 1.)

Fig T

This consists of a shallow depression cell which holds the
ameba and the cultural fluid with Water»at‘thg degired tem=
pérature circulating beneath &tq This method was soon dig=
carded because the depression cell was ghallow and 1t was im-
prsibLe ﬁo nﬁserve.tha ameba for lohggeriods of time with-
out evaporation of the cultural fluid; \This was espécially
injurious when working with sea water as a nedium because
it became too concentrated. and killed the amebas. One never
Imew exactly the temperature of the medium in the depbessicn,
cell but had to assume it was the same as the clrculating
water which may or may not have béen corrects In making long
observationé.on the ameba the depression cell was found to
be too small. The ameba reach the edge of the cell before
thﬂ}experiment ié completed.

Schwitalla (*20) however, used the Pfieffer stage with
succesas by'méasuring the'teméarature &ith an olectro~ther-

mometer described by Hill (¥21) and Rodgers and Lewis ('14).
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This method is complicated and since the required appara-
tus was not at hand another method was used.
This apparatus consisted of two chambers, made of glass

and held together with Dekhotinski cement. (Figure 2.)

F@ 2

One chamber was designed to fit Inside ti» other and ele-
vated about btwelve millimeters. The outer chambérAwas equlpped
on the left side with an outiet pipe made of glass. The In=-
lot pipe was oﬁ the cpposiﬁe‘side (right) leading frdﬁ a
ten-gallon jar., The inflow of water was controlled by a

gerew Qlamp. By releasing the screw clamp the water flowed
around and under the deep immer chamber which conbained the

ameba and cultural fluid.
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2¢ MEASURE OF TENPERATURE

Water was kept canatantly*running thru - the apparstus
from the large jare Uhen temperature above room temperature
was desired the water was heated by an eloctric heater sub-
merged in the large Jjar and operated by a switch which could
easily be turned on or off at the desired temperature. To
keep all ?he water in the large jar at a uniform btemperature,
an electric stirrer was empioye&a

This method had several advantages over the others tried.
Evaporation of the cultural fluid was no longer a problems
The btemperature of the culture fluid was measured directly by
a standardized thermometer placed directly in the culture
fluid., By magnifying the marks on the thermomaﬁer'a very
slight rise or fall in teﬁperature could be ncted, the heat
applied for an Instant, and in this manner the temperature
could be controlled accurately to ona.tenth‘degree‘cantigrade.

For temperature below that of roomvtemperature water
from melting ice was used. This was gradually warmed as
nea&e&.A Iﬁ this manﬁer a rahge'of temperature ffom 2° ¢
to 60° C or higher was accuratély obtained., Lower tempera-
tﬁreé were obtained by the use of brine.
5. COLLECTTNG *DATA.

In obgerving the amebas a compound microscope, with a
10X ocular and a 16 mm. objective was used.

With the ald of a camera lucida drawlngs were made of
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the ameba under observations The usual method of prace&nre
was first to select from a culture the ameba for cbservation.
In every casé an individual was selected that did’noé 8RR~
hibit any apparvent "abnormal characteré’aﬁd one that moved
at a more or less uniform rate. An abttempt was made in each
aasé to select amebas that wafa fairly wniform in size.

It was found by experiment that more uniform resulis
were obtained when the amebas were placed in thelr own cul-
turé.mediumkfoﬁ study rather then in a éynﬂh@sized medium"
of known chemical composition. In every case, when artifi-
clal media of lmown ahamigal composition were used the ameba
exhibited various abnormai reactlons suck as forming an
excessive number of pseudopods, rolling up in a ball, float-
'ing, or ﬁhey moved in definite circles Instead of the cha-
racteristic wavy path.

The culture media were either dlalized or filtered
clear, to remove aﬁy particles that might interfere with
movement of the ameba.

After each change In temperature, s pevipd nf about
fifteen minutes wag always sllowed the ameﬁa‘fer acclimatiza-
tion. Time was allowed for the ameba to settle tbytha bot-
tom*o£~the dish and again resume normal locomotion ( fifteen
minutes was found to be sufficient time in most cases).

As soon as the desired temperature became constant,

camera lucida drawings‘ware made of the actual path taken
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by the smebas The drawings were of the whole outline of

the smeba rabther than of only the posterior end, (Flgure 3.)
A definite time interval was used between the successive
drawings. The length of time that any glven ameba was ob=
served and its path drawn for sny glven temperature vardied
uéually from 30 to 60 minutes. This was found to be suf~
ficient because longer observetionsg of from three to five
hours at a constant tampérature showed no more variation
than did the shorter ones.

After an ameba was "tracked" at a constant temperabure
for a given time interval the temperature was raised usu-
ally two to five degreecs centigrades Agaln a period of
acclimatization was allowed because it was found by experie-
ment (?igure 4.} that the ameba dld not respond immedlateéely
to the change of temperature and there wag a distinet lage
This was overcome in about fifteen minutes at the new tem~
peraturo.

The amebas were observed in this manner at temperaw
tures of 5, 10, 15, 20, 25, 30, 35, 40, 45 degrees centi-
grade, and in some cases at temperatures intermedlate be-~
tweon these. By measuring the length of the path in mm.
of any one individual and dividing this by the time in min-
utes taken to make the path, the rate of the ameba expressed
in mm. per minutes was obtained. When plotted on a graph

as shown in Figure 5 it will be noticed,that the rate in=-
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ereases with. the temperaturg up to a certain point, then

a further increase in temp@rétu?e is not accompaniéd by'

a further increase In rates Graphs were now made fox éaah
ameba, plotting the rate against the temperature in each
ﬂase«l This method was used so that this work would be
compa&abla to similar work on other temperature ohEraeteru
istle curves, where relabtive ahangés-in rate rather than
actual are used.

This shows that the velocity of the blological process
undér consideration, ameboia,ﬁovem&nt,~varies with the tem-
perature in a manner similar to many other biolbgiaal pPro-
cesses. Pantin ('24) suggests that at the higher tempera-
tures the check in velocity ls probably due to the destruc-
tion of a protein. This curve, hewe%er, 1s very similar
to an enzyme action curve and in all probability the change
in character of the curve is not so much the destruction of
a protein as it is o change in the underlying controlling
chemical reaction which is probably enzymatilc.

Up to this point, however, the rate of movement apparent-

1y i1s controlled by the temperature, and with a rise in tom-

. The distances that the ameba moved as expressed on the
graphs in millimeters is the apparent distance as it ap-
peared under my optical combination. In order to obtain
the actual distance the ameba moved In any case, it is
necessary only to multiply by 5.45 {1 mms on graph = 5.45).
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perature of ten degrees centigrade below this point the rate
is approximately doubled. This, according to the Vantt Hoff
law would suggest an underlying chemical veaction.

By applying the Arvhenius formula to these data the
provable nature of the controlling resction can be d&ﬁermimd@
These graphs bring out some other very interesting processes
in connection with ameboid movement that .will be taken up
in details (Page 1, introduction)



RESULTS

It has been demonsbtrated by Pantin (¥24) working with
two limax forms that the velocity'var195~with the bempera«
ture ina manaem’similar o many other blologleal processos.
Similar results have been demonstrated by Schaeffer {126)
working with Cochliopodium. Pantin points out that the ve-
locity is greatest at an optimum temperature above which
something is destroyeds That is when the temperaturs is in-
greagsed the velocity 1s increased up to a certaln pointse
Beyond this point (nptimum) an increase in temperature, tends
to destroy something,‘probably a protein (Pantin)i'in‘tha
ameba and checks 1ts veloclitys

'since the limax ferms used by Pantin {t24) and the
Cochlibpcdium used by Scheeffer belong to widely aéparated
families, but behave so nearly alike, it became deslrable
aa well as interesting, to lmow what another faﬁdly'of amebas
would do under similsr conditions.

The family of amebas chosen for the investigation was
the Mayorellidae, a group that standas about'midWay between
the limex type (Chaidae) and the Cochliopodium {(Hyalodiscidae).
The data obtained from Mayorella conipes correspond closely
to those-obtained by Pantin and Schaeffer.

1, REACTION OF MAYORELLA CONIPES AT CONSTANT TEMPERATURES.
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as At Low Temperaturesq

The rate at which Hayorella conipes moves when it 1s
kept a8t a consténtvtemparatﬁre varies eansidarably depend~
ing on the temperatures At low temperatures (14°) the up
and dowm wamga=0f.ﬁhe temperature aspeed curve was found to
be from «5 mme pér minute to 3,15 mme per minuta at the ex-
tremese The preatest fluctuation within one miﬁuﬁe-bging
aﬁ:ﬁhé rate of «5 mms per minute to 1475 mmﬂ peﬁbmin&ﬁez
Most of the fluctuations, however, were much i@ﬁﬂdv:Figﬂ?B‘ﬁ
shows the complete graph far-individual nunmber 5 observed
over a period of 77 mimutes at 14°C.
bs ’Atpﬂigh Temperatureas

AL high temperatures (55°G) the up md down range in
the aufvekwas found to be much greaters Frequently; In 6ne
minute the rate increased from 45 mms per minute to 12 mms
per minute in one minutes In one instance the rate inoressed
from 245 mms per minute to 15 mm: per minute in one miﬁutqa

Figure 7 shows the curve for individual number 10 at
‘30n0, and 37?0, regpectivelys By ccmparing this graph with
the one shown in Figure 6, the differénae in the fluctuations
at the high and low temperatures con be seen at onces

Thls small fluctﬁahiah at the low temperatures as com-

pared with the great amount of fluctuation at the »1gh bem=
poretures is sn interesting feature of ameboid movement,

chiefly, because it has not before been described, While
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these observations are undoubbtedly right for amebas they
are not necéssarily disbinctive of amebold movement. It
was net&aed,“however; that there was a direct cbrralatian
between degree of fluctuations aad the viscosity of the pro-
toplaasm; it beinglmudh more fluid at the higher temperatures,
and thus more susceptibls té changes; viz., from sdlzpel
according to Pantin {!25-124) to chemical changes accord=
ing to Rodgers (127), érozi@r (¥25-26-27), and others. It
undoubtedly has & direct bearing on the mechanics of ameboid
movement, and as yet no theory so far bbaugﬁt out is capable
of expiaining its This 1is just another case showing the fu-
tility of establishing a theory of amebold movement béfore
we kﬁaw the 1mpartan§ facts concerned. Any theory nttempté
ing to explain ameboid movement must take into account
(1) that an ameba does not move aﬁ a uniform rate at a gon=-
stant temperature and (2) that at high tomperature the rabte
of movement is less uniform then at low temperature

Figure 8 is offered as proff of this staﬁement, being
baged nn‘the temperature~speed curve of cleven amebas, plcked
more or less at random from the data collected. These graphs
are exactly like those in Figure 6 and Figure 7 éxcepﬁ that
they havé béen condensed by taking an average of each five
points on the original graph end plbtting that average as
one pointe

The three lower graphs show the more nearly uniform rate



at low témparaturaa_as compared with the very lrregular rate
at high temperatures near the oplimum.,

The rate of movement of Mayorella conipes, at conshant
temperatures, diffaxs cmnsi&erably frém thet of the limax
forwms used,by*?anﬁin& He fovnd that when they (1imai} were
kept at a consbant temperature, they maintained a constant
velocity within one percent to flve percent. This, if plotted
would make almost a stralght curve. In the limax experiments
a ghost micrometer was uged to measure the velocity by time
ing thevameba as it moved over a glven number of diviaiona,
ﬁith a stop watch. This method was not used in wdrking with
cmnipes because 1t was found Lhat moré accurate measurements
could be obtained from & continuous cemora iucida path over
a long period of time. Had Pantin's method been used the
fluctuations in ﬁhs rate of movement in the ameba would pro=
bably not have been detected,

In measuring the veloclty of an ameba with a ghost mi~
crmmetef over aishumt perlod of time it is possible tb geb
all Mups" (high velocities) or all "downs" {low velocitles)
or mostly oné‘or the other, unless a large emount of data
is cellectéd {See Figures 6 and 7). It is of course soelf-
evlident that camera lueclda drawings évary minute or e#ery
two minutes, over an hour or more give a more accurate ac=-
count of yhaﬁ the ameba is doing, than would observations

only at ten-minute Intervals.
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2+ VELOCITY AT VARIOUS TEMPERATURES OBSERVED ON THE SAME AMEBA.
After having determined the r&aetien of the ameﬁa at
consbant temperatures it became of interest to lnow what
the same ameba would dolaﬁ different temperabtures. 'This.ne*
cossltated a slightly different method. An ameba was selected
and placed in the inmer chambers Tha nsual étarting.point
was 15°¢, or 20°C. A track of the ameba was made’%iﬁh_thﬁ*
ald of a camersa luaidﬁ;'fbr'a period of thirty minﬁtesa At
the end of this time the temperatuve was raised 5°C and a
period of fifteen minubes wéa allowed ta’alapae go the ameba
could be acclimeted to the now temperature., This process
‘was repeated, each time railsing the temperature §°¢ above
the preceding one and allowing time for acclimltization,
unti; such & high temperétura was feaahed that all movement
in the ameba stopped.
A praph was made adcording to the method previously
descrived. Thls graph can be seen in Figure 5. Flgure 9
shows the original of one of the graphs after it was re-

duced. to compare with work done on other formae

3. SUB-OPTIMAL TEMPERATURES (15%¢ - 38%¢), (15% =~ 39°C)

At temperatures below the optimum the ameba moves in
a'regulav,'sinbidal path, with a more or less uniform in-
crease in rate, as the graph will éhcw, (Fignna'é)‘until‘

a temperature of about 3090 is reached. Above this tempersture
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the rate of increase ef‘velocity falla rapidly until the
veloclty reaches its optimum at 3806. It is interesting

to compare this aptimum’with Lhe extremely low eptimum of
the limax forms, woich Pantin found to be 20°C for type B,
at 229C and 25°C for type A. After the optimum had been
reached 1n7ﬁypé B, at 20°¢, the velocity fell rapidly to
Azevc at 269¢, but death did not oscur until 30°C had been
reacheds It 1s extremely interesting to note that'mayarella
conipes was found to have an optimum temperature actually
abo?e.the.death point of the limax forms.

The low opﬁimum of the limex forms does not appear to
be general for all cases of amebold activity. Heart muscle
of the frog reaches its optimum activity between 28°C and
30°¢ and at temperatures above the optimum the'activity of
the muscle decreases rapidly. lcCutcheon has shown that
the optimum for human leucocytes occurs at 40°C as might be
eﬁpecteda

 There 1s a possibility that the temperature of the
environment may determine the optimum of the amebas as sug=
gested by thé men leucocytess. Bub when we consider thaﬁ
the amebas used in this experiment have been cultured in
the laboratory at a roah temperature that will average about
QBGC, and that they still ﬁave the same optimum temperature
ﬁow“aa they had when ﬁakéﬁ dxrectly from the natursl habi=-

tet, 1t geems that the‘témpaﬁéﬁﬁre of the ermvironment of an



organism is not sufflcient to account for its opblmume

In comparing vthe graphs in Figure 5, 1t will be seen
that the ahapes of the graphs in both cases are very simi
lar, and that in both, ﬁh@ velocelibty increases rapidly up |
to 30°C, and until the optimum ls reached, There is a slight
difference in the optimun of the two smebas shown by the
graphs in Flgure 5. In A the optimum isfﬁaﬁc,;While in B
it 1s 59°C. The fall in the velocity above the optimum in
each case is similar. In spite of the fact that these amebes
are very much alike in their reactions to the various teme
‘peﬁatures, they are conslstently different in their,rate
‘of movement, Individual ¢ is consistently faster than in-
dividual 10, At 25°C, individual 9 is going 2.84 mm. per
minmite fasber than individual 10, end at 50°C individual
9 is golng 3.4 me per minube faster than individual 10,
while aﬁ;ﬁﬁac individual 9 is going 5.76 mm. per minute
faster ﬁhan individual 10 This, wiﬁhladditicnal data, can
be seen in ﬁhe following table. Thi&-iﬁ not an isolation

sase bub oceurred many times throughout the experiment.

Figure 5 25°¢ 30°%¢ 35°%¢G
A 8,22 12,15 13,474
B 5433 8,75 9.68

DLffs 2,84 5440 3,76
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4, TFALL IN RATE ABOVE THE OPTIMUM

After the ameba hag reached its optimum, the veloclty
falls rather‘rapidly %o 41°¢ and from’this painﬁ the velocgi-
ty falls almost immediately ﬁd zero at 42°C. At_hamperam
tures near the optimum, and. gome timas/abbve,‘the movemnent
of the ameba differs siighﬁly from,ﬁhaﬁ below the optimum,
in that at more or less regular Intervals, the amoba assumes
a very chﬁractariatie crescent shape and moves off in every
instance at nearly a right angle to its former path. (Figure 10)

This seems to be a raclal character rathér than an in-
dividual one, Panbin notlced in his limax forms & similar
irregularity in the movement above the opb inmmam, bat.it was
characterized by the formation of lateral pseudopods rather
than crescents. ‘Iﬁ‘ia interesting to note too, that below
the optiimum the limax forms studied take a straight path
while Maybralla conlpes takﬁs a wavy oﬁa characteristic of
most other amebas,
5. THE EPFECT OF SUGCESSIVE RISES AND PALLS IN TEMPERATURES.

After abéerving Mayorella c¢onipes at constant temyeré~
tures and at gradually incressing temperatures it be§ame
of interest to know if the velocity aﬁ any glven témp@ra~
ture below the optimum is fixed or dependent upon the pre-
vious temperature.

In order to determine thls, an ameba was selected and

obgerved for 15 minutes at 25°C. The temperature was now
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lowered to‘zo°c and ten minutes allowed to elapse so the
ameba could be acﬁlimaﬁaé to the new temperabure. The

ameba wag now observed far fifteen minutes more cnd the
tomperature this time was railsed to 15°C; acclimated for

ten minutes and observed. Thils process was continued up to
259¢; allowing.first ten minutes at each temperature for ace
elimaﬁiaahinn and observing for fifteen minutes. This has
been trisd on other amebaék but not on Mayorella conipes, and
never on sny for as long as five hours or longer.

The veloclty at each temperabure wos determined. Fige
ure 4 shows four of the longest observationsg plotted to-
gother on a single graphs For the limex forms, Pantin found
a distinet "lag" in the velocity obtained by a rising tem-
pérabture, That is, he found the veloelity at 15°C, for exam-
ple, to be higher if approached from high temperature, than
if approached from_a low ong.

Graph D, Figuﬁs;4, shows a dlstinet lag. When approached
from a low temperature the ameba was going 2;6 mms per mie
nute ab 1500, but when appi*oac:hed from a high temperature
it was going ab the rate of 6.8 mne per minute at 15°C.
Again at 2060 when approached fram‘a low temperature it was
going Se4 mme per minute, bub when approached from a high
tomperature it was going 7.4 mms per minute. This curve
shows only one "up" and one "down", and this is all that

has been recorded before by any observers
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In graph A, Flgure 4, the "lag" 1s very definite if
we conslder only the first * Gov” and "up".  Tikewlse, in
graph C, if we observe only the first Map" and "down" the
lag is distinct; buﬁvifIW@ cfsef%é‘succeadiﬁg‘“ups“ and
"downs" over a longer period of time the assumpﬁion that the
veloeity 1s greater when appraaehaéAfrom a high tem@a:aturé
than when epproached from a low one does not hold generallys

In these experimenﬁa the optlmunm was never reaghed,
esﬁa being the highengﬁemperature, and accordingly nothing
should have been destroyed in the ameba, according to Pantin,
The only paasible explanation for lapg is that the;accliﬁa~
%ization perlod was not long enough between suaceﬂﬁiva ¢hanges
in temperature. But on the other hand, there is evidence
to show that in other marine amebas the velocity usually
besomes consbant in about one minute after a ehange in tem-
perature.

These experiments show that the previous history of
the ameba must be taken into account and that the rate of
movement of the ameba at any given temperature eannot be
taken solely as an expression of its physlceal state at that
temperature, regardless of its previous temperature history.
5« RHYTHMIC ACTIVITY

In the study of this ameba 1t becomes necessary to in-
vestigate that phaaa of amebold movement that has to do with
rhythmic sctivity. Schwitalla ('24) speaks of the "rhythmic
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scharactor of the changes in the locomotor rates” in the
amebasg etudi@ﬁ by‘him@ This i@d to an investigetion of
this point to aae if thﬁ rhyﬁhmlc character that Schwitalla
gpoke of was pveaent ﬁn mayaralla gonlpese.

The word rhybthm comes from the Gresk {Paﬁaqqﬁ, MO AN~
ing " measured motian W@ fln& the work in: cnnnaatian with
music, rvet%y, presa, fina arts, physics, pathoiogy, and
varlouﬂ blologieal pvoa@saas. Calkineg (104) and Mast (110},
Eahwitalla (124) and woodrufs have called attention to the
rhythnie sctivity of amebas and other géaﬁdzaa,

While the definitions for rhythm are num@rwus, there
lg an idea ranning throughout them that makes thom essen-
tlally the same, that being, that for any process to be
rhythmleal in its aéﬁiong that action mist recur at regular
periods and mst be predictable as in the case of gsuch bio=
logleal processes as heart beat and musocle reaotigna In
sach of these oamges an actlon oceurs, and recurs regularly,
sﬁuh}that 1% can be predicted falrly acourabely. Thls, ac-
cording to a composite of ull the definibions, can b called
rhythm. With this idea of rhytlus in mind we will examine
the experimontal data.

Two species of smebas werse used in this phase of the
experiment, Mayorella conipos was the ono used in the pre-

vious work and the first one used here. Because Mayurélla
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conipes hos no psondopods, a scoond apecies having paeu-

dopods was used as a busis of comparisons {Chaos dlffluens,
Hﬁller}

The amebas wore kept and observed at consbant tempera~
bures and eamara;1u¢i&a\ﬁﬁa&ingsiand grophs were made accord-
ing to'%he method previouvaly ﬁascribedc

By vbserving Flgure 11 of 9ay0wa1 a‘eonipes, it will
be fouad that the change of tha 1ocameﬁor rate is not rhyth-
mical mecording to ouv ﬁBf&nm%mﬁn, because thrmughout tha
entire ourve of 324 minutes in lenghh there cannect be found,
even for & small portion of the curve, en action that can
be predicteds By comparing this gfayh of the ameba with a
kymograph record of the normal heart beat of a frag,litvwill
be seen ab once, by the character of the curve, tha% there
is & difference between & rhythmical (frog heart) and an
orhythmic (amoba) action. Over thirty paths were made of
ﬁhig'amaba ot constant temperatures and all are similar to
the one shown in Flgure 11; 324 minutes 1cng. Considering
rhythm as it is genarélly-spmken of in connecblon with'
other blological processesy (hoart actioﬁ,,muacle conbrac=

Gion) and as it has been defined, it can be safely sald

1 Mayorella con&pes has very indeberminent pseudopoas, -that
ia, thoy do no% determine the direction of movement as do
the pseudopods in larger amebas which are determinate.
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that Mayorella conipes moves with aliternated acceleration
and retarding phasese Thasa'phasea ére{asldnmkof,tha same
duration and at any ﬁinuhe it is &mposaiﬁle o yrﬁdiét the
acktion of the emeba for the next minute?

Iﬁ'wés natidedﬁ hbwever, that occaslonally Mayorella
conipes would elongate and agsume a crescent 8hépé¢ This
eregoent conslsted of two psenﬁﬁpa&a with protoplasm stream-
ing forward in each« This wes accompanled by a slower rate
éf movement for a4 time until one pséndnpaa.was rebrachted
and the other predominatiod. Afte@,thisg the speed nf the
ameba inoreased. In evory instance thore was & marked cor-
relation between ﬁhaaé crescent forms end the decrease in
rate of lﬁaama%ion.' From these obgervabions 1b became
evident thab ﬁha decreased rate was accompanied by the for=-
mation of psaudﬁpbds. Befqre one gan be certain that thié
1s the case 1t is nacaasary'ﬁa make the game nbsevvatiﬁna
on an smeba of dlfferent specles having & 1arga numﬁer of
paeudopodss If then, the decrease in vate is dve to the
formation of’paeudﬁpada, and is cormon to all amebas it should
show up very markedly in this ameba. The amebs chosen for
this investigation was Chaos difflucns (mﬁllar) one of the
éemman large amabaé, known %o form numerous pseudopodss In
order to compare it directly with Mayorella conipes it was
treated in & simller manner, viz., the same method of con=

stant temperature and camera lucida drawings were mads every
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minute,

It was found upon examining the path of this ameba, a
portion of which is shown in Figure 3,.that there was a cone-
siderable variation in thgirate, and too; Just as in Mayo-
rella conipes there was a marked positive correlation between
ﬁhe‘dacvéase in rate snd the formation of pseudobods»

Schwitalla (%24) in his study of the movement of amebas
drew only the posterior ends as Figure 3 will show, and he
dld not record the pseudopods. Since there is a marked
positive correlation between retardation and pseudopod for-
mation In the two specles of amebas studied here, it 1s
highly probable that the retardation phases observed by Schwi-
talla were duevlargely to pseudopod formation,

The ge crescant forms were more frequently notlced after
the ameba had been ”trécked"_for several hours in a medlum
free from food. If fed, the umeba would resumg»normalllo~
comotion and would not form crescent forms untii after a
conslderable time had elapsed after feeding (2 - 3 hours).
It would seem then, that these crescents whlch caused pe-
riodic retardations iﬁ«mqvament were corrélated in some man=-
ner with food requirement rather than being fundamentally
concerned with rhythmle activity.

6, GENERAL EFFECT OF TEMPERATURE ON MOVEMENT.

The congbant Mu in the Arrhenius equation represents



theoretically the energy required to transform a given spe-
cles ofvmolecmle from an ihactive to an active states Rice
(1923) has developed this idea to meen that since many ap-
parently diveﬁée‘chemiqal reactlons yield the same vérue
M, . this energy of activation applies to a common molecule;
for example the hydrogen ion, or the hydroxyl ion which is
concarnad.as a catalyst. Subsequently Crozier (1924, 1924-25)
has shown that a great many dive;&e protoplasmic activities
fall together into a comparatively small number 6f classes

in each of which bthe process possesses values for Mu that

are remarkably close together., Thils fact he has used to sup=
port'the idea that a given value of Mu Indicates a common
protoplasmic catalyst; and a skilful use of many data has.
enabled him to make suggestive identifications of some of

the catalysts.

It 1s therefore not without significance that the
numerical value of Mu which amebas yield is eommon to g‘large
group of biological activities Whiéh are very probably oxi-
dations. Move particularly it folls within that group of
oxidations which seems to be associated with iron as a ca=-
talyst, and for which the velue of Mu lies between (16,000 =
17,000},

Crozier has brought forward evidence to show that the
values grouped around Mu {11,500) depend upon“a‘reaetion

cabalyzed by hydroxyl lons whereas'those between 16,000 and



17,000 1nvalves,aome oxidation-reduction system. Values of
M of 16,000 =~ 17,000 are found to be common for respira-
tory processes (02 consumption and CO, production). For
reduction of methylene blue by bacteria through removal of
I from succinic acid, Mu 1s found to be 16,700+ This pro=-
cess at constent temperatures is e function of the hydroxyl
fon congentration. The value, Mu » 16,140, 1s associated
with the oxidation of iron mmd may be compared with that of
respiration in seaurchin eggs in which iron is a catalyst.

At the extremely low tomperatures (5° - 12°9¢) the high=
est increments are foﬁnd;vin some experiments with frogs
(Vernén,lBQV) and in Krogh's data in a winter fbag'gl,oca -
24,000 were found; in the present work with amebas, 50,000.
o Abeording to Morgulis (1923) laboratory aonfineman#
of Panulirus results in the rapid &iéappeaﬁance of glyqeggn :
from the bloode It is not difficult to conceive that under
these and similar circumatanceé involving inanition-thé
limiting’conditicns for oxidation may be profoundly modie-
fied,

Crozler suggests the high values of Mu to be due to the
controlling influence of hydrolytic reactions which prepares
the substrate of oxidatlons.e

In finding;ﬁhe tempefature characteristic Mu for pro=
pupal-davelopﬁgnt in Drosophila (G. I. Bliss, 1926, Jo. Gen.
Physlol., vvlvég P 467) ghow Mu 32,210 from 12°~16°6§
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16,850 from 16°-25°C; 7,100 from 25°= 30°C.

From the data given above it seems to be generally
recognized that absarvations‘1llustrating changes in Ve~
locities of biological procassas-(vital activ;ties) Wiﬁh
the changes of temperature, are numerous enough and over a
wida enough range to show that ﬁhﬁir ccrresponéing tompera-
ture aharéoteristia Mu falls intb definite classes or groups,
aﬁd is fully ccnsistent‘with ﬁh& idea ﬁhat the control-of
vital processos dep&nds}not upon one kind of processes but
ﬁpan a combinatien of several, ;nterralated, continuous
chemical reactions, each with a variable rate. According
to Glazier (1924) "The simplest gonception applicablé to
ﬁhe controlling readtidn is a catenary serias{O»&aE, in
which an originalﬂsourcé of supply @ is champged 1nﬁo the
available form A, whose destructlon to the end products E,
,yields the energy resulting in translation. if C~A hag a
Mu value of 8,000 while A-E has & Mu value of 16,000, the
deplétion of A at higher temperatures would proceed at a
faster rate than its replenlshment, and.hence the 1ncreaéa
“4in tﬁe rate of the process as a whole would beomc less as
time went one If A In the catenary series ls considered as
a regervoir in the main supplied from 0, and E as partly
oxidized and partly reversible tb 0, Myerhofts conception
of carbohydrate metabolism in muscle becomes quite applicable."

In muscle, Myerhof points out, the process'runs in a



cyele and is composed of two main steps. 1. Glycogen is
hydrolized to glucgsa and lactic acid during the anoxidative
phaaa, whereas tha‘oxidaﬁive phase results in the oxidaei
tilon of both these products as well as in the reconverslion
af‘ﬁhree~§uartara of the lacdtic acld to glyccgen; If we
attach the lower M&’value (8;069) to the synthesis of gly~
cogen from 1aatic,acid~%an assignment reasonable in #iew of
the 1&#@@ quaﬁtihieé of waﬁer produced during ﬁhia phase;
Uyerhof's conception shonld give .a fdir&y‘well substantiated
reactlon system capable of the velbcity controls demaﬁded_for
‘the péesent caaé in amebas. Moreover, lyerhofis circular
scheme accounts well not only for the transfer of control
but allows for the fact that the data can be interpreted

a8 involving &t the higher ranges a deficit of A. If we
‘assume for normal temperatures a quantitativ@ ad justment
such that the prevailing rate O-A keeps the concentration of
dkbconstant at the prevailing rate of oxidation and of the
roaction A-E, and then assign Mu 16,000 to the oxidative
phase, temperatures lower than normal would.result in no
change of control, bub possibly in an accumulation of As

At higher ranges on the contrary, owing to the aepletion of
A,‘thé roate of the system as a whole would come tb<depend
more end moré on the synthetic transformation of E. to O,
the forerummer of A, and ﬁhua coneretely, if amebas were

muscle, on the conversion of lactic acid back to glycogen,



end unless the metabolism is radically diffevent the pro-
cess runs;in‘é'cyﬁle and is*campo#ed‘of the two main steps
‘abcvea Amabas undountedly also oxidize carbohydrate since
it is dafinitely knawn that they dlgest sterch.

~ When the Arrheniua eQuation is applied to the tempera-
ture-speed curves of amebas 8 value of Mu. is obtained which
compares favorably with the'va1uGs of Mu for other bilolo-
gleal and chemiocsl processess

By aamparigg the values of Mu thus obtained with the

Mu value of known chemical and biological reactions 1§ not
only becomes apparent that amebold movement is the result of
a éerias of chemical reactions but that the values for Mu
may serve to idﬁntify the nature of the underlying reaction.
The results of the eppllecation of the Arrhenlus equation
are given in the following Figurés.



HAYORELLA BIGEMMA

Table I gives the rates of movement in mms per min=-
ute of fourteen different aﬁebas of the spocies ﬁayorélla
bigommns The;raadinga wére takan‘aﬁ'inﬁérvals of five de=~
grees. The averages in tho table are the arithmetrical
means of the readings givan»aﬁ cach temperature.

From the Arvhenius equation:

¥

lc‘v __‘.’_____
ey (=

. a\lve’@‘““%&";

o

T T

we find:

Examination of the equation in this form shows, that it la
the siope~form of the equation of a straight line, the

type form of which 1s | In

the Arrhenlus equation Mu 18 the slope. In plotting the
curves we let twlee the log&rithma»af the rates be the y's
and.the reciprocals of the absolute temperatures be the x¥s.

In Figure 12 we have plotted twice the logarithms of
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the rates against the reciprocals of the absolute tempera-~
ture readings for each one of the fourteen amebas. The
logarithm scale has beon moved up sufficiontly each time.
to separate the graph of each ameba from the others. As-
we havé;seen'ﬁha slope bf‘the line in each case represents
the Mu in the iﬁtervala- If the lines were exactly paral-
lel the slopes of Mu's would be equals

In Figure 13 we have plotted the averages of the given
rates against the,raciprdcala of the abaolute temperatures.

Th@’siupa'hﬁre represents the liu's of the averages.



56

A I
» 1T
aE%taa
o 3 el
= s=a
H
(2 Lt T
&
f £ ‘J
13 -H
R H
T;y »aan
4 2
3
i A W
i g

l s
. - ' o bedpciod
, i f #
i » {11 L 1 »
E ket et

T H
; H ae

1] ol
ESmdua s
auan:.oay —
L] & L] ~

MAYORELLA BIGEMMA

13
4
sund ab  as ——
n“ bdeistony . e 4
e ERN ¥
HlH N g
'
wha "y =
: u RS & w
s
» I {
X
X H
3 P " -4
&
)
£ % o Il
~45T 11 1T
1T
g
- zi I
b$ +4 3~ .ot
111y
o y




57

bi 3 333 ! ]
¢ i : 0 At : £ SHEH
) i 1] L A 4 s .
; & ] ] T F R s
‘” y wa g H g L " ] -
v i 0 4
T it ] T i
NEu K 1 » retl i ‘ ¢
s Hiigh ] 1
m m i 5541 1 ¥ £ £
T m m st
T o<g . . t
itz Uu — ; dis T
- -
< T
e O - :
i |
= 2 .
> His e
<5 TaH g ] ;
s ﬁm.n.. 3 e
e : o
s i HT




TABLE I
HAYORELLA BIGENMA

Ameba ‘Temperature in Degrees Centigrade

Hos 40 35 S0 25 20 15 5 10
Reciprocal of Corresponding Absolute Temperature x 10
319.4  324.6 B30«  335.5 3412 347.2 58545
1 4.4 T3 77 4.9 Sel - 18 od
2 16.6 15.3 ©11.7 0.2 7.0
3 5 14.6 14.0  10.0 = 6.5 3.2 1.0
4 T2 12.0 14,7 12.4 5.4 346 1.4
6 18.5 18.0 - 13.1 9.1 6.4 1.6
7 24&4 22 &G ‘ 17 - 895 7 QG 908
8 - Tad 445 446 1.5
9 V ) - 6.8 =0
10 17.6 16.0 15,3  10.1 |
12 - 19.8 18.4 - BeS 1.5
13 o 1638 18;(} 1@ a& A ,.3.0 ll 6;5 05
14 . 11.0 S5 La2 249 «5
Ave. 8.71 15.92 14,87 - 949 6«37 0 4463 0 1.82%
. 10ge = 2,1844 2,7665 2.6990 2,2925 1.8516 ~ 1.5525  0,1906
2 Log 4,3288 5.5330 B.39B0 4.5850 3.7032 3.0650 . +3812

Data faiating the rates in mm. per min. of fourteen different
amebas to the reciprocals of the absoclute temperatures.

Data for Figures 12 and 13.

]
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TABIE II
MAYORELLA CONIFES

Average rates in mm. per min, of different groups ab
different temperaturesa

Temperatur& in degrees Ccntigrada

35 30 R - 20 .15 10
Reciprocals of Gorrespcnding ‘Ahsolute Tempera%ure x,105
324.6 330.0 = 335.5 341.2  347.2 353.3
Group A B e D E F

Number 4 10 : g 7 11 11
Rate 16,46 13 »D - B.l38 . B37 4.13 «75
Log 2.968 2.602 2.1258 2.1248 1.4182 =274
Tog 5.936 5.204 4.2516  4.2492  2.8364 ~.548

Table II gives the rétes-ef mbvement.fcr anorella,ccuipe$¢ In group

A there were four amebas. Thelr averagg rate at 35%as 19,46 mm. per minute.

Tn 1ike manner the averages of five other groups are givens.

Thege data are plotted in Figure 14. _Each.segtion of the 1ine;:spre—
sents the data for one interval. The slope of the line represents the Mu in
that interval, If the sections formed a straight line we could conclude a

constant rate of increase. Any two sectlions wnich are parallel have the

same Mule

*09



TABLE IIL
MATACHAOS DISCOIDES
Rates in mme per min. of four amebas, measured at various temperatures.

Degrees  Rec Abs T Ameba 2xLog Amsba 2xILog ﬁﬁ&ba 2xLog Ageba.zxLog

¢ =x1° #1 - #2

8 08 355 02 7 6'12 ' ”‘g: '240
10, 35363 15 «3.794 «OT1 ~1.124

12,5 350 02 206 ~1¢022 . +08 w2 3100 3 +1 2 4&262

15 347 .2 1.6 «240 6,0 3582

15,5 346.6 S5eB Sed34 )

17.5 344 ,2 ; 15.0 5416
20 341 .2 15.6 5.492 T7.45 4,016 18.5  5.930  12.5 5.016
22,5 35844 10 4,604
25 3355 13.5 5,352 1343 5.172
27 35340 18.2 5.800

30 3300 18.8 5.868

35 324.6 7.1 34920

These data are plotted in Figure 15.

Since we arc interested in Mu's within certain intervals, 10-15°C, 15-20°C and so
on, Ameba #1 contributes only one Hu, that fcund by using the rates, 5.3 and 15.6. These
will give us a lfu within the interval 15-20°C. If we use the rates .6 and 5.3, the Iu
found would not lie in aﬁy one of the intervals vhich we haveyéhcsen.for comparlson, bub

would overlap the flrst tow.

‘19
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TABLE IV
METACHAOS DISCOIDES

One Amebsa

Degrees Rec Abg T  mm. per 2xLog,
¢ . |

x 1ov min.
26 - 3344 277 6.642
27 333D 2846 6,704
27 1 833.2 300 6.802
27.5 332 48 322 7004
28 332,42 26 64516
290 33161 33 54992
303 329 .7 32 6.930
31 329 39 74926
31.2 328 7 39 7326
Z2.2 327 o7 o2 6,930
55 32446 3RS 7010

37 322 .5 0

Table IV gives the data for one ameba which
was tracked and measured as the temperature was

gradually ralised,
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TABLE V

TRICHAMOEBA CLAVA

W

<

No. Degroes Rec Abg T

Rate in mm. ExLoge

| c X 105 per min. ‘
1 20 341 .2 49.1 74786
28 352 ,2 67.8 8e444
32 327 .8 681 B.22
34 325,7 39,8 7 . 350
36 323.6 27 .4 6.618
38 32146 4.8 34136
2 25 33545 32.8 6.978
30 330.0 30.5 6.834
35 32446 17.6 5.734
3 25 555&5' 3846 7¢522
30 330,0 41,3 7 «4400
35 324.6 36,1 7170
4 21 340.1 29,5 64768
25 335.5 55,8 7.128
30 33040 33.7 7,034
5 2105 359 Ql 33&2 ‘7-004
31 33L.1 38,4 7.294
6 2543 341.2 25,3 64438
50.0 330.0 42,1 7478
7 25 35545 26,9 6.588
50 330.0 365 7.202
36 323.6 8.6 7.322
37 322.5 31.5 6 .898
8 25 335.5 34,5 7 4080
30 330.0 46,5 7.678
35 324,6 39.5 7 +356
38 321.6 19.1 5.898
40 319.4 1 0
9 22 338.,9 45,6 7 .636
25 33545 28,3 6,684
30 330.0 19.5 54440
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Table V shows the rates in mm. per min. of nine ame-
bas of Trichamoeba ¢lava. The readingsfwére taken at vari-
ous temperéhurea#for'ths different amebas.

Table VI ahbwavtha readings taken for five amebas of
F, citata and one ameba of Tricamoeba Verrucosa,

‘fhs reciprocals of the abgolute temperatures and twice
the logarithms of the rates are givén because these data

are used in making the corresponding graphs.
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TABLE VI
Fe CITATA
Nb‘ Degrees Rec Ahs T Rate in mme 2x Logg
B L % 10 ~ per mine 3 ~
1 20 541.2 547 2,616
25 335.:5 647 3.804
30 330.0 9 4,394
35 524.5 12.% 5,080
40 318.4 16.6 5,616
42,45 317 7 54666
e 10 55345 oL «4,606
15 347 .2 2.6 1.911
20 341.2 5.8 3408
25 335+5 9 4,394
30 530.0 13 5120
3 25 33546 26.7 64566
27 33343 27,5 64626
30 330C.0 29 6,794
35 32446 17.8 54756
4 15 35345 7.4 4,002
20 341.2 17.2 5,688
25 33545 21.9 6.172
30 330.0 113 4,798
5 20 341,.2 3649 7.214
25 33545 3945 74340
30 3530.0 373 7.256
VERRUCOSA
1 7 344.8 8 - 4446
20 3541.2 4.8 34156
25 33545 5.6 34444
30 330.0 6.4 3,712
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Te VISCOSITY
- Throughout this work it was constantly noticed that

somé amebas move &t a much faster rate than othor amebas
belonging to the same speei@sg Schwitalle (1924) noticed
this sam@ hehavi&r and termed such faster moving forms
"racorst. The interestin® thing is that while some amebas
maved m&ny time& fast@r than others of the same speciles,
tha character af the curve remained the same. Sdhw*talla
in hls work omltted an az@lanation of this sgeemingly pe-
culisr bohavior.

One thing that is varg natieeable thvﬁughout the data
in’ this experiment is that the larger specles af amebas
move fagbter than the smaller species. It was also noticed
ﬁhaé thé larger amebas usually moved faater thaen the smaln
lerianas of the same apecica. In opder to prové that this
is not a raclial difference an améba was selected and fol-
1owé& (tracked) by camera‘iueiéa drawings, at a constant
teﬁperatufe unﬁi1 it divided, then after aivision both the
daughtar,amabas'were followed, After one moved out of the
-fiéld the remeining one was followed.

when'the rate of movement of the mmebas was computed
begore aud after division it was found that the rate be-
fore division was 13 mm. per ninute and that the rate after
‘division was 10.6 mm,‘per min, in the same protoplasm under

the same conditions. (Figure 18). The only other measur-
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Division
1

Tigure 18

Cemer lucida drawing of, Flabellula cltata showing
portion of drawing just before and after division. The
temperature was 30°C. 'The §ate before divislon was 13
mm, per min. After division the rate was 10@6/mma per min.
Notice difference in size of ameba before and after divi-

sione.
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Figure 19

Mayorella conipes at a temperature of 25°¢C tracked
just after division (B) and sgain five hours later (A).
The rate in (A} is 10,5 mm. por min. and in (B) 3.9 mm,

per min.
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able difference was size, the ameba after division veing
only about half as big in diameter as 1t was before divie
sian‘ There ia‘ﬁﬁetifiaation for criticism here, that may-
be the difference in race was dne to some physialoglcal _
"upget" during diviaion, but this scems nob bO be the rea=.
gon when we observe that an ameha tracked at 2&“0 moved
at a rate of 549 mm. per nin. just after diviaion, then
5 hours later the same ameba was tracked again, after'ﬂime
had been allowed for it to increasss in vélumag and it moved
at 10+5 mms per min. (Figure 19)

. This soems to show, at least for amebas, that the rate
of locomotion depends to some exﬁent~on'the slze, while
the other protoplasmic activities may be going on at the

same rato.
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Figure 20
The same emeba (Mayorella bigemmea) at two different
temperaturess Path A was made atb 10°%¢ while path B was
made at 36"3, The rate of movement for path A is 66 mm.
per min. while for B it is 9.9 mm. per min. Notlice also
that the outlines of the ameba in path B appear larger than
in A
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CONCLUSIONS
1. When Mayorella conipes is kept at a constant low btem-

perature (14°C) for long periods of time (60 to 214 ﬁiﬁ~
utes) the change in rete of movement is much less than at
high temperatures (3590)* The range at the low temperatures
was from 0.5 mm. per minute to 3.25 mm. per minute while

in the high temperatures 1t wes from 4,5 um. por minute to
1245 wm, per minubes The grestest uhiformity in movement
was found to be at the low temperatures (lébc); as ﬁha Gom-
perature was Increased the rate of movement became less
unifﬂfm/as'tha optimum was approached.

2« The opblmam tampérature for this emeba was found to

be between 58“0 and 59a6. The opbimum for ﬁhia amabé‘was
found to be amctually above the death point of Pantin's
limax forms. {Type A, 209G, Type B, 22°%- 259C).

3a With an increase in temperature, the velocliby of move-
ment increased wntil the oplimum was reached (3900). Be=
yond this pﬁint some substance was destroyed according to
Pantin probably a probein, but in all probability en enzyme,
since the speed temperature curve of amebas ls identical

to enzyme actlion curvés* The ameba f£alled to respond by

an accelerated rate of movoment to a further increase in
temperature. The ameba recovers 1f the temperature is be-
.1¢w 42%, With regard to recoVery, conipes corresponds

to other amebas that have been observed.
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44 At temperatures near the optimum the ameba sometimes
aasumas & characteristic crescent shape. This 1s & response
on the part of the emeba to temperatures oclose to the op=
timun, and has been interpreted as en attempt to form
pseudopodas In the large amaéas ﬂtudiea,'ichaas diffluens)
where iarge~pﬁeud0pads normally oceur, & similar response
is nlways made to temperatures near the optimum and is al-
ways socompanied by the formation of many pseudopodss This
geems to be a racial character rather than an individual
ones It occurred in every experiment and has been observed
In other membe?g of the family Mayorellidae aé well as in
amebas éf other families.

5. The lden that the yeloclty is greater when approached
from a high temperature than when approached from a low

one does not always hold for Mayorells conipes. Occaslon-

ally there may be & disbinet "lag" under the above condi-
ticns but that it is not a permenent response on the part
of the ameba la shown by the fact that there ﬁre just as
many cases where the "lag" does not occur where it right~
fully should be expected. (Figure 4), The acclimitiza-
tion period eliminateé this lage.

51 These experiments show that the history of the ameba
proevious to any glven exporiment must be taken into age
count and that the rate of movement of the ameba at a given

temperature cammot be taken solely as en expression of its
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physleal state at that temperabure; regardless of its pre-
vious bemperature hiétevy¢

7. According to the commen definitions of rhythm and

as we know 1t in connécaion with other blologlcal proces-
s&a,,it cen be said that the rate of movement of the amebas
used in this invagﬁiééﬁiﬂn éfa not rhythmical., These amew
bas have perlods of acceleratlon and retardation but these
were nol fnnnd to occur rgyﬁymiaally and when they did
occur were due to the faﬁéétian ﬁf-psandopﬁda in the ro-
tarding‘phaséa and lack of paeuﬁapdda 1n~ﬁhe}agcelerating
phasess This polint was not detected and in‘faaé could not
have been detected by Schwltalla since he drew only the
posterior ends of the améba, ThﬁVreasans for hhévreﬁafdé'
ing and accelerating phases are to be found only by'kndw~”
ing the conditlion of the pseudopods. .Ib'aaeMS'probabie
that thaéa phases c¢an be undersﬁcdd'éémpletely only by
studying the entire outlines of the amebas.

8. The size of an ameba is'correlgted with 1ts rate of
movement. In general it can be said the larger the ameba
the faster the rate of locomotlon. The "fast and alow"
amebaé of Pentin and the "racers" of Schwitalla can be ox=-
plained on this basis. (Figuves 5, 18, 19, 20) The dif-
ference in rates 1s due to size rather than a dirfference
in protoplasmic activity.

9. The range of values of critical thermal increments
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for the movement of emebas goncerns the general theory
of ameboi&’mmvﬁmanﬁ in (1) showing that thers is nobt one
ﬁemperature eoefficient for this process--a "tomperabure
cheractoristio for amebold movement'-~but sevoral; and
farthermore {(2) in regard o the possible identification
of the values found with a varietﬁ of specific catalysts
found to control the rates of vitgl processes.

The veactions controlling movemens in smebas seems o
be a éaﬁ@nary sories proceas in which those values of Mu
geouped around 11,500 depend upon a reactlon catalyzed
by hyd&QXyliiana {Crozier) whereas those between 16,000 -
17,000 imvolva gome oxidation-reduction system and are
also aommon'for rospiration procepses COQ consumption and
00, production). The highor values of Ma (50,000 = 45,000)
are due to controlilng influences of hydrolytic reactioné.
The cause of the extremely high values for Mu (102,000 -
’103,000) are shill unexplained.

in wnébas the highest incroments were found at the
lower temperatures {10%- 15°C) and the lowest Increments
were found at the higher temperaturas (50% 35°C) which
1s in socordance with those of other biolagiaal pProcesses .

In ﬁayorélla bigomma the value of Mu between 10%- 15%
was found to be 43,748; between 15°- 20°¢, 10,770; between
20%- 25°C, 15,598; botween 25% 30°C, 14,681 end between
30°%-~ 35%, 2,519,
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In Mayorella conlpes the thermal increment (Mu) be-
tween 10°~ 15%C was found to be 55,161; 15°- 20°C, 23,843;
25%« 50°c, 17,195; 30%- 35%C, 13,662.

In Metachaos discoides at 10°~_15°G Mu was 44,000
and at 26°C to 27.5°, Uu was 22,625; between 29°%- 31°¢,
15,900,

In Trichamoéba>oiava between 20 and 25° C, Mu was
7,800; between é59~.50°c, M was 10,800 - 11,100.

in VefruGQSa_tha highest Mu was found between 10°%- 15°C.
Mu was 102,000, Between 20°- 25°c, Mu was 5,400, between
269 30°C, Mu was 4,870,

In F. citata between 10%15°C, Mu was 103,400; 15% 20°C,
I was 24,950 to 28,100; 20°- 25%C, Mu was 20,840; 25%- 350°c,
M was 10,700 - 13,2005 309~ $5°0,*Mu'wés 12,700; 35°~ 40°¢,
Ma was 10,300,

The aﬁitical thermal increments determined for the
amebasg studiéa compare favorably‘to_those determined for
othor biologlenl processes. By the determination of 'J\
in the Arrh@nius‘equation the basic chemical reactions that
supply energy.requiredxfor the execution of amebold move-

ment have been dei:e-rminedq
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