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Apgrracr. - - Htarved plagmodia of the
myxomycete, Physarwm  polycephalum,
were unidirectionally oriented on hon-
nutrient agar and exhibited both a char-
geterigtic morphology  and  migration
rate. The morpholegy desceribed consists
of five distinel areas: (1) the advancing
front, (23 1ihe fattoncd sheet arca, (3)
the tubu'e arca, (4) the major tube
ares and {3) the residual flattened sheet
area. Alteration of migrating plasmoedia
indicates that a unified advancing front
hehaves as the anterior end of a single
organism and determines tho polarity
of 4 plasmodinm. Analyscs of migration
rates of twenly plasmodia demonstrate
that starving plasmodia migrate at ap-
proximately seven hour intervals which
are separated hy paused, As the time of
gtarvation ig incressed, the migration
rale increases and ihe length of the
paldse period also inereases. Pressure
measurements indicale that only limited
volnmes of endoplasm are o the sol
condition at any one lime,

The endoplasm o myxomyectes
streans to aud fro in a regular pe-
viodie fashion termed shuttle flow.
Associated with the alternaiing flow
of protoplagmn is the movemcent of
the organism over a surface. 'The
development of advaneing arcas and
the movement of a plasmodium on
a uniform substrate (such ag agar)
wsually {lakes place in an apparently
random fashion, Therefore, early in-
vestigalions of movement, potentials,
and the coffecls of external faclors

on myxomyeetous plasmodia are
made suspect by the failure of the
ihvestigator to define adequately the
phyvsiclogieal state of the organism
and to put the organism in such a
eondition that one conld predict,
with some certainty, its future be-
Lavior under the same conditions,
The introduction of the double
chamber technigue {(Kamiya, 1040)
provided considerable impetns to re-
search on slime mold plasmodia,
since Kamiva had put the organism
into aw experimental situation which
conld be repeated.

The diseovery by Anderson (1861)
that the organism would not migrate
any appreciable distanee over pava-
film led to hiz development of a
metbod lor orienting plasinodia. This
terhnigne is more advantageons than
the double chamber method for the
following reasons: (1) the organism
is in a starved condition, migrating
at a measurable Tate, which consti-
tutes  a  scemidefined  physiological
state; (2) this state iy readily re-
produced; (3} the direetion of mi-
gration can be controlled; {4} the
future behavior of the organism ean
he predicted; and (3) a much larger
orgunisin 18 obtained ; this lends itself
to gertain experiments.
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MATERIALS AND METHODS

The organism, Physerum polycephe-
iwnt, was cultured in the dark on rolled
oats using a modilication of the method
degeribed by Camp (1936). A continu-
ong succession of subeunlturces were maln-
tained during the three year period of
these experiments, The plasmodia were
nigrated on agar filled trays after the

MorrHOLOGTY

A unidirectionally oriented migrating
Masmodinm  exhibits a  echaracteristic
marphology which can be deaignuated as
having five distinct areas (Fig, L}: (1)
the adyvancing front arca, (2) the see
ondary [ront or the faltened sheet ares,
(%) the tubule area, (1) the major tube
or tubes, and (5) the residual flaitened
sheat area. Hach of these areas is sub-
jeet to change wilh changes in the ex-
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ternal environment and time, but their
general forms can he seen in the aver-
are orlented plasmodinm.

Advancing  Froat Area,—The ad-
vaneing front avea iz the part of the
plasmodinm which determines the diree-
tion of movement of the mass of the
plasmodinm. If viewed from above, this
advancing front area is nusually lobulated
and thicker than the romainder of the
frontal area. This lobular area is pre-
ceded by the hyaline laver of its fore-
mogl portion. If the advancing edge is
viewed under a coverslip, the hyaline
layer iz then e¢learly scen. In mon-
oriented mmigrating plasmodia, this ad-
vancing arvea procceds in one direction
for a period of time, after which it is
retracted, and a new advancing area
develops in another part of the organ-
igm,

Fluttened Sheef dreq. — The area im-
maodiately bLehind the advancing {ront
(i.e.. the secondary front) is much flat-
ter and usnally has a shiny appearance.
Under the microscope small tubules can
be secn internally.

Tubule Avrew, - - This is (e part of the
plasgmodium wheve the tubez increage in
aize and heoome visible macroscopically.
TUnlike the tubules of the flattencd sheet
areq, these are more permunent slirie-
turally and are not zo readily chunged.
It is also in thiz area thal the inter-
tubular protoplasmn beging tn thin out.
Thus, the flatlened sheet area is transg-
formed into a reticular arca with resid-
ual Aattened sheet arcas in the reticu-
lum, This in turn is transformed into
a reticulated network of tibes with ho
protoplaszm in between.

Mejor Tube dved.--The tuhes finally
coalesce near the rcar into the major
tube or tubes, A major tube is usually
elevated above the substrate by smaller
projecting tubules which Iead laterally
outward Lo rexidual flattened sheet arcas.
Lewig (1942) also noticed this condition
in non-oriented plasmodia. The space
between each projeciing iubule and the
substratum iz usually filled with slime.
In aume plagmodia, the portions of the
tubcs between anchoring sites may ourl
inlo knots, The major tubes cventually
trail off into sliwe iracks In the pos-
terior.

Residual Flattened Nheet drea. — The
part of the plasmodium intersperged be-
tween Lhie reticnlar Tubules is referred to
as tho residual flatiened sheef areu. It
represents idlands of protoplasm which
have not vet completed the trangforma-
tion to the tubule hut are in some in-
termediate stage.

Transactions Tinots deademy of Science

MIGRAITON

Hovizontolly Migreted Plosmodis, —-
Plasmodia were allowed Lo migrate hori-
zontally on agar (2€: in tap water), and
the distance migrated was recorded as
a function of time. A plot of time ver-
sug digtance for three such experiments
iy shown in Figure 2, These figures in-
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j*gune 2. -— Migration Rates of Three
Oriented Plagmodia.

dicate that the migration rate of a
gfarving plasmedium is not constunt but
increasos with time. In addilion, panscs
in migration were apparent. Analyses
of (wenty horizontally-oviented plas-
madia ghow that the same pattern oc-
curred in each one (that is, an increage
of migration with time). On elose in-
gpection of migration rate wvlots and
time lapse films, it was noted that mi-
gration was interrupted by pauses at
regular intervals, but that the migration
rate wag approximately nniform during
each of the seven to ten hour actlvity
periods between pauses (Fig. 3). The
Ionger a plasmodium migrated the long-
or became cach succeeding pause, Guttes
and Guttes (1963) demongtrated that
in non-oriented plasmodia motility
ceases when nnclear division oceurs.
Phuse contrast microgcopical observa-
tion of two different plasmodia during
pause in migration showed division fig-
ures. Although each snecezzive pause



Protoplusmic Movement in Stime Mold 303

was of longer duration than the previous
one, the poriodd of migration were of
approximately ihe samce length. Ilovw-
aver, the rate of migration increased
afier each successive puuse. Plasmoadia
with the morphology and activity de-
seribed above have been kept migruting
on non-nutrient agar in tho starved cou-
dition for over five days.

Relgtionshin of Morpholoygy to Migra-
fon. — Because oriented plasmodia dis-
play these ditferent morphelogical rve-
zions, experiments were tndertaken to
remaove orf alter portions of thege regions
o determine their role in the motile
vhenomenon. If the advancing frort
were destroyed or removed, transloca-
“lon over the substratum stopped until
a new advancing {ront area developed.
Interferencc with the advancing frount
area, sueh as mutilation, usnally re-
sulted in a change in polurity (ie. di-
vection of migration). Tn contrast to
thig, the removal of one third of thoe
major tube area of a plasmodium did
not affect Jts direction or rate of move-
ment.,

¥ertieully Migrated Plasmndia. — The
shutile flow of protoplasm does not varv
ity rate of flow or periol sven thouga
the migralion rate increases {Kamive,
T80 Anderson, 1849). Kamiva indi-
cated that the two largest factors
determining the migration rate of a
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Frivke 3. — Migration Rute During a
Selectod Interval for an Oriented Dlas-
modivm to Show Period of TPaunse.

plasmodium were the net volume of
protoplasm tvansported and the motive
force developed. In tzrms of the meas.
urements  obtained Trom his double
chamber, Kamiya reported a pressure
difference of fiftocn cm of water. Au-
guming 1hat the eudoplasm is a8 cow-
tinuous go! [rom the anterior Lo the
posterior end of a plusmodium, we
thought it gecmed likaly that if a large
plasmodinm were forced to migrate ver-
tically, then large hvdrostatic pressures
should develop in the lower (rear) tubes
ol the plasmodium. It was aszumed that
the maximum  height a4 plasmodinm
could thonm migrate upwards would he
approximatcly fiftecn om.  Thig  wus
predicated on the hasis of the motive
forve megsurements ol Kamiya. Bacause
we had lfound that tke presence of nu-
trient material in an &rea prolonged the
maintenance of Lubes 1o that ares, we
supplied large vertically-oriented plas-
modia with a wery small amount of
food (lhree ouat grains or more) at the
initial transplant site. TUnder those eir-
cumatances, the plasmadia migrated ver-
tically in the same manner as horizon-
tally except that there was not so
pronouncced an inerease in the rate of
movement and their tubes were muin-
tained over extended distances,

In one of eight experiments conducted
with vwertically-oriented plasmaodia, a
plasmoedium migrated 66 ¢m up on an
agar surface and was continuous from
the hotlom to the topp. The migration
rate of g vertically-orisnted plasmodinm
followed the same general patiern ad
ane which migrated horizontally, Sinee
these results were nol in agrecment with
what had boen predictzd on Lhe hasis of
pressres determined by Kamiva's dou-
hle chamber experimeiits, an additional
expoeriment was designed to measure the
hydroztatic presswre at tho base ol a
vortically-oriented plasmodium.

Preseure Meonsurements, — o measure
the pressure in ithe lower tubes, a ver-
tically migrating enllure was oriented
throngh a one inch inflatable rubber
cult connected to a vwwater manomecter.
Afler a large itube hud formed inside,
the eunif was zlowly inflated and the
presaure changes reccrded, The maxi-
mum static pressure {ie., pressure
which was maintained over several min.
utes) was five to sl c¢m of waler.
Charniges in pressure of only two to
three e ol water were detected, Two
supplemental experiments gave similar
results except that the values wore low-
or. A gimilar experiment was conducted
It which a plasmodium was horizonially-
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riented with o fube within the rubber
cuff. Afler the tube wag tormed, the
putire lroy was erected so that the
plasmodivm was in a vertical position,
and the pressure nieasurcments then
mude. The resulis were the same ag
for the originally  vertically-oricnted
plagsmodium. In addition, no macro-
#eople charnge in the appearance ol tho
plusmodium  was detected that wonld
have indicated a large chunge in hydro-
static prossure.

KMany authors have describod the exn-
dation of protoplasmic drops after the
puteture of a plagmodial tube (Belar,
19%0¢; Camp, 1947 Cohen, 1942: Wohl-
tarti-Bottermann, 19621, A lower tuhe
{approximately 3 mm in diameter) of
a vwvertically-oriented plasmodinom  was
puneturad.  The resollapt drop which
Nowoed out was approximately four mm
in diameler and has the same volume
s one from a similarly punciured tube
ol ihe satte zize in a horizontallv-ori-
ented plasmodinm.

Do ssox

These stidics show thai oriented
plasmodia develop awl aintain a
charactoristic morphology. Uapub-
lished microgeopical studies on ori-
ented plasmodia by Sheen, Miller
and  Anderson, (1965) have con-
firmed this morphology. These plas-
moidia are in a starved condition,
and the enevey for the protoplasmic
movement, and hence the transloca-
tion ower the agar surface, musl re-
sult from some pufonhagous prozess.
The protoplasm of the organism un-
dergoes a sequentisl change from an
advancing Tront, To a flattened sheet.
and to a posierior tubular morphol-
ooy at a rate whieh is related to ibe
rate ol locomotion of the plasmadinm
over a sarface. These procosses ap-
pear to be aceelerated during slarva-
tion of the plasmodinm. Conversely,
the presence of food materials vesults
in the maintenance of tabes from the
plasmodium 1o the food, and a re-
tardation of migration rates. These
ohservations suggest that the avail-

Aradeny of Seicnee

ability of food inhibits the rate of
movement and the sequential change
in morphology of the organism which
is characteristic of locomotion. The
results of altering the morphology of
a plasmodium indicate that a unified
front hehaves as the anterior end of
a single organism and delermines the
pelarvity of a plasmodium.

At intervals the plasmodia inter-
rupted {heir migration. These re-
anlty, in agreement with Guttes and
Cinttes {1963), indicated that plas-
meodial migraticn ig suspended dur-
ing the synchronous nuclear divi-
sions which oceur in this organism.
Tn addition, the inercase in the
length of cach panse period sugpests
that the longer a plasmodium I
starved, the more the processes re-
guired for nueleay division are pro-
lopged, or that perhaps nnelear di-
visions are beeorning Tess and Jess
synchronons, thereby extending the
pause period nnotil all nuelear divi-
giong arc completed.

The use of oriented plasmodia to
study the pressure developed in ver-
tical versus horizontal situations in-
dicates that in both cascs the meas-
urcment of hydrostatic pressure is
approximately the same and the
chapnges in pregsure measured arc
also the same. These results are in
apparent contradiction to both fhe
conelusions. of Kamiva (1959) and
the concept of a pressure flow me-
chanism Tor plagmodial movement.
It Lias neeurred to the anthors, as it
has 10 others (for cxample Stewart,
14647, that perhaps the incongruity
lieg in the previons taeit assumption
that the endoplasmic sol is continu-
oas over long distances at lhe same
inslant, MThese experimental resulis
snggest. to ug that only very limited
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volumes of plasmodial endoplasin
may be in the sol condition at any
one time. If this be the case, then,
to some degree, the amount of proto-
plasm which exndes from a pune-
tured fube conld rationally be inde-
pendent of the height of the tube
and dependent upon the limits of
solation of the endoplasm in that
particular area.

ACKNOWLEDGMENTS

This investigation was supporied in
part by a Public Health Service Felloswy-
ship, number NIH-1-F1-GM-232, 041-01
[rom the Division of General Medicine
of the National Ingtitute of Health. In
addition, this work was submitted in
partial fulfillment of the degree of Theo-
for of Philogsophy at the University of
Ilinois. Discusgions with Iw. Bernard
. Abbott of the Department of Physi-
ology and Biophysicy, University of Illi-
nois, contributed gignificantly to this
worlk.

Limurarure Crven

Ampersox, J. D, 1948, Effeeta of direct
current on Physarwm polycephalum.
Phl) Thesis, Stantord Universily.

-———— —, B. T, Srewart, and P. A,
Srewarr. A biochemical correlate of
galvanotaxis in slime mold plasmodi-
um. The Physiologist 4:3.

Brraw, K. 1930. tther reversible XKni-
mischung des lebendigen Protoplas-
mag. Protoplusma % 200-244.

357

Caxre, W. (1. 1836, A method of cultivat-
ing myxomyeete plasmodia. Bull. Tor-
rey Botanical Club 83: 205-210.

1837, The structure and
activities of myxnmycete plasmodia.
Bull. Torrey Botanical Olub 64: 307-
85,

Courex, 4, T.. 1942, The organization of
protoplasm: a possible experimental
approach. Growth 4: 259-272,

Gurtes, H, and 8. Guorms. 1963, Ar-
rest of plasmodial motility during mi-
tosis in Physarum polycephalum. Ex-
perimental Cell Research 30: 242-244,

Kavrtva, N. 1840. The contirol of proto-
plasmic streaming, Sclence 92; 462-
463,

-+, 196%. TProtoplasmic
streaming. Protoplasmalogin £:; 1-199.

Lrewis, W. H. 1942, "Tho relation of the
viscosity changey of protoplasm  to
amehoid Iocomotion and cell divizion
in Structure of Protoplasm (ed. W.
Seifriz) Iowa St. Press,

Mrittes, D, M, J. D. Axpersow, and G.
W. Purerron¥. 1964, Protoplasmic
distribution and plesmodial fusion in
a myxomycete, Physarum polycephal-
#in. Trang. Illinois St. Acad. Sci. 57:
94-97,

Browart, P A. 1964, The organization
of movement {n slime mold plarmodia
in Primitive Motile Sysgtems in Cell
Biology (ed. R. Allen and N. Kamiya)
Academic Press N. V.

WorLFARTIT-BorTiryawy, K. 1. 1983,
Weitreichende, fibil'dre Protoplasma-
differenzierungen und ihre Bedeutung
fiir die Protoplasmastrémung, Proto-
plasma 54: 514-529.

Manusceript received Junmuary 28, 1960,



