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INTI{ODUCTION 

The question (~f the existence and function of plasma me, mbran(,s 
is of concern to the, physiologist both fi'om a practical and from a thpv- 
/'etical point of view. It is of practical interest, because, in attempting 
to analyze the action of chemicals on the living organism, it is essential 
t.o know whether substa.nees in the external medium nec~ssarily corot, 
into direct contact with a.ll internal constituents 'of the cell which they 
affect, or whether action on an external regulatory layer alone may b~ 
responsible for changes in other parts of the cell whict~ the chemicals 
never reach. It is of theoretical interest hecause~ if it can be shown that  
the existence, and function of plasma n>mbraues is essential to the life 
of the protoplast, it folh,ws that it is as incorrect to think of protoplasm 
as a living substance apa,rt from its org;mizati(m into protoplu.sts as i( 
would be tv think of proteins, or watt,r, or earboh?,dn~tes as living unless 
organized into pratoplasm. 

In that  case, the prutoplast, rather tha.n protoplasm, becomes 
"'the ph-ysica.1 basis of life". 

The concept of spedalized, differentially permeable la.ye_rs in the 
cell is so convenient in the explanation of cell phonomemt that. it has 
widespread acceptance. The statement is made in a current text on plant 
physiology, with no implication of uncertainty, that "The nucleus, plastids, 
etc., as well as the cTftoplasm, have surface membranes on the inner and 
outer surfaces which permit certain substance,~ to pass througlq while, 
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k e e p i n g  o the r s  f rom do ing  so. The  cell  is ab le  to  c a r r y  on m a n y  d i f f e ren t  

p rocesses  a t  t he  s a m e  t ime ,  owing  to these  v a r i o u s  m e m b r a n e s  which  

s u r r o u n d  the  d i f f e ren t  s t r u c t u r e s  in i t "  (RAUEI~ 1928, p. 13). 

The  view t h a t  m e m b r a n e s  s u r r o u n d  nuc leus ,  vacuole ,  a n d  p r o t o p l a s t  

is generally accepted by cytologists (St lAaP 1926, p. 57; W I L s o ~  1925, 

pp .  54---55,  85). Ye t  t he  m e m b r a n e  theor}" is n o t  on ly  d i s p u t e d  b y  those  

who  p ropose ,  i n s t ead ,  an  e x p l a n a t i o n  of s e l f - r e g u l a t o r y  a b i l i t y  b a s e d  on 

t h e  b e h a v i o r  of a co l lo ida l  s y s t e m  r a t h e r  t h a n  on a c o m p l e x  cell  s t r u c t u r e ,  

.... v i t  is ~l.~tubett b y  i ts  a d h e r e n t s  t h a t  t h e  e x p e r i m e n t a l  ev idence  on which  

i t  r e s t s  is i n a d e q u a t e .  H t u ~ u ,  wtm has  c o n t r i b u t e d  bo th  e x p e r i m e n t a l  

w o r k  and  t h e o r e t i c a l  cons idera tk}n  in s u p p o r t  of th~ theo ry ,  s t a t e s  t h a t  

, ,E inen  e i n w a n d f r e i e n  d i r e k t e n  N a e h w e i s  de r  P l a s m a h a u t  g ib t  es d a n a e h  

b i s h e r  f i b e r h a u p t  n i c h t "  (1926). 

The  ques t i on  cal ls  for  I u r t h e r  i n v e s t i g a t i o n ,  no t  on ly  on i ts  own 

mer i t s ,  b u t  b e c a u s e  an  a n s w e r  is ol i m p o r t a n c e  in phys io log i c a l  w o r k  alon~" 

o t h e r  l ines.  

P R E V I O U S  I N V E S T I  G A T I O N S  

In the last century, DZ V~IES (1885) isolated the layer of cytoplasm surrounding 
the plant vaeuole by rapid plasmolysis. He made a study of the permeability and physical 
properties of this layer, which he called the tonoplast. He appears to have looked upon 
the isolated tonoplast as living, since it might divide, but p~obably the division he saw 
resulted from sul'faee tension forces alone. More significant, perhaps, is the fact that the 
differential permeability of the tonoplast so closely parallels that of tile entire living 
protoplast that it  seems unlikely that the tonoplast originates as an artifact. 

PFEIrFER (1897) demonstrated that the outer surface of a plant protoplast retained 
differential permeability for dyes when killed with acid, although, when the surface layer 
was ruptured, the dyes penetrated and stained the cytoplasm. 

In view of our present knowledge of the radical changes in physical properties 
undergone by dying protoplasm, both these pioneer contributions to the physio|ogiea] 
morphology of t, he co!! must be considered an uncertain basis for conclusions regarding 
plasma membranes in the living protoplast. 

Comparatively little of the recent investigation of physical properties of protoplasm 
has been directed toward the question of differentiation of surface layers. Microscopic 
observation ordinarily fails to reveal such a layer at either cytoplasm-wall or cytoplasm:sap 
interface, in the plasmolyzed or unplasmolyzed cell; however PRICE (1914) using dark 
field illumination, was able to detect the presence of an outer layer distinct from the 
remainder of the plasmolyzed S,pirogyra, Mougeotia, or C~curbita protoplast. In the first, 
the layer contains fine particles in rapid notion;  the second shows no movement, suggesting 
that i t  is in the gel condition; in the third, the layer is homogeneous. In Spirogyra a 
similar layer surrounds the vacuole. Plaice also notes that the strands which persist between 
plasmolyzed protoplast and wall in Cucurbita are like the material composing the outer 
layer, from which their origin is c/early discernible in some cases. 
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Ki?STEI~ (1910) describes the appearance of a fine membrane in cells of Alliu,~ 
treated with acid on death from rapid deplasmolysis; this later collapses against the plasma 
mass. He reports (1926) that  when a protoplast divides on plasmolysis, a thin strand 
of tonoplast may persist, running through the strand of cytoplasm connecting the two 
portions of the protoplast. The strand of tonoplast becomes evident on "foamy degener- 
at ion" of the cytoplasm. In  another paper (1927) he describes the oecurenee of naked 
vacuolar membranes in the sap of ripe solanaeeous berries, where they could hardly be 
considered to result from the use of reagents. 

GICJ&LI~OI~N and WE?aE~ (1927) report that  when mesophyll eells are placed in 
conductivity water or in isotonic solutions, the vacuole, surrounded by a thin layer of 
protoplasm, may contract, although the remainder of the protoplasm remMns next  to 
the cell wall. When these ceils are placed in stronger solutions, the protoplast undergoes 
normal plasmolysis and the vacuole contracts further. The thin layer about the vacuole 
may be a distinct, osmotic membrane. 

On the basis of measurable potential differences between vaeuolar sap and the 
external artificial sap in which cells of Valencia are immersed, OSTm~I~OVT, DAMON, and 
J~cQuEs (1927) conclude that  the inner and outer layers of the protoplast differ. 

T H E  N I C R O M A N I P U L A T I O N  M E T H O D  

Some time ago PF~2FFER (1897) remarked that  the question of the presence of 
differentially permeable membranes "Would be definitely answered . . . if i t  were found 
that  substances commonly present or artifieially introduced, diffused through the central 
mass of the plasma, but  did not appear in the vacuole or in the water outside." PFEFF~g'S 
idea can now be carried out, using fine glass pipettes and needles in eonneet.ion with a 
micromanipulation deviee. 

The original term, "mieredissection", should be abandoned, for dissection implies 
dismemberment of a dead organism, and micromanipulative methods are now associated 
with the study of the internal physiology of the living eelh I t  is by such means that  the 
internal eonduetivity, the internal hydrogen ion concentration, and the internal oxidation- 
reduction potential of active, living cells are now being investigated. 

Less work with micromanipulation apparatus has been done on plant cells than 
(m animal cells, because the layer of protoplasm in the plant cell is relatively thin and the 
cell wall offers an obstacle to the insertion and free movement  of needles or pipettes. 

KITE (1913 a, b; 1915) who was the first to publish extensive reports of micro- 
manipulation experiments, at tempted to investigate the consisteney of eytoplasm and 
nucleus and the relative permeability of the internM and external cytoplasmic layers in 
plant as well as in animal cells. I t  is unfortunate that  in many instances he made no 
distinction between dead and living protoplasm. This laek of discrimination causes 
uncertainty in interpreting his aecounts. 

SEIFRIZ (1921) employed such plant material as I:aueheria, pollen tubes, and 
bread mould in investigations of the physical properties of protoplasm, working chiefly 
on expressed cytoplasm. 

CI~K~Bm~S and SANDS (1923) used the pollen mother cells of Tradescantia, in some 
eases piereing the cell wall and in older cells removing the wall before dissection. They 
directed their attention towards mitotic struetures. Here again the distinction between 
dead and living strueture was not Mways carefully drawn. 
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SCA~TU (1927) contributed the first account of investigation of the interior of a 
plant cell indisputably alive and in normal condition. His material included Tradescantia, 
Elodea, Symphoricarpos, and Sl~rogyra. lie used needles with horizontal tips, piercing 
the end walls of the cells. Lateral and vertical movement  were made possible by the 
extreme flexibility of the needles. Sca~T~ was chiefly interested in the internal struct~ural 
olganization of cytoplasm and nucleus. 

SEr~Iz  and l i 6 r L ~  (1927) subsectuently described a method by which the inter- 
fcrenee of the cell wall could be done ~way with and living, plasmolyzed protoplasts 
reached with the needle as freely as in animal cells. This method, to be described later, 
gives admirable material for investigation of t,he protopiast. No~ only is the needle or 
pipette free to move in any direction, but the outer layer of the cytoplasm is not  in contact 
with the cell wall. 

I S  A C E L L  U N D E R G O I N ( ]  M I C R O M A N ] [ P U L A T I 0 1 q  A N O R M A L  

C E L L  ? 

I t  is justifiable to ask whether the behavior of a protoplast into which mieronoedles 
~)r micropipettes are inserted can give us any information about the n~ture of the protoplast 
under normal conditions. Those who have opportunity to watch the process of micro- 
manipulation can hardly fail to be reassured by the astounding indifference of the proto- 
plast to the insertion and movement of needles and to injection. Others may be enabled 
to jlldge to what extent protoplasts subjected to mieromanipulation retain normal 
behavior by consideration of the following illustrations. 

TA~LOR and W~tTAKEt~ (1927) find that  streaming may continue in 2Vitella for 
more than ten days after microelectrodes are inserted into the protoplast. TAYLOR and 
FAUBER (1924) investigating the function of the micronueleus in Euplotes, show that, 
after the mieronucleus has been removed with a micropipette, the organism continues 
its existence as an individual, but fails to divide. The micronucleus can, however, be 
removed and immediately reinjected without interfering with reproduction. 

SEIFRIZ (1929 a) finds that  an injected nickel particle may be carried along in 
streaming myxomycete protoplasm. C ~ A l g ~ s ,  PoJmnc~, and HILLER (1927) state that  
Amoeba prote~zs and Amoeba dubia injected with phenol red may retain normal behavior 
for forty-eight hours. POLLACK (1928) finds that  amoebae injected with alizarin sulfonate 
recover normal movement more quickly if ealcimn salts are injected. 

Such instances are evidence that  interference with normal function does not  
necessarily follow the insertion of microneedles into the living protoplast, or the injection 
into it~ of material from a mieropipctte. 

L O C A L ,  R E V E R S I B L E  I N J U R Y  I N  T H E  P R O T O P L A S T  

Protoplasts, like organisms, may be subject to reversible injury. Temporary 
changes in properties accompanying reversible injury have been made familiar by the 
work of OSTER~OU~ (1922). A second question therefore arises: Is i t  not  likely that  the 
movement  of microneedles or the force of an injection produces local alterations in the 
protoplast and renders results inaccurate, even though death of the protoplast does not 
follow ? The possibility of such transitory local injury changes within the protoplast is 
suggested by workers with micromanipulation. Survival of the cell is not  a satisfactory 
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guarantee,  for them, t ha t  the  behavior  of the  protoplast  has been normal th roughout  
the investigation.  Such signs as cessation or increase of Brownian movement,  aggregation 
of granules, swelling, mus t  constant ly  be watched for. The appearance of acidity may  
be used in detecting local injury. CHAMBEBS and POLLACK (1927) and CHAMBEBS, PormAei~. 
and t{ILLEI~ (1927) have shown tha t  the reaction of the protoplasm of certain animal  
cells changes from its normal  level (pH 6.7--7.5) to as low as pH 5.3 on fatal  injury~ 
gEZNIKOFF and POLLACK (1929) s tate  tha t ,  a l though a churning motion ~vith a needle 
or p ipet te  causes a dist inct  temporary local acidity in the cytoplasm of A.rnoeb~t dubia. 
the ordinary quiet insertion of a needle, or even the injection of NaC[ or KCI solut%n. 
causes no change in reaction. 

PROTOPLASM If) ~ I R E A M I N  J [N P L A N T  CELLS AS A CIIEC, K ~X 
NOtlMAL C()NDIT1ON 

Changes in protoplasmic streaming offer, in many plant  cells, a sensitive indicator  
of changes in the  condition of the protoplasm. While protoplasm in cells which normally 
show streaming may  cease streaming wi thout  having undergone appreciable iniury, it 
is also true t h a t  known injury is regularly accompanied by changes in the manner  of 
s treaming or by complete cessation. If  we disregard all results in which streaming is 
affected, we may feel reasonably sure tha t  the  behavior of the protoplasm in other respects 
will no t  be abnormal.  

SOAgTK has reported t h a t  a s t rand of cytoplasm, t raversing the vacuole lna 3 
continue streaming while s tretched by a mieroneedle. TAYLOg'S experience with Nitetto 
and SE~FBIZ' with  myeomyeetes were cited above. To these may be added tim followin:_, 
facts from the  present work. When a needle is pushed into the protoplast  of an onion 
cell, carrying a layer of cytoplasm with it, s treaming will take place in the layer about  
the needle in a wholly normal  manner.  Strands m~y form running from the needle to  
the  wall. The nucleus may move out along the needle to its tip. Further ,  if the needle 
is th rus t  th rough the  protoplast  unti l  i t  touches the protoplast-vaeuolar.surface on the  
opposite side, then partial ly withdrawn, a s t rand of protoplasm will be pulled out  from 
t h a t  surface into the vacuole, and in this strand,  too, normal  streaming will occur. Or. 
if the  needle is withdrawn from the  plasmotyzed protoplast,  pulling a s t rand of protoplasm 
out  after  it, s treaming will occur in this  s t rand bo th  towards and away from the protoph~st. 
A protoplas~ may be pinched in two with the  needle, and yet  streaming in the  two portions 
continue undisturbed.  An opening may be made through the protoplast  which brings 
the vacuole into ebmmunieat ion with the external  solution, and yet  s treaming continue. 
uninterrupted.  

These resutts encourage us to believe that ,  with careful manipulation,  i t  is possible 
to carry on intracellular investigations of p lant  protoplasts as well as of animal  protoplasts  
in which the  protoplasm under  observation is normal insofar as any organism, organ. 
or tissue ean be considered normal  while under  experimental  conditions. 

MIt)I~,{}MANIPULATIVE S T U D I E S  {)P THE PI~E~ENI-~E 
()F MEMBI{ANEf4 

Evidence from nlierodisseetion is generally in support  of the presence of differ- 
ent iated layers a t  protoplasmic surfaces. CHAMBERS (t917) states t h a t  Paramoeeia and 
marine over can recover from dissection only if a new film, or series of fihns, is formed. 
, u t t i ng  off the injured region. 
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CHAMBERS and R/;~Y~ (1925) report t h a t  tearing of tbe surface is fatal  to somatic 
cells from various animal tissues, a l though a puncture  of the surface may be survived. 
*SEIFRIZ (1921) finds tha t  vacuolar  membranes  from bread mould may persist and gel 
when the  cytoplasm disintegrates. When a resting myxomyeete  plasmodium is torn, the 
last  pa r t  to tear  is always the outer  border. An Amoeba, partial ly severed, may be drawn 
together  again by the contract ion of a th in  remaining s t rand derived from the outer  
border. These results indicate the presence of physical differentiation in the outer layers 
of the protoplast .  He describes (1927) removing the surrounding cytoplasm from the  
vacuolar membrane  of the plasmolyzed onion cell. For the nucleate erythroeyte of 
Cryptobra.uch.us, SEIFmZ (1926) describes an outer ,,wa!l" about  0.8 ,~ in thickness, 
which is moderately elastic. 

Membranes surrounding the contractile vacuole in protozoa arc of intelest  in view 
of LLO~'D'S report  t ha t  vacuoles in the gamete of Sl~.~:royyra may function as contractile 
vacuoles (1928). K~U'E (1913 b) describes the wall of the contractile vaem~le in Amoeba 
as of high e(msis~eney and adhesiveness, and the contractile vacuole walls of P~rezmoe~ium. 
as of greater  densi ty than  the endoplasm. HOWLA>m (1923) finds the wall of the contractile 
vacuole of Amoeba ~'errucosa and Paramoeciu.m, caudalum rigid enough to indent,  r a ther  
than  pierce, with a blunt  needle. TAYL~nR (1923) states t ha t  the contractile and subsidiary 
vacuoles in Euplotes may be moved about  by needles, showing a wall of high ermsistehcy, 
and t h a t  shreddy remains of tile walls of the subsidiary vacuoles may sometimes persist 
after  the  vacuoles have fused. 

The evidence from unfixed material,  supports the idea of a nuclear membrane  
credited by cytologists. KH'E (1913 a, b) describes definite nuclear membranes for marine 
ova, Amoeba IJroteus, and the epidermal cells of Necturus, alttlougb, he disagrees with 
the idea t h a t  most  protoplasmic surfaces possess membranes.  (!Hab~BERS (1917) describes 
a definite nuclear membrane~ which collapses and wrinkles when the nuclear fluid is with- 
drawn with a pipette, in the  marine ova he has studied. SEIF~tZ (1921) reports dissecting 
off the degenerate membrane  from the dead nucleus of Amoeba. StaRTer (1927) believes 
t ha t  the  membrane  of the nuclei in the plant  cells on which be has worked is fluid in tile 
living condition, 

] ' t i e  fNADEQUACY (IF PRNS~NT .~]VIDENC'E P0H TI[I~ 
EXISTENCE 0F  MEMBRANES AT PROTOPLASMI(! SURFACES 

Evidence from many  different sources suggests a definite differentiati~m of the  
layers of protoplasm in the living cell which are in contact  with cell wall, cell sap, and with 
the  nucleus, or, in the  last ease, possibly differentiat ion of the surface layer of the nucleus 

- itself. Certain points tender  this evidence insufficient for concluding t h a t  such differ- 
eut iat ion regularly occurs in the living p lant  cell. I t  is still uncertain to what  extent  
the organization of the protoplast  in the walled, w~euolate p lant  cell parallels t ha t  in 
the animal cell. Wi th  the exception of PalcE 's  darkfield studies, evidence for p lant  
material  is not  based on living protoplasts.  

The following report is offered ~ts a contribution to our kn~wlo, dg, 
of differentiation ~f surfac0 la,yer~ in the living, normal plant prot~plast. 
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TEt~.M[N~ K,O (r 

In discussing the literature, t.he terminology of tile papers under 
c~,nsideration was largely followed, but considerable confusion exists. 
DE VRJ>;S called the layer surrounding the vacuole the tonoplast and that 
at the outer surface of the protoplast, the ectoplast. PF~f 'Ea  referred 
to the two as plasma membranes. From the first, some difficulty has 
arisen from the occasional use o[ the w.rd "membrane" as synonymous 
with cell wall. Now the common use el the word "membrane" alone 
t~, designate an oamol.ic m~mlbrane makes it a physiological rather than 
a purely structural term. 

DE VI~IES' " tonoplast"  presents fewer difficulties. It is this term 
which the present writer has used to denote a distinct layer of cytoplasm 
about the, vaeuo>. 

"Ectopla.st", however, is widely used in a wholly different sense. 
In a myxomyeate plasmodium or in a proh~zoan, the ectopla.st or ecto- 
plasm is a thick layer of cytoplasm which is c~rta.inly not the outer "plasma 
membrane" in either a structural or a physiological sense. Mas'r (1924) 
has given us the term "plasmalemma' '  for the thin external layer which 
is the "membrane"  if an c~smotic function exists. This term seems free 
from ~he difficulties presented by broth "'ectoplast" and "plasma mem- 
brane". It has seemed permissible, therefore, to extend its use to the 
botanical world, and to employ it td) denote a distinct, differentiated 
layer ~m the outer ~urfaee of the plant protoplast. 

Since plasmalemma and tonoplast are themselves cytoplasmic 
structu]'es, we camwt refer to the layer of l;rotoplasm between them 
simply as cytoplasm. It obviously is not ectoplasm. Endoplasm, on the' 
other hand, would include the tonoplast. No term iv use at present 
adequately distinguishes this portion of the cytoplasm. A new one seems 
necessary to avoid confusion. Mesoplas~r~ is proposed as indicative of its 
p.sitlon in ]:elation to the other layers. 

Plasmalenmm. and tonoplast, then, will 1>, usr hereafter to denote 
differentiated layers at the interfaces between protoplasm and wall and 
protoplasm and sap, respectively, and mesoplasm for that l~ortion of the 
cytoplasm which lies between these layers. 

METHODS AND MATERIAL 

(JI~AMBEI/S (1924) (tescribes mieromanipulation methods in general, 
and S(*,kR~P~ (1927) and S~:w~iz (1927) describe tile application of these 
method,~ to plant cells. 
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The material used for the greater part of this work was the inner 
~morphologically, the upper) epidermis of bull) scales of Bermuda onions, 
~'esults obtained with other cells being so designated. This, when stripped 
off, gives a layer only one cell in thickness, save where oceasionMly a 
patch ,)~ large, colorless mesophyll cells clings to it. This provides ex- 
ceptionally favorable material for microdisseetion Sections of the stripped 
+,pidermis may be momlted in a hanging drop of tap water ill the micro- 
m~mipnlation moist dlamber, and the cells entered by horizontal needles 
which pierce the end walls. This is tile method S{ aa~'a has used with 
other plant cells in his work. More conveniently, one may employ th~ 
method described by SEIFaIz and HiSvLEn. Strips of epidermis are plasmo- 
]yzed in 18 percent (0.56 5I.) sucrose. This reduces the protoplast to 
about one half its original voMm?. The protoplasts are well rounded away 
~rom the end walls after about twenty minutes in the plasmolyzing solu- 
t.icm. A strip is then cut with a sharp razor, transversely to the long 
axis of the leaf, on a glass slide. The blade passes between the end wall 
a.~d the protoplast in many cells, leaving' the protoplast retouched and 
uninjured This section of epidermis is mounted in a hanging drop of 
plasmolyzing solution on a cover slip which forms t.h~, roof of the micro- 
rmmipulatiol~ moist chamber, the open ends of the cells poi~)t.ing towards 
the open end of the moist chamber. If desired, the material may be held 
in place hy tt bhmt noodle with a vertical tip. A dissec.tion needle with 
a horizontal tip now has access to the protoplasts through tile open ends 
of the cells, without toue, hing the cell wall. There is no limitation on tile 
movement of the needle, and one obst.aele to succesful use of these methods 
(m plant material is thus done away with .  

This method was used for the vreater part of this work, but unplas- 
molyzed cells were also studied, to eliminate a.l~y introduction of error 
.,~. ~o'~ ,, ....... o,~,~+ ,_,~"~ plaslntdvsis. 'T'he method can be usod for t.hieker tissues 
by plasmolyziug thin sections, then cutting the sec, tions transversely 
Mter plasmolysis. 

DISTINCT BE HAVIO;t{ OF MESOPI~ASM AND PI~ASMALEMMA IN 
PROTOPI~ASMIC STH, ANDS 

Definite indication of tile existence of all outer layer distinct froln 
tl> rest of the cytoplasm is obtained when a strand is pulled out from 
tile surface of the plasmolyzed protoplast by the microneedle. At first 
both mesoplasm and plasmalemma follow the needle an4 cannot be 
distinguished from one another. For a short time, material from the 



9,04 P l o w e  

protoplast will continue to flow into the strand as tile needle is dra~wn 
back, then this flow will eea.se, and the material composing the strand 
elongates as the needle moves. The length to which the mesopla.sm can 
be elongated, is not very great. When this limit in reaeh~,d the mesoplasm 
rounds into droplets, while tile plasmalemma persists as a slender thread 
connecting tile droplets and forming a layer over each droplet (Fig. 1). 
if the needle is drawn still further back, the thread stretches and tin, 
balls are carried farther apart. 1[ the needle in moved towards tile prot~,- 
plast again, the strand contracts and the balls reapproach one another. 
They maintain their globular form until actually in contact. If the globule.~ 
and the connecting thread were composed of the same material, we, should 
expect to see the same shapes shown as the globules reapproach one 
another which were shown a.s they separated and rounded up, just ~t~ 

Fig. 1 

an el~mga.ted soap tmbble passes through the same forms when allowed 
to shorten as it did when elongated. But no sign of fusion o f the  drt~pleta 
appears, until the?" are actually in contact with one another. Similarly. 
a globule reapproaehing the. protopla.st itself must a.ctuall5 ~ eome int(~ 
contact with the mass from which it aros~ befure it losesi ts  spherical 
shape and starts t~ fh~w back into the plasma mass, even thoutsh the, 
two are connected at all stages by a thread of pla.smalemma. 

It has been km~wn [or some Lime (C~o~)a~r 19ll)  that when mes(~- 
plasm is included in stramts persisting between protq~plast and wall on 
plasmolysis, the c.~-toplasm rounds into balls on a thin thread which 
appears tv arise from tile (~uter l~yer of tile prot~)plast. ~Phe b~,dlavior 
of the protoplasm ~n micromanipulation is evidently another mani- 
festatic, n of the same tendency. The conclusion that th~ outer layer 
ancl the inner cytoplasm are distinct seems inescapable. When a drop. 
~f homogeneous fluid is el~nga.ted until surface forces cause it to separat~ ~ 
into dropletS, these droplets are wholly free from one another; no con- 
necting thrt'ad will remain. A highly 5"ise~us fluid such as tar or molasses 
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may be pulled out into a long, slender thread, but there will not be 
droplets on this thread. The layer forming the thread and the layer 
formin~ the balls must be distinct. 

PLASMALEMMA IN THE DEAD PtLOTOPLAST 

The smooth surface of a dead, swollen protoplast can actually be 
torn away by the microneedle (Fig. 2) allowing the mesoplasm to flow 
~mt into the sun'ounding medium as a shreddy, granular mass which 
,toes not mix with the water. 
This brittle external layer is the, 
structure which PF~U~'~'En rup- 
tured in acid-killed cells by 
deplasmolysis, allowing dyes to 
penetrate through the cracks 
so formed int,~ the mesoplasm. 
it. seems to retain some of the 
differential permeability of its 
livin~ condition, but otherwise 
is very different from the fluid, 
.xtensil eli vi ng layer fro m which 
it arose. 

Swelling of the proto- 
plasm follows th.e death of 
nnplasmolyzed as well as plas- 
molyzed cells. Since the proto- 
plast of an unplasmolyzed cell 

Fi~. 2 

Fig. 3 

is in contact with the wall, it is impossible to determine whether the dead 
plasmalemnm can be torn away from the mesoplasm, b , t  if a needle is 
pushed throng hthe wall until it pierces the outer layer but not the tono- 
ptast, the swollen protoplast will collapse until the tonoplast lies ahnost flat 
~gainst the wall. Apparently the dead plasmMemma held back the fluid 
which distended the mesoplasm, and its puncture allowed the fluid to escape. 

It  is no easy matter to puncture or tear the plasmalemma of the 
living protoplast. E w n  a very sharp needle carries a layer of protoplasm 
with it as it enters the cell; the needle invaginates, rather than pierces, 
the protoplast (Fig. 3); the plasmalemma lies next the needle, and the 
nwsoplasm and tonoplast are also indented and carried in. When the 
n~edle is pushed through the protoplast until it traverses the vacuole 
and passes throng'h the opposite side, the second protoplast wall stretches 
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and covers the adwmcing needle lik~ a tent. R is evident front the move- 
merit of the granular mesoplasm that  material for this cone and for the 
layer covering the needle is supplied by flow from other region~, but if 
the noodle is pushed through far enough, particularly if it is moved 
rapic[ly, this flow witl be, inadequate and a strain wil} result which may find 
relief in one of several different ways. The pla~malemma may b~' ruptured, 
resulting in death of the cell. The protoplast may be completely punctured 
at the point, at which the needle enters and at. the apposite side where 
the needle tip stretches it Into the form of a cone. In this e~so the severed 
edges of the lay,at about the needle come into contdct with the edo~es 

of the puncture in the c~)ne and 

Fig. 4 

fuse. The protoplast resumes it 
normal contours, but i, tube of 
protoplasm now surrounds the 
needl(~ which j~ins the proto- 
plast at both ends (s,~e Fig. ~). 
Perhaps the situation may br~ 
more clearly visualized by 
analogy with invo, rtebrate em- 
bryology. The needle first 
inva~inated the prc~toplast, 
resulting in a ~sastrula stage, 

the end of the "archenter(m" was then brought into contact with the 
opposite wall of the gastrula, and an openin.~, the "stomadaeum",  wa~ 
formed. The vacuole corresponds in position to the coelom, and is at 
all stages completely shut off from the outside solution. This interpretation 
of the state of affairs can be corroborated when the needle is moved 
backwards and forwards. Material from the needle flows into the wall 
of the protoplast, and material at the other end of the needle flows from 
the wall of the protoplast onto the needle. In addition to these two possi- 
bilities, the strain produced by the needle may have a third resuR. 

PUNCTURE OF THE VACUOLE AND CONTRACTION OF TIlE 
PROTOPLAST 

Sometimes the layers of protoplasm about the needle remain intact 
while those on the opposite side of the protoplast, stretched by the needle, 
are ruptured. The opening enlarges rapidly, forming a gaping aperture. 
The cell sap is in direct contact with the external solution, and in the 
case of cells whose sap contains colored pigment, its outward diffusion 
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e~m be followed. The hole grows slowly after its initial rapid formation, 
and as it enlarges the protoplasm fh-~ws together until finally only a ball 
of protoplasm remains, containing a nucleus but no centred vacuole 
(Fig. 5). What is n~:}w the outer law?r of this mass consists in part of the 
l~yer originally in contact with tha cell sap. The cyt(@asm is normal, 
the streaming of the granules continues, and nr) swelling or appearance 
of Brownian movement results. 

An enlarging puncture of this s~~r~ not infrequently arises at the 
point at which the needle first enters ~h~' prot,~plast, or more rarely, 

Fig. 5 

d 

at a point remote from the needh' as a result of the tension produced. 
r e " ~v.• I t  .Ph. last c a s e  i s  n l o r e  comm~m ............./irllNng eolls ~ r h ~ o h  l l a v e  ~t0uutt~*~-~ fo r  S O l l l e  

time in plasmolyzing solution. This suggests that the internal structure 
of the protoplast undergoes gradual readjustment to its new form, and 
loses in extensibility. Enl~trging puncture~, not resulting in death of the 
e~ll, also occur at times in unplasmolyzed cells. 

ELASTICITY AS A CAUSE OF PROTOPLASMIC CONTRACTION 

The fact that, the hole formed enlarges so slowly after its first ap- 
pearance suggests that its enlargement and the contraction of the proto- 
plasm may be due to elastic forces rather than surface forces. It is hard 
to see why the rate of enlargement should change so abruptly if it were 
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the result ~)f surface tension. Elastic substances, however, often show 
lag in recovery, returning rapidly partway to their original form, then 
completing the return very slowly. 

There are other points in the behavior of the protoplast which are 
m~re readily explained c,n the assumption of elasticity than of surface 
tension alone. When a strand is pulleA out from the surface of the proto- 
plast and stretched farther and farther, it will finally break, and centre.el 
very rapidly, almost snapping back, and usually crumpling as it recoils 
(Sca~'rH, 1927, has described similar behavior of internal cytoplasmic 
strands when broken,) These strands lag in the final stages of their con- 
tracti()n. The return of the final lagging portion to the plasma mass can 
be aecelera.t~d by pressing (~n the adjacent portion of the protoplast. 

ELASTICITY IN THE PLAS~{ALEMMA 

If a strand is pulled out from the protoplast but not elongated to 
the point at which the mesoplasnx separates into balls, the hea.vy granular 
mass will at first flow back into the protoplast when the needle reap- 
preaches it. almost as fast as the needle itself moves, but at the last will 
flow more slowly, so that  a portion persists for a. time as a round pro- 
trusion on the surface of the protoplast. This will also flow back into 
the main mass in time, and can be made to flow back instantly by pressing 
with the needle on an adjoining portion of the protoplast. Now, such 
pressure indents the surface ~d the protoplast, making its curvature 
more sharp. When one liquid droplet flows into another as a result of 
surface tensi~m forcea, the speed of flow will increase as the difference 
between the curvature of the two droplets increases. Hence, the effect 
~f such pressure should be to retard the flow, were it caused by surface 
tension. Again there is a strong suggestion that  it is elastic forces, pro- 
bably in tihe plasmMelnm~, that  c, ause the ftow. If tile elasticity wore 
resident in the mesoplasm, strands of varying thickness should flo~ with 
e~lual rapididity, whereas thicker strands flow more slowly than thos, 
in which the proportion of mesoplasm to plasmalemma is lower, and thin 
strands arising from the 1)lasmalemma alone and,carrying balls of meso- 
plasm move most rapidly of all. 

ELASTIfJITY IN THE CYTOPLASM 

The behavior of the m~'soplasm suggests that it, too, possesses 
dastieity in a low degree. It will be noted that when a strand is pulled 
out from the protoplast, some lines of granules appear to snap and flow 
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back towards the protoplast before others on either side of them do. 
This and similar phenomena when the needle is moved through the proto- 
])last are explicable if we think of the mesoplasm as based on a conti- 
nuous, labile, elastic frame;;ork. Some fibrils in such a framework might 
be under greater tension than other, and break and contract sooner. 
~nch a, structure has been suggested by S~:I~RIZ (1.924, 1929) and supported 
l)y ScA~'rH (1927). 

TEARING TIlE LIVING PLASMALEMMA 

The layer of protoplasm in tile piasmolyzed or unplasmolyzed cell 
is so thin that it is difficult to demonstrbto, that tearing the o, ter  surface 
has wholly different effects front 
piercing the entire thickness of 
the prot,plast. But, if one of 
the contracted protoplasmic 
bMls resulting from a, widening 
l)unet,r~ of the protoplast .is 
,sod, it can he see]L that the 
~]ee'dle may piePce the (~ntire 
thickness of s ,eh a ball without 
injury, while if the outer surface 

b ~ - < ( : .  

Fig. g 

is tow]] with a rapid motion, the mesoplasm swells and eeasc~s str,,aming', 
the sw{qling eommoI]ei~g" at the ragged edge of the tear (Pig. 6). 

WHAT IS TIfE SIGNIFICANCE OF STRANDS PERSISTING 
BETWEEN PR.OTI)PLAST AND WALL AFTER PLASMOLYSIS ? 

K[TSTI~r~ (1910) has not.ed that  portions of a protoplast separated 
by plasmolysis frequently do not fuse m~ 4ep!asmo!y~ds. This f~ ' t  is 
(,ceasi,ma]ly cited as evidence for the existence of a distinct external 
layer on the protoplast. This is questionable, for two soap bubbles may 
likewise fail to fuse when brought into contact, and the two portions of the 
protoplaet, filled with and surrounded by liquid, are more analagous 
to soap b,bbl{~s than to liquid droplets. The behavior of isolated portions 
, f  protoplasts brought into contact with one another could be further 
followed twre. If th.e solution in which plasmolyzed, sectioned materM 
is mount ,d is diluted, the protoplasts will move toward the open end of 
t, he outer cells as they swell, until they partially protrude or are even set 
free in the surroundinv medium. A partially protruding protoplast can 

Protoplasma. XII 14: 
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be pinched in two with the needle, much as a soap bubble can be divided, 
but in this ease a thin strand of plasmalennna connects the two portions 
(Fig. 7). One portion is anucleate, .vet streaming in it will continue in 
,~xactly the same manner as in protoplasts containing the nucleus, eve, u 
after the connecting thread is broken. A ball of protoplasm thus separated 
will not fume when brought again int(, contact with the other portion 
af the same protoplast or with another protoplast, which confirms KfdsTEa's 
obs~'rvation. Itowever, when the two balls vf protoplasm are separated 
again, a newly formed plasmalemma thread will connect them. These 
threads suggest plasmodesmae. It. is already known that plasmodesmae 
nmst arise secondarily, since they occm' between cells of differm:t genetic 
origin in graft hybrids (ft175*E 1913), but whether or not there is true 

Fig. 7 

cytoplasmic continuity in plasntodosma~ is still an open qu~,sthm. The, 
threads seen here originate Dora a secondary contact of protoplasm, and 
apparently invoDe no true fusion of mesoplasm. 

Strands running from a plasmolyzed protoplast t~ the cell v'~{1 
are, sometimes thought to arise from plasmodesmae. Others suv'v',st 
that their presence indicates the continuity ,ff substance between wall 
and membrane which C~A~<N~R (1919) has supported. The greater number 
of the ~trands disappear after prolonged plasmolysis. The few tha.t remain 
can be broken by careful manipulation. But whomever a Dee protoplast 
is brought into contact with the wall, a new strand will form at the m~w 
point, el contact. In order to remow-, the protoplast this new strand must 
be broken, and. iu breaking tim first a new contact is apt to be nlade 
and another strand formed, and so ~,n. These newly formed strands 
fasten the protoplast to the wall as securely as those persisting from plas- 
molysis. In one ease a plasmolyzed protoplast, lying in a cell which had 
both end walls removed, was rolled over anct over by two needles fr~mt 
one end of the cell to the other, all previously existing strands thus being" 
broken. The plasmolyzing soluti~m was then made m~,re concentrated, 
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and on further contraction of the protoplast it was evident that numerous, 
new strands now connected it with this new region of the wall. When 
we also consider the fact that the strands between needle and protoplast 
are fully as persistent as those between protoplast and wall, it seems 
that  the strands are more likely the result of the glutinosity of the plus- 
malemma than of continuity of substance between wa,ll and protopl~,st,, 
or of the presence of plaslnodesmae. 

THE TONOPLAST 

The tom@ast is tile most striking of the differentiated protoplasmi(:. 
layers in that  it can be completely isolated and still retain many of the 
properties shown in the living (,ell. 

DISTINCTNESS OF THE TONOPLAST IN THE LIVINCl (?ELL 

The best indication c~l' a distinction between tonoplast and meso- 
plasm in the normal coil i~ obtained when a needle draws (~ut a strand 
from the wall of the vacuole. Frequently the granul~r material in s .ch 
a strand will round up into balls on ;~ hyaline, tonoplast thread, much 
as tile mesoplasm rounds into balls un an external plasmalemma thread 
when a strand is p,lled out from the outer surface. The fact that this 
does not invariably occur is probably due to the fact that an-internal 
strand cannot be elongated to any great extent, whereas a thread p~.lled 
out from the external surface can be elongated to several times the length 
of the protoplast, if necessary, in order to reach the limit of extensibilfty 
of the mesoplasm. 

On the death of the cell, the material composin~ the tra~lswtcuolar 
strands, as well as tile remainder of the cytoplasm, swells. The meso- 
plasm in the strands flows together to form globules on a thin, hyaline 
thread. Threads which originally contained no granular material do not 
swell visibly, ;rod show no rounding into droplets. Apparently tile material 
composing the tonoplast swells little, if any, on death. 

IS()LATION OF THE TONOPLAST 

The tonoplast will often remain intact when ~ sudden, tearing 
motion of tile needle ruptures the plasmalemma. The mesoplasm s~vell~ 
and contracts, slipping back over the surface of the tonopl~st (Fie'. 8). 
Plasmalemma and mesoplasm can be completely removed by the needle, 
leaving the tonoplast free, as a transparent bag filled with cell sap. The 

14* 
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t onoplast is clear, colorless, hyaline, apparently quite fluid and onl T 
shghtly sticky. The isolated vacuole swells in a diluted medium and 
shrinks in a concentrated one. [f it contains colored sap (as in ceils of 
the beet, occasional cells of Elode(, and onion) it is evident that the pigment 
is retained. If placed in a colored solution, the dye does not penetrate. 
Since this layer retains its differential permeability, it seems not unlikel T 
that  its physical condition may Mso closely approach that of tile sam(, 
layer in t.he norma3 celt. When tile tonoplast is elongated by the needb, 
it breaks or separates, hke an elongated soap bubble, into small globulv, s 
containing cell sap. Only short strands can be pulled from its surface. 
Torn, it flows together rote a transparent mass. In the isolated tonoplast 
we have a striMng instance of a fluid membrane possessing differential 
permeability approaching that of the living protoplast. 

Fig. 8 

Separation of the tonoplast on death also} 
occurs in cells mounted in tap water, so its 
isolation cann,)t be attributed to the plas- 
molyzing agent. In non-plasmolyzed cells cut 
by tile razor in sectioning, tile ~onaplast forms 
a. la.yer distinct, from the swollen nmsoplasm, 
and can easily be separated with the needle. 
The separation of tonoplast from m.esoplasm 
can be followed as an unplasmolyzed proto- 
plast swells as a result of injury with the 

needle. Starting at the point of injury, the tonoplast appears to blister 
off in a manner recNling the separation ot the fertilization membrane 
from an echinoderm egg. At times, the tonoplast is not. at first, distinct 
from the swollen mesoplasm, but becomes distin#:uishabl, ~. later as the 
mesopla,qm shrinks away and collapses against the plasmahmnua and 
wall. The t.onoplast is(dated from unplasme~tyz~,d cells t~eha.w~s on mani- 
pulation just as (toes the same layer from plasmolyzod cells. 

Tile number of different ways in which separation of the tonoplast 
can be brought about is ~triking. ff plasm,lysis or deplasmolysis is very 
rapid the tonoplast may separate from tl> rest ,,f the cytoplasm. ]I tD, 
protoplast is cut by the razor, the. ~ tonoplast may sr while the rest 
of the cytoplasm swells and flows together. If an injection or the inser- 
tion of a needle produces too great a strain in tlw ~;ytoplasm, the outer 
layers may be ruptm'ed or swell, and the tonoplasff persist. If the nucleus 
is injured, the tonoplast will remain distinct while the rest of tile proto- 
plasm undergoes marked changes. Certa.inty a layer which appears in 
both plasmolyzed and unplasmolyzed cells, whether death occurs slowly 
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or suddenly, whether death is caused by mechanical injury or by toxic 
products of nuclear injury, which is invariably distinct from the remainder 
of the protoplasm and which always possesses the same properties, must 
represent a layer distinct from the remainder of the protoplast in the 
living condition. Taking into consideration the difference in behavior 
of the granular and hyaline material when a strand is pulled out into 
the vacuole from the vacuole wall, it seems certain that the living proto- 
plast possesses a differentiated layer about the vacuole. 

THE NUCLEUS 

The nucleus in the onion cell is irregular, usually flattened and 
roughly disk shaped. Tlus flattened form persists even ~vhen the nucleus 
is suspended in the middle of the vacuole rather 
than lying in the peripheral layer of cytoplasm. 
Nany nuclei show deep, transparent grooves 
which occasionally pass completely throngh 
the nucleus (Fig. 9). The nuclear substance 
presents a finely mottled, apparently alveolar 
structure..Two nucleoli occur. 

ELASTICITY OF THE NUCLEUS 

The suggestion of elasticity and rigidity 
which is given by the irregular shape of the 
nucleus is confirmed by its behavior when Fig. 9 
handled with microneedles. The nucleus may 
be pushed slowly, from end to end of the cell without changing shape, 
and if a disk--shaped nucleus which is in such a position that it appears 
circular is caught on one edge by the needle tip, it will be tipped up and 
appear as a narrow ellipse. When the needle is withdra~u it falls into 
its original position and again appears circular. 

if greater force is applied, the nucleus may be distorted, but resumes 
its shape with striking regularity. When pushed rapidly through the 
cytoplasm, the pressure of the cytoplasm against its free edges will bend 
the nucleus until, in profile, it is sausage shaped. The nucleus springs back 
to its original shape when the needle is brought to rest. This experiment 
may be repeated many times, and the nucleus invariably straightens out. 

The return of the nucleus to its original form cannot be the result 
of surface tension forces, since the form which it resumes is flattened 
and highl-y irregular, in no wav approaching the spherical form towards 
which these forces would work. 
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Fig. 10 shows the return of a living nucleus to its original form when 
distorted by the needle. The nucleus was so irregular in contour that 
the needle tip could be hooked under one of the protrusions and pulled 
laterally, producing mm'ked distortion, yet after each of several successive 
d~stortions the form resumed was very close to the original. 

One protoplast afforded a demonstration of elasticity in the nucleus 
without a needle touching the latter. Occasionally, when a needle pierces 
a protoplast and passes on through the end. wall of a cell, the protoplast 
will flow through th~ hole left after the needle is withdrawn, This is 
probably a result af suction, the wall of the second cell being' somewhat 
stretched as the needle is withdrawn. Flow can take place through a 
hole so small as to t)e perceptible with great difficulty. The protoplasm 
which passes through the hole remains alive, for active streaming takes 

Fig. lO 

pl;.~ce. In the case under consideration, the protopiast continued to flow 
through the hole into the adjoining cell until the nucleus was carried 
against the hole, passed part way through, and stopped. The hanging 
drop was then diluted, and the expansion of the protoplast in the second 
c~ql now forced out the intruding protoplast. Tile nucleus sprang back, 
and resumed tts original form, When the concentration of the drop was 
increased, the first phenomenon was repeated, and once more the flow 
stopped when the nucleus plugged the hole, Again dilution of the drop 
forced the protoplast back. and again the nucleus resumed its original 
form. its rigidity was evidently too great to allow it to pass th r ,  ugh the 
opening through which the protoplasm flowed so easily. 

CHANtJES IN THE DYIN O NUCLEUS: THE NUCLEAR MEMBRANE 

The nucleus undergoes striking and instant changes when the 
cytoplasm is torn or when the mlcleus itself is subjected to sudden pressure. 
The first sign of death i~ the disappearance of the mottled structure; 
this is followed by swelling. A~ the nucleus thus changes, a, death wave 
passes over the cell, originating at the nucleus and becoming evident 
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in cessation of streanfing and s~velling of the cytoplasm. The nucleus 
continues to swell until almost spherical. The contents of the two nncleoli 
form granular masses. In a. cell which has been plasmolyzed the nucleus 
may remain in the rounded, hyaline form for some time. In an unplas- 
molyzed cell, the mottled appearance reappears almost immediately 
after the mmleus becomes spherical. The marking may be even more 
distinct than in the living nucleus, but is coarser. The smooth, spherical 
form and the granular nucleoh are clearly unlike those of the living nucleus. 
fn the plasmo/yzed cell these changes may be deferred for several minutes 
after swelling. After the mottled pattern reappears, shrinking sets in, 
.slowly in the plasmolyzed cell, but very rapidly in the unplasmolyzed 
.cell. In the latter the collapse is very irregular, 
the nucleus shrinks in some spots until con- 
cave, and from these a membrane lifts off 
(Fig. 11). It is impossible to say whether this 
membrane originates from the cytoplasm or 
from the nucleus. It is something more definite 
ttmn the result of shrinkage, separating nucleus 
and cytoplasm, for when the nucleus is pulled 
.out of the cytoplasm bb' the microneedle, ~he 
blistered membrane goes with it. 

If the nucleus is roughly handled with the 
m icroneedle while swalling, the reappearance 

Fi~. II 

<~f mottled structure and the ('ommencemeut of shrinkage are brought 
.an at once---before swelling is complete in unplasmolyzed cells, or without 
the lapse of time, after the first stages of swelling, which intervenes in 
plasmolyzed cells. 

THE NUCLEUS AS AN ()SMOTIC SYSTEM 

Tile following explanation is offered for the beha.vi,~r of the dying 
nucleus. The nucleus is surrounded by a differentially permeable mem- 
brane. Swelling is a result of the action of amd (from injury) on the 
nuclear proteins. At a certain point, swelling stretches the membrane 
until its differential permeability is lost. (Similar suggestions have been 
made for the loss of haemoglobin at a. certain stage in the swelling of 
erythrocytes.) At this point electrolytes from the cytoplasm and sur- 
rounding medium penetrate the nucleus, and the proteins are "salted 
ou t " ,  bringing about the reappearance of the mottled structure. Shrin- 
kage (syneresis) follows. The rea s,m that a longer interval elapses before 
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the mottled structure reappears in plasmolyzed cells is that the higlm~ ~ 
external osmotic concentration retards the last stages of swelling. I~ough 
manipulation with the needle ruptures the membrane and allows the 
electrolytes to enter immediately. In the case of the unplasmolyzed cell, 
puncturing the membrane allows the electrolytes to enter before swelling 
has gone far enough to destroy the semi-permeabilit~j of the membrane. 
A combination of colloidal and osmotic theory seems n~cessary to account 
for the behavior of the nucleus. 

ELASTICITY 0P THE DEAD NUCLEUS 

The dead nucleus, removed from the cell and stretched betwemt 
mieroneedles, shows marked elasticity, it may be stretched to five times. 
its original length and contract to a little over t~ice its original length. 
I t  if is stretched until its elastm limit is reached (10 - 15 times its lengttO, 
it tears and snaps back as it contracts, but is now merely a fibrous mass. 
clinging to the needle tips. 

CONFIRMING RESULTS FROM OTHER CELLS 

Leaf cells of Elodea, cortical parenchyma cells of beet and carrot 
roots, mesophy]l cells from the cabbage leaf, cortical parenchyma, cells 
from stems of young seedlings of Lupi.n~s albums, and root hairs (>f Trim~co 
were used as material to supplement the work on onion cells. 

Separation of the tonoplas c as a result of mechanical injury was. 
seen in the first four named, amt iu the last, but did not occur in the, 
cells of Lupim~s. 

The formation of ball~ of mesoplasm on a thread of plasmalemm~ 
was seen very clearly in Elodea, both in strands persisting between proto- 
plast and wall after plasmolysis and in strands pulled from the outer 
surface of the protoplast with the needle. In Trianaea root hairs, such 
balls could be seen on strands persisting after plasmolysis and also when 
strands were pulled out with the mieroneedle from the surface of livings, 
extru~ted cytoplasm. Balls appeared regularly on strands pulled out 
from the protoplast of the carrot cells, but the smallness of the protoplast 
and the thinness of the layer of cytoplasm make it impossible to say with 
certainty, as can be said in the other cases, that a part of the vacuole 
was not carried out into the strand, pulled out from the protoplast, and 
that  its separation into smaller vacuoles was not the cause of the formation 
of balls. 
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The failure of such balls to form in cabbage, beet, and lupine cells 
is connected with the fact that the strands pulled from the surface of 
these protoplasts are short, ordinarily breaking and starting to contract 
before they have exceeded, the length of the protoplast. 

In all the cells, contraction of the strand after breaking resembles 
contraction of an elastic body rather than flow of a true fluid., being" 
mt~eh more rapid in the first than in the last stages. C,mtraction is alwa~s 
accelerated by pressure on the protoplast. 

Cells of several types showed that puncture of the entire thick~ess 
(d the protoplast, followed by contraction of the protoplasm into a ball. 
was not fatal. This c'ould be seen most clearly in EIodea. 

In no case did liberated cytoplasm mix with water. Its behavinc 
can be followed best in the hairs of Tria.~aea. Here cytoplasm which 
is forced out violently swells at first, and some particles enter into Brow- 
nian movement. The mass may look as if it were composed of discrete 
particles, but when a needle is thrust into it and retracted, the entire 
mass is pulled out after the needle, finally breaking and contracting'. 
Evidently a continuous structure persists, even though not visibl< The 
swollen protoplasm shrinks and d-trkens soun after liberation. It the~ 
behave,~ like a fairly ri~i(l body when pushed about with the needle. 

CONCLUSIONS 

The iutertt.al attd e.cter~tal sur/(ice layers o/ Ihe protoplasm, o/ o~do~t 
cells indisti,gvishable m icroseopicall y or u, ltramicroscopicall y, are ~tevertheles~. 
disti,ttct /rum the rest el the cytoplasm. The corroborative evidence from 
other cells suggests that a distinct plasmalemma and tonoplast, ordinarily 
to,) thin to be detected optically, are regular features of the organization 
of the plant protoplast. 

The plasm(.demma is proteelh, e ia /u~ction. This is shown by ~he 
fact that it is fatal to t<lr this surface layer, a lth.mgh the cell is not ordi- 
narily injured by prolonged pr,~bing. The fact that the prot(~plast may 
be punctured as a whole, opening the vacuole to the outside solouti~, 
without fatal effects, suggests that the tonoplast affords protection c,~ 
the m('soplasm similar to that given by the plasmalemma. 

The plasmalev~ma, is highly elaslie. Elasticity is less marked, bu.t 
delectable, i~ tile ,mesoplasm. The t~.ucleu.s is the 'most highly elastic o/ Ihe 
('o.mpo~te,.ts el the ouio+~ proloplasl. The protoplasm thus behaves as though 
based upon the conl-in()us structural framework of ~ gel, rather tha~ 
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up.n  a e.nt, inuous aqueous phase like that of an emulsion or suspension. 
?his i~ m agreement with the familiar fact that rapid-change in confi- 
mlration of the protoplast (plasmolysis, deplasmolysis, pressure) is ordi- 
narily fatal even though lh~ ~ same result, produced by gradual steps, 
can bo brought ahcmt without injury. 

Phtsmalemma and t,moplast are elastic fluids. Noting the ~xten- 
sibility . f  the plasmatemma, the ease with which it accomnlodates itself 
t .  changes in configuration, the fact that  the greater part of a protoplast 
tmtv flow through a minute opening without injury, a new explanation 
suggests itself for th~ phenomena first noted by NXosLI {1855) and repe- 
atedly confirmed and cited, singe. [t has generally been considered, in 
agr~emm~t with his account, that the fact that exuded or expressed proto- 
plasm from root hairs, pollen tubes, Va~.cheria, etc., behaves as if sur- 
rounded by a nlenltlralle wholly similar te~ that of the intact protoplast- 
is an indication that tin, protoplasmic membrane is "autonomous"  
(u' that tim formation of surface membranes by protoplasm is a result 
of surface forces at the protoplasm-water interface. Is it not likely that 
in these, eases we are t~.ot dealing with the reformation of a membrane 
by naked mesoplasm, but that plasmalennna as well as mesoplasm is 
f.rced out, mid that, tile mesoplasm is c(,vered, at all stages, by the fluid 
plasmalemma? Tile droplets which fail to " ' re-form'  a membrane m'e 
then t hos(~ which consist of mesoplasm with no covering plasmalemma. 

SUMMARY 

1. Existing evi(bqtce for the formation of morphological membranes 
at protoplasmic surfaces ill the living plant protoplast is reviewed 
and judged inadequate. 

2. Cases frenn the literature and from tlle ~mthor's woI'k are cited to 
show that mieromanipulation may be employed in the investigation 
of this problem without pel'eeptible disturba,nco ~)f the normal condi- 
tion ,d the protoplast. 

:~, Investigation of plaslnolyzed and unplasnmlyzed protoplasts with the 
microneedle indicates : 
a) That there is an external laver, or plasmalemma, surrounding 

the pr~)toplast, which, while fluid, is more elastic and incr.  exten- 
sile than the remainder e,f the cytoplasm. 

b) q2hat a similar, but less ehtstic layer, the tonoplast, surrounds 
the vacuole. 
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c) 

d) 

T h a t  the  mesop las ln  is m u c h  less ex tens i le  t h a n  the  t o n o p l a s t  

and p l a s m a l e m m a  be tween  which  it lies. 

T h a t  the  nucleus  is s u r r o u n d e d  b v  a t  least  one m e m b r a n e  of e i the r  

c y t o p l a s m i c  or nuc l ea r  origin.  The  nuc lea r  mat(~ria!, while h igh ly  

elast ic  and  shawing  the  p rope r t i e s  e l  a hyd roph i l i c  colloid, neve r -  

theless  is pa r t  of the  osmot ic  sys tem which  the  ent i re  nuc leus  

cons t i tu tes .  

D e p a r t m e n t  of B o t a n y ,  U n i v e r s i t y  of P e n n s y l v a n i a ,  Ph i l ade lph ia ,  Pa.  
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