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INTRODUCTION 

One of the problems preventing the elucidation of the chemical constitution of the 
bacterial cell wall has been the absence of suitable procedures for the preparation of 
pure cell wall material. Many of the early chemical tests on what was assumed to be 
the cell wall were performed on the residue from alkaline extraction of the cells. This 
evidence has been reviewed by KNAYSI 1. However, there appear to be no adequate 
microscopical observations to support the assumption that  only the cell wall remains 
after extraction of bacteria with alkali. 

Cell walls either partially or completely freed of the cytoplasm have been observed 
by MUDD AND LACKMAN 2, and MUDD, POLEVITSKY, ANDERSON, AND CHAMBERS ~ in 
sonically vibrated preparations of bacteria. CURRAN AND EVANS 4 found that  bacterial 
spores were destroyed by violent agitation with small inert particles. Following the 
report by KING AND ALEXANDER 50 i  the lethal effects of shaking various organisms 
with minute glass beads, DAWSON B showed that this method could be used to prepare 
cell wall suspensions of Staphylococcus aureus. However, since 7% of the cells remained 
intact (CooPER, ROWLEY, AND DAWSONT), it is evident that  this procedure would require 
modification to avoid chemical estimation ot major impurities such as the cytoplasmic 
components of unbroken cells. More recently WEIDEL s has described a method used in 
the preparation of phage receptor spots. Electron microscope examination oi the 
material prepared by procedures including trypsin and lysozyme digestion showed that  
it "consists entirely of bacterial cell walls, which are crumpled up and folded to give 
completely flat, almost circular particles of rather uniiorm size". 

This paper presents the results of an investigation of several methods of preparing 
pure cell wall material. One of the methods was suggested from our observations (SALTON 
AND HORNE 9) on cell wall rupture resulting from heat-treatment of bacteria. The stages 
in the preparation of bacterial cell walls have been followed by examination of the 
material in the electron microscope. 
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EXPERIMENTAL 

Bacteria 

The following organisms were used in this investigation: Escherichia coli H and 
Salmonella pullorum used in earlier studies (SALTON AND HORNE~), and Streptococcus 
/aecalis ST (N.C.T.C. No. 6782). 

Cultural conditions and harvesting 

The  o r g a n i s m s  were g rown on a m e d i u m  cons i s t ing  of 3 ~o t ryp t i c  d iges t  of casein,  o. I ~/o Marmi te ,  
I ~o glucose and  2~o agar.  T he  surface  of 15o ml  of t he  m e d i u m  in R o u x  bot t les  was  inocu la ted  w i th  
a few ml  of ove rn igh t  cu l tu res  of the  o r g a n i s m s  in  l iqu id  m e d i u m .  The  incuba t ion  per iod was for 
16 h a t  37 ° C, un less  o therwise  specified. The  cells were h a r v e s t e d  by  wash ing  t rom the  agar  surface 
wi th  dis t i l led  water ,  cen t r i fuga t ion  and  wash i ng  twice  w i th  dis t i l led  wate r  on the  centr i fuge.  Cells 
were f inal ly  s u s p e n d e d  in  d is t i l l ed  water  to give suspens ions  con ta in ing  a p p r o x i m a t e l y  lO-2O m g  
d r y  we igh t  bac te r i a /ml .  

Electron microscopy 
Suspens ions  of p r e p a r a t i o n s  su i t ab ly  d i lu ted  wi th  dist i l led wa te r  were p laced on spec imen  grids 

covered wi th  ni t rocel lulose  film. M o u n t e d  spec imens  were dr ied  in a des icca tor  and  shadowed  wi th  
g o l d - p a l l a d i u m  al loy (6O~o-4O~o). The  shadowi ng  was  a t  an  angle  of 45 degrees  f rom the  p lane  of 
the  suppo r t i ng  film. Obse rva t ions  were m a d e  in t he  S iemens  e lect ron microscope,  u s u a l l y  a t  d i rect  
magn i f i ca t ions  of 8,ooo-12,ooo.  

CELL WALL PREPARATION TECHNIQUES 

I. Heat-treatment 

Washed suspensions of Esch. coli were heated for 5 min at 75 ° and IOO C ° and 
Salmonella pullorum at 75°C according to the procedure described by  SALTON ANn 
H O R N E  9. 

Suspensions of Esch. coli heated at Ioo°C were centrifuged at 3,000 r.p.m, for 
20 min ; the supernatant  containing soluble cell components was discarded. Fig. I shows 
the ruptured cell walls adhering to the cytoplasmic bodies in the 3,000 r.p.m, deposit. 
The deposit was resuspended in distilled water and the suspension was gently shaken 
for IO rain with ~ inch glass beads. The suspension was decanted from the glass beads 
and centrifuged at 3,000 r.p.m, for 20 min. The deposit of cell bodies was discarded, 
the supernatants collected and centrifuged at io,ooo r.p.m, for IO min, and the deposit 
of cell walls washed several times with distilled water on the high speed centrifuge. 
Figs. 2 and 3 show purified cell wall material. 

Esch. coli and Salmonella pullorum suspensions heated at 75 ° C were centrifuged at 
3,000 r.p.m, for 20 min. The deposit of cell bodies was discarded, the supernatant fluid 
collected and the cell walls removed from the cell solutes by  centrifugation ior io min 
at io,ooo r.p.m. The cell walls thus prepared from Esch. coli and Salmonella pullorum 
are shown in Figs. 4 and 5 respectively. 

2. MICKLE disintegration 

The initial stage in the preparation of cell walls was similar to that  described by 
DAWSON 6. IO ml of distilled water suspensions containing IO mg dry weight bacteria/ml 
were shaken with IO ml of "ballotini" grade 12 glass beads in the MICKLE disintegrator 
(described by MICKLE 1°) for 15 min. The glass beads were removed by filtering the 
suspension through a No. I sintered glass filter. Under these conditions more than 9 ° % 
of the cells of the three organisms studied were ruptured. 
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Removal o/unbroken cells and debris 

The intact ceils remaining in the suspension after disintegration were removed by 
centrifuging for IO min at 3,000 r.p.m. Fig. 6 shows a typical field of unbroken cells of 
Strep. ]aecalis deposited by centrifugation at 3,000 r.p.m. Some cell wails are also 
deposited in this fraction. As shown in Fig. 7 centrifugation of the Salmonella pullorum 
suspensions at 3,000 r.p.m, resulted in the removal of not only unbroken cells but also 
large clumps of cytoplasmic debris and some cell walls. Similar results were observed 
with Esch. coll. 

Removal o/ cell cytoplasm 

The cell walls were then removed from cytoplasmic material by centrifuging for 
IO min at IO,OOO r.p.m. The separated cell walls of Strep./aecalis are shown in Fig. 8. 
Further  washing of cell walls from Strep. ]aecalis with distilled water on the high speed 
centrifuge resulted in the removal of residual electron-dense cytoplasmic material as 
shown in Fig. 9. 

However, large amounts of cytoplasmic debris were observed in the cell wall 
fraction deposited by high speed centrifugation of Esch. coli and Salmonella pullorum 
suspensions. This cytoplasmic debris adhering to the cell wails could not be removed 
simply by repeated washing with distilled water as with Strep./aecalis. Figs. IO and I I  
show typical fields of cell walls and debris in the IO,OOO r.p.m, deposit from Esch. coli 
and Salmonella pullorum respectively. To avoid contamination of the cell wall prepa- 
rations of these two organisms with cytoplasmic debris the following procedures were 
investigated: (a) disintegration of younger cultures of the organisms (WYCKOFF ll has 
observed that the cytoplasm oI young cells of colon bacilli is very fluid and sol-like, 
whereas it appears to be gel-like in old cells) ; (b) disintegration of the cells in 1% saline 
instead of distilled water; and (c) washing the separated cell wall material in buffer. 
Fig. 12 shows that there was a substantial reduction in the contamination with cyto- 
plasmic debris when cell walls were prepared from 9 h cultures of Esch. coli (compare 
with Fig. IO for cell walls from 16 h culture). The cell walls from the 9 h culture showed 
no tendency to iorm the large clumps observed in preparations from 16 h cultures. 
Although disintegration of cells from 16 h cultures of both organisms in 1% saline 
prevented the cell walls from clumping, the cytoplasm was more viscous and much of 
it was deposited with the cell wall fraction on high speed centrifugation. When cells 
were broken in distilled water and the separated cell wall fraction thoroughly washed 
several times in M/io phosphate buffer at PH 7.0, most of the cytoplasmic material was 
removed. Figs. 13 and 14 show the purer preparations of cell walls obtained in this way 
from Esch. coli and Salmonella pullorum respectively. 

No at tempt was made to make a quantitative recovery of cell walls by either the 
heat-treatment method or the MICKLE disintegration procedure. Indeed, it appears to 
be necessary to sacrifice high yields of cell wall material to ensure purity of the final 
preparation. 

EXTRACTION OF CELLS WITH ALKALI 

In order to determine whether the alkali-resistant residue is morphologically similar 
to the cell wall material obtained by the methods described above, washed suspensions 
of Esch. ¢oli and Salmonella pullorum were extracted with N NaOH for 48 h at 37 ° C. 
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The suspensions were centrifuged for 15 min at IO,OOO r.p.m., and the deposit washed 
three times on the high speed centrifuge and finally suspended in distilled water• Figs. 15 
and 16 show that  the alkali-resistant residue from Esch. coli and Salmonella pullorum, 
respectively, differs markedly in appearance from the cell walls obtained by either the 
heat-treatment or the 1V[ICKLE methods• Although there still appears to be an extremely 
thin "membrane" enclosing granular material, there is no evidence to support the 
assumption that  alkaline extraction leaves only the cell wall. Indeed, the original cell 
wall structures were no longer observable in the electron microscope when pure cell wall 
preparations of Strep./aecalis, Esch. coli and Salmonella pullorum were extracted with N 
NaOH for 48 h at 37 ° C. 

SOME PROPERTIES OF THE CELL WALLS 

Pure suspensions of cell walls from the three organisms showed strong light- 
scattering properties, thus behaving similarly to the material isolated by WEIDEL s. The 
cell wall suspensions prepared by MICKLE disintegration of Esch. coli and Salmonella 
pullorum showed strong streaming birefringence. Strep./aecalis cell wall suspensions and 
those prepared by heat-treatment of Esch. coli and Salmonella pullorum did not show 
this phenomenon to any marked degree. Freeze-drying preparations of cell wall material 
from the three organisms yielded a stable white substance of pith-like appearance. Dried 
cell wall material had the same macroscopic 

• IogL~ appearance irrespective of the method of 1.t t- 
preparation• One of the remarkable features | 
also noted by WEIDEL 8 is the insolubility of 1.0 I the cell walls in many organic solvents, dilute 

o°i:  r". acids in the cold and SCHWEIZER'S reagent. 
However, our preparations appear to be 
partially soluble in N NaOH, lO% sodium 
hypochlorite and 5 % phenol in the cold. 

Preliminary observations of the pure 
cell wall material by infra-red spectroscopy 
suggests that  it is of a complex nature. Using 
the Beckman spectrophotometer the ultra- 
violet absorption spectra of cell walls from 
Strep. /aecalis and Esch. coli were measured. 
The curves for pure cell walls together with 
the curve for the cytoplasmic fraction from 
Strep./aecalis are given in Fig. 17. It  is clear 
that only traces of nucleic acid or purine- 
pyrimidine compounds could be present in 
the pure cell wall preparations, whereas the 
cytoplasmic fraction shows the characteristic 
nucleic acid absorption maximum at 26o m/z. 
This finding is not in agreement with the 
claim by STACEY 12 that  nucleic acid is a com- 
ponent of the cell wall. 
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• • Strep. [aecalis cell wal l  suspens ion ;  
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Fig. I. Escherichia coli heated 5 min  at  IOO ° C. Shows rup tured  cell walls  adhering to cytoplasmic 
bodies in 3,0o0 r .p.m, deposit. (42,ooo × ) 



I 8 2  M . R . J .  SALTON, R. W. HORNE VOL. 7 (1951) 

Fig. 2 

Figs. 2 and 3. Separated cell wails from Escherichia coli heated at IOO ° C. (Fig. z: 2o, ooo × ) (Fig. 3: 
41,5oo × ) 



VOL. 7 (1951) THE BACTERIAL C]~LL WALL II 183 

Fig. 3 
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Fig. 4. Cell walls separated from Escherichia coli heated at  75 ° C as described in text. (18,ooo X ). 
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Fig. 5. Cell wall  f ragments  separated from Salmonella pullorum heated at 75 ° C as described in text.  
(28,500 x ) 
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Fig. 6. In tac t  cells of Streptococcus ]aecalis deposited by centrifugation of MICKLE disintegrated 
suspension at 3,ooo r.p.m. (2o,ooo X ) 



VOL. 7 (1951) THE BACTERIAL CELL WALL II 187 

Fig. 7- Material deposited by centrifugation of 1V[ICKLE disintegrated suspension of Salmonella pullorum 
at 3,000 r.p.m. (3o,ooo X ) 
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Fig. 8. Cell wal ls  of Streptococcus /aecalis r emoved  f rom mos t  of the  c y t o p l a s m  by  depos i t ion  a t  
io, ooo r .p .m.  (21,ooo × ) 
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Fig. 9. Cell wal ls  of Streptococcus/aecalis af ter  wash ing  wi th  d is t i l led  water .  E lec t ron  dense  ma te r i a l  
appear s  to h a v e  been  r emoved  f rom t he  cell walls.  (48,00o × ) 
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Fig. io. Cell walls and some debris  deposi ted by high speed centr i fugat ion of MICKLE dis integrated 
suspension of Escherichia coli as described in text .  (21,ooo X ) 
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Fig. II.  Cell walls and some debris deposited by high speed centrifugation of MICKLE disintegrated 
suspension of Salmonella pullorum as described in text. (21,ooo X ) 
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Fig. 12. Cell wal ls  f rom 9 h cu l tu re  of Eschevichia coll. Compare  w i th  Fig. io for 16 h cul ture .  
(21,5oo X ) 
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Fig. 13. Cell walls from 16 h culture of Escherichia coli washed thoroughly with phosphate buffer 
to remove adhering cytoplasmic material  (compare with Fig. IO). (21,5oo ×)  

14 
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Fig. 14. Cell walls from 16 h culture of Salmonella pullorum, washed thoroughly  wi th  phospha te  buffer 
to remove adher ing  cy toplasmic  mater ia l  (compare wi th  Fig. I I). (20,000 X ) 
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Fig.  15. Res idue  af ter  ex t r ac t i on  of Escherichia coli cells w i th  N N a O H  as descr ibed in t ex t .  (4 o,ooo × ) 
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Fig. ~6. Residue after extract ion of Salmonella pullorum cells wi th  N N a 0 H  as described in text.  
(I7,5oo × ) 
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S U M M A R Y  

The  p repa ra t i on  of pure  cell wal ls  ha s  been fol lowed by  e x a m i n a t i o n  of ma te r i a l  in t he  e lect ron 
microscope.  

I. A procedure  for t he  p r e p a r a t i o n  of cell wal l s  by  h e a t - t r e a t m e n t  of Esch. coli and  Salmonella 
pullorum has  been  descr ibed.  

2. P r epa ra t i on  of pure  cell wa l l s  f rom Strep. [aecalis, Esch. coli and  Salmonella pullorum by  
d i s in t eg ra t ion  of t he  cells  w i t h  m i n u t e  g lass  beads  ha s  been inves t iga ted .  

3. The  a lka l ine  r e s i s t a n t  res idue  f rom Esch. coli and  Salmonella pullorum ex t r ac t ed  wi th  N 
N a O H  has  been e x a m i n e d  in t he  e lec t ron  microscope.  The  res idue  differs m a r k e d l y  f rom the  pure  
cell wal l  p repara t ions .  

4- Some proper t i es  of t he  pure  cell wal l  su spens ions  and  dried p repa ra t i ons  have  been recorded.  
Ul t ra -v io le t  abso rp t ion  spec t ra  show no m a x i m u m  cor respond ing  to nucleic  acid or pu r ine -py r imid ine  
c o m p o u n d s .  

Rt~SUM1~ 

Nous  avons  suivi  la  p r6pa ra t ion  de paro is  cel lula i res  pures  pa r  e x a m e n  du mat6r ie l  au  microscope  
61ectronique. 

1. Nous  avons  d6cri t  u n  proc6d6 de p r6pa ra t ion  de pa to i s  cel lula i res  pa r  t r a i t e m e n t  A la  cha leur  
de Esch. coli et  Salmonella pullorum. 

2. Nous  avons  exami n6  la p r6para t ion  de paro is  ce l lu la i res  pu res  de Strep. [aeealis, Eseh. coli 
et  Salmonella pallorum par  d6s in t6gra t ion  des  cel lules  pa r  de tr~s pe t i t es  bi l les  de verre.  

3. Nous  avons  exa mi n6  au  microscope  61ectronique le r6s idu  r6 s i s t an t  g l ' a lca l i  de Esch. coli et 
Salmonella puUorum ex t r a i t s  au  N a O H  N.  Ce r6s idu diff~re cons id6 rab l emen t  de p r6para t ions  de 
parDi cel lu la i re  pure .  

4- Nous  avons  enregis t r*  que lques  propr i6t6s  des  suspens ions  de parDi cel lulaire  et  de pr6pa-  
r a t ions  s6ch6es. Des  spect res  d ' a b s o r p t i o n  u.v.  ne  m o n t r e n t  pas  de m a x i m u m  c o r r e s p o n d a n t  g des 
compos6s  d ' ac ide  nuc l6 ique  ou de pu r ine -py r imid ine .  

Z U S A M M E N F A S S U N G  

Die Dars t e l lung  reiner  Zellwi~nde wurde  du rch  Pr i i fung  des  Mater ia l s  i m  E l e k t r o n e n m i k r o s k o p  
verfolgt .  

I. E i n  Ver fahren  zur Da r s t e l l ung  yon  ZellwAnden du rch  W X r m e b e h a n d l u n g  VO~l Esch. coli u n d  
Salmonella pullorum wurde  beschr ieben.  

2. Die Dar s t e l l ung  re iner  Zellwi~nde von  Strep./aecalis, Esch, coli u n d  Salmondla pullorum durch  
Zers t6 rung  der  Zel len m i t  k le inen  Glasper len  wurde  un t e r such t .  

3. Der a lka l i - res i s t en te  R i i ck s t and  yon  Eseh. coli u n d  Salmonella pullorum nach  E x t r a k t i o n  
m i t  N N a O H  wurde  im  E l e k t r o n e n m i k r o s k o p  gepriift .  Der  R i i cks t and  un t e r s che ide t  s ich  b e d e u t e n d  
yon  den  PrApara ten  yon  re iner  Zel lwand.  

4. E in ige  E igenscha f t en  der Suspens ionen  von  re iner  Ze l lwand u n d  der  ge t rockne ten  Pr i ipara te  
w u r d e n  verze ichnet .  U .v . -Abso rp t i ons spek t r en  zeigen ke in  Nukle insSure-  oder Pur in , .Pyr imid in -  
V e r b i n d u n g e n  e n t s p r e c h e n d e s  M a x i m u m ,  
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