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I. IN'II , ' (H)U( II(~N 

The present  s tudy  is the outcome of investig~ttions independen t ly  pe r fo rmed  bv 
the au thors  in two different countries.  

The work of the lirst ~ttl~.]lOl" \v~t:--; lll~lxlc possil)h' by a gr~tnt of the "Ncdcr landsc  
Organisat ie  voor  Zuiver  \Vetvnschapl>elijk OnderzoelC to the Ins t i tu te  for Electron 
Microscopy. The au thor  wishes to thank Prof. 1)r .\. J. K l.tv\p;l~ for his generous help 
and advice  and h - J .  l k LI,: |)()()I.l,; ;tntl I t - . \ . . ] .  , \ . .~IEUWENHIIJS f()F their  assis tance 
in the  electron microscopical  pa r t  of the work. 

The second au thor  has had the great  privileKe to receive a .Junior Research l:ellow- 
ship of the Natiomll  Inst i tut t ,  ,~f Heakh ,  llcthcs&,. ( t ' .S . . \ . ) ,  which ~,lmblcd her la ter  to 
work in l)r  .],\.~lICs HlI.Lt1.;i~'s Ial)oral{~rv at the R.( ' . . \ .  R~,s<trch I .abora tor ies  1)ivision at 
Pr inceton,  N..], A highly  appIt ,c ia lcd c~llal)ol at ion with l)r .].\.~IJ,~s HII.I.IICR, l)r  SI t'.xl<l 
1"~'|1"i>1) a n d  I)r (:.\1{~. I~.() I ' IN() \ \  is  1{~ a l ~ l ' g e  e x l e l l t  rcst>onsil)le for her results,  Tht, a u t h o r  

is indeb ted  to thcse colleagues l~r th, ' ir  c~mstant ht,lt) and advice amt their  gem'rous 
permission to publ ish m a n y  data. used in the p repara t ion  of this ]~a.l)er. ,%he wishes to 
express  here her sim:,'rc ,<ratitmh' to the Nati(mal Insti tut{ '  ~t Health for the award ing  
of the hqlowship {tml to the, R . ( . . \ .  I.al)l)r~tt,~rit,s l)ivision 1)tinct'ton, N..I. fi~r lh.e hospi- 
t a l i t y  granted .  

Electron micrographs  were' mmh, at I)clft with the electron microscope as developed 
by  .]. B. I.v. 1}{}{}kE, and at l)rinc{'l{}n with l l r  .l. H~.~.~cl~'s ins t rument  {}f tim R.( ' .A. 
t ype  E.M.IL  

The mot i l i t y  of those organisms,  which rive now call bacter ia ,  was discovered almost  
as ear ly  as their  very existence by AxTnoxY \ . \ x  |.F.EVW|,;NH~HCK l, but  it was near ly  
two centur ies  kLtcr before the ac tua l  s tudy  of their  propel l ing org~ms was under taken .  

* N a t i o n a l  I n s t i l u ' ~ '  ~f I I~'alth J tmi*~r I~.se~lrch I'ell*>\k. 

l ec /ercmc . ,  p. 43.  



VOI.. ~ (I050) OBSERVATIONS ON BACTERIAL CYTOI.OGY II II, 

Ever  since EHRENBERG 2 observed a "threadlike t runk"  (fadenf6rmiger Rflssel) on 
ophidiomonas ( =  Thiospirillurn) ,]enensis which could serve as an organ of locomotion 
and which seemed to produce currents in the me(iium, the problem of bacterial append- 
ages has stirred the minds of bacteriologists. A perusal of l i terature reveals tha t  
opinions have remained equally divided on their s ignifcance as "organs of locomotion" 
(most authors) or "useless appendages"  (VaN TIEGHEI~I a, I)E BARY 4, H~I;ppV. ~, KURTH ~ 
and recently PUPER v, 8, 9). Descriptions are given of "fi lamentous flagella" sometimes 
occurring in large numbers  (most authors), whereas according to other authors never 
more than a few flagella or tails are present on a single organism (PIETSCttMANN 1°, 11, 
pI jPER 7, 8, 9). 

Neither is there any agreement  on such problems as modes of insertion, origin etc. 
VAN TIEGHEM a, Bf[TSCHL112, BABES la, BUNGE 14, ZETTNOVV 15, HINTEI{BERGEI'. AND 
REI'rMaN '~, MmUI.A '7, PUpEId, 8, 9 and others are of opinion that  flagella somehow 
originate from the superficial layers, whereas on the other hand  Tn~-YKMAXN is' 19, 
tglSCHF.I~: 2°, ELLIS 2~, FUHRMANN 22, MEYER 2a, REICHERT 2~, YAbIAMOTO 25, PRENANT 26, 
LASSEUR .\NI) VERNItr.R 27 are amongst  those who claim a protoplasmic origin. 

Mut)I), POLEVITSKI AND ANDERSON 28, KNAYS129 and V.\x ITERSON a° are inclined 
to conclude from electron micrographs that  flagella are connected with the interior of 
the cell. 

Bacterial  flagella were first described by  COHN al, DALLINGER AND I)RYSI)AI.E a2, 
and \:VAI{MING aa. KOCH a4, being the first to tackle the problem by pho tography  and 
staining, put  their actual existence beyond any  doubt.  Since i888 development of 
adequate  mordant ing  and staining techniques by  LOEIq~LER a'5, ZETTNOW '5 and others 
led to numerous  data  on the flagellation of bacteria. 

Such fixed and stained preparat ions showed that  some bacterial species bear 
filamentous flagella exclusively at one or both poles, whereas in others they seem to be 
distr ibuted at random all over the surface. Moreover, it was found that  related hacteria 
are often characterized by  the same mode of flagellation, so tha t  this character  seemed 
to be of significance for bacterial classification. 

The appellations introduced by  MESSEA a~, viz., "3Ionolricha", "Lopholricha", 
"Amphilricha" and "Perilricha" are still in use. 

With a few exceptions, investigation of flagella had, up to the moment  tha t  REI- 
CnEl~'r 24 applied darkfield microscopy in his investigations, been limited to the s tudy  
of (lead and stained material.  The new technique made it possible to obtain an impression 
of the bacterial appendages in the actual ly  swimming organisms. Also IrUnRMANN 22, 
MF.YI~iR23 NEUMANNaT, as, NEUM[}LLER39, LOVELAND40, \VEI41, DIjPER 7,s,9, PlETSCH- 
MAX X '°, ~1 and K INGI~IA BOI.TJ ES 42 made contr ibutions to darkfield research. The number  
of flagella on a living bacter ium appeared often considerably reduced as compaTed to 
the number  of those shown by the stained preparations.  To RH(;HEI~T it was obvious 
that  during motion Spirillum combined its flagella into a bundle (in German:  Zopf). 
NEt, M.*NN came to the same conclusion for peritrichous bacteria. He saw the " fage l l a"  
appear  and disappear, which meant  to him a winding and unwinding of the e lementary 
flagella, since these (except for Vibrio and Spirill¢fm) are too thin to be individually 
discerned in the darkfield of the microscope. 

Some of these s tudents  of flagellation set more value upon the observation of living 
bacteria in darkfield, than upon the evidence which can be obtained after fixing and 
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staining. Differences between the outcome of the two modes of observation are ascribed 
to artefacts, due to manipulat ion of specimens (suspending, fixing and drying). PIJPER 
as well as PIETSCHMANN, both far more radical than NEUMANN, deny the very existence 
of peritrichy, since they never observed more than one, two or seldom three "tails" 
or "flagella", all close to the rear of the bacterium. PIETSCHMANN tends to accept 
only one type of flagellation, viz., subpolar implantation.  Seeming exceptions, when 
more "flagella" in long rods like Proteus produce a peritrichous appearance, are ex- 
plained on the basis that  such an individual represents an undivided row of several 
cells. This is a weak argument ,  since many  rods are equipped with such a large number  
of flagella tha t  it is hardly  feasible to a t t r ibute  not more than two of them to each 
individual cell. 

PIJPER 9 goes even further  than PIETSCHMaNN, Unable to observe the a t t achment  
of the flagella to the cell he insists tha t  they are not inserted at all. His ideas are best 
rendered by  the following quotat ion : 

"The  very  viscous anisotropic polysaccharide material  of the bacterial slime layer 
consists of long-chain molecules which readily combine into longer micellae. The 
gyra to ry  undulat ing movement  of their bodies which propels bacteria subjects this 
material  to a twisting influence. The slimy material hangs loosely round the body and 
is not  firmly a t tached to the cell wall. The effect of rotat ion combined with forward 
movement  is tha t  the slime layer is drawn out into the tail described". 

In  other places PIJPER refers to this tail as a "flagellum", whilst he refuses to apply 
this term to the "wavy  threads"  which he sometimes encountered when "tai ls" dis- 
integrated. With a view to the general use of the word "flagella" for the structures 
observed in stained preparat ions this seems unacceptable.  

In order to avoid confusion we shall maintain the use of the term "flagellum" for 
these elementary structures, whilst referring to those seen in the darkfield as "tails".  

For PIjPV, I¢ the " w a v y  threads" are mere artefacts resulting from death and 
mal t reatment .  This conception is not new, since SWELH~X(;t~H3EI: a already ascribed the 
disintegration of "flagella" tails according to our nomencla ture - - in to  "fibers" to the 
crude t rea tment  during the staining procedure. 

I t  is clear tha t  PUt'EI~'s views, to which much significance is a t tached in recent 
German and American textbooks, cannot be reconciled with the almost general belief 
tha t  some bacterial species are always cephalotrichous, whereas other species are 
constant ly  peritrichous. If flagella are mere artefacts, caused by fixing and drying, it is 
impossible to explain the reported constant ly  recurring differences in the mode of 
flagellation of different species. 

In  this connection it should be remembered, however, tha t  PIETSCHMANN disputes 
the correctness of the current interpretat ion of the microscopical observations on stained 
preparations,  thus indirectly support ing PIjt"EI~'S theory. 

It  will not need elncidation that  a decision in this controversy is of the utnlost 
importance,  especially with a view to the fact tha t  the mode of flagellation is widely 
used as a diagnostic character.  

If  PIJPER'S ideas would prove to be true this would obviously cause a revolution 
in bacterial t axonomy.  

This being the state of affairs, the authors, realising the urgent need for new and basic 
facts, decided to apply the electron microscope in a s tudy of the following problems: 

I. Can convincing evidence be obtained for the occurrence amongst  bacteria of 
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definite types of flagellation, more especially, is there reason to distinguish cephalo- 
trichous and peritrichous bacteria ? 

2. Can a study of the genesis of flagella provide an answer to the question whether 
the threadlike flagella have to be considered as separate morphological entities like 
stained preparations suggest ? Or are they merely secondary products of an irreversible 
untwisting of "tails" ? 

3- Do the "tails" as observed in the darkfield of the light microscope represent 
agglomerates of elementary flagella ? 

4- Is the motility of bacteria indispensable for the generation of flagella ? 
5. Can anything be established regarding the cytological nature of flagella ? 

On examining our preparations, filamentous structures in addition to flagella were 
sometimes seen. These filaments radiate from the bacterial surface. Being clearly 
distinct from flagella, they will be discussed in the Appendix. 

II. PREPARATION TECHNIQUES 

The following methods  have  been used in order  to ob ta in  su i t ab le  p r epa ra t i ons  of f lagel lated 
bacter ia .  

I. Agar  grown bac te r i a  are careful ly  suspended in dis t i l led  water .  F lagel la  are least  in jured 
when a l i t t le  wa te r  is dr ipped on a well grown young  cu l tu re  in a pe t r i  dish. I m m e d i a t e l y  hereaf ter  
a drople t  is t ransfer red  to a collodion coated object  holder  by  clipping tile l a t t e r  into the suspension.  
Excess  wa te r  is d ra ined  off w i th  fil ter paper .  

2. A cu l tu re  of bac te r i a  in a l iquid  med ium is poured on to pep tone  agar  in a pet r i  dish. By" 
t u rn ing  tile p la te  upside down in s l an t ing  pos i t ion  most  of the l iquid  is d ra ined  off and  only  a th in  
layer  of the  fluid med ium wi th  a su i t ab le  m l m b e r  of bac te r i a  r emains  on the agar.  

In  some expe r im e n t s  these bac te r i a  were g iven a subsequen t  per iod of g rowth  (method ca). 
In  o ther  ins tances ,  however ,  g rowth  was s topped wi th  fo rma ldehyde  vapour  in order to fix the  
bac te r ia  and thei r  l tagel la  such as t h e y  are when grown iu a l iquid m e d i u m  (method 2b). 

Dur ing  tile d ry ing  process all  dissolved subs tances  diffuse into tile agar,  leaving  the  bac te r ia  
as clean as when suspended in dis t i l led  water .  1)rving. completed,  a o..5 °'/,'o solut ion of collodion iu 
an lv l ace t a t e  is poured on to the  agar.  The p la te  is t u rned  over  and  t i l t ed  once more. After  evapora t ion  
of t i le  a m v l a c e t a t e  t i le  col lodion m e m b r a n e  is cu t  in to  smal l  pieces. Tile dish is then  care fulh" immersed  
in water .  The collodion m e m b r a n e  floats off in l i t t le  squares  on to the surface.  Each of t-hese can be 
moun ted  as usual,  r insed wi th  dis t i l led  wa te r  and dr ied . .Many,  even somet imes  all, bac te r i a  adhere  
to the collodion. Success depends  on the proper t ies  of t i le  species anti on the  mois tness  of the  agar.  
I t  is, of course, not  necessary  to use the whole of t i le cu l ture  in the  pet r i  dish to make  such a "s t r ip-off"  
p repara t ion .  Somet imes  some square  cm of agar  were cut  out  and  t r ea ted  in the  describ:~d way. 

3. Some species of bacter ia ,  when cu l t i va t ed  in a l iquid medium,  tend to a t t a c h  themse lves  to 
solid substances .  This  has been t aken  a d v a n t a g e  of bv offering these bac te r i a  t h '  opp:~rtuni tv  to 
se t t le  on a l loa t ing  collodion membrane* .  One or two days,  depend ing  on tile behax i(mr of th: '  species 
and t i le  c~mcentrat ion of n u t r i e n t  subs tances  in ti le mediuin ,  suffice to get  th:: desired numt)er  of 
bac te r i a  on the lower side of t i le membrane .  The l a t t e r  can be torn to pieces, each of which can b,e 
moun ted  as usual, r insed wi th  dis t i l led wa te r  anti dried. 

4. Though  me thods  i, 2 and  3 have  been used occasionaIly by the s~'cond au tho r  to) ,  sh~ ma in ly  
used the t echn ique  as developed by  H I L L I E R ,  KxAYsI AND BAKER '17, Bacte r ia  are grown on top  tlf 
a collodion m e m b r a n e  spread over  n u t r i e n t  agar  in a pe t r i  dish. Small  drops of a bac te r ia l  suspension 
are p ipe t t ed  on the membrane .  Addi t ion  of o.o2°/0 t r y p t o n e  to the suspension lowers the surface 
tension anti  p romotes  smooth  spread ing  over  the  collodion membrane .  By suck ing  off, wi th  a smal l  
p ipet te ,  so much of the suspension is removed as to leave ti le collodion surface jus t  wet ted.  To depr ive  
the bac te r i a  from su r round ing  wa te r  t i le pe t r i  dish is left  open dur ing  the las t  perle 1 of the incubat ion .  
Smal l  c i rcular  areas  of bac te r ia l  g rowth  are thus  obta ined.  Once deve lopmen t  is considered to bc 

* This  is only CHOLODNY'S t echn ique  a da p t e d  to the demands  of the  electron microscope.  
CHOLODNY 44 depos i ted  slides in to  the  soil and  found t h a t  m a n y  bac te r i a  se t t led  on the glass surface. 
L a t e r  on th is  t echn ique  has  been used by  s :ve ra l  i nves t iga to r s  e.~'. by  }-IENRICI 4~ fur the s t u d y  of 
fresh wa te r  flora and bv  ZoBELL AND ALLEN 46 ill work on mar ine  bacter ia .  

Re/erences p. 43. 



14  A . I . ,  It()UWINI4.,  \V. V.\N I['I,IRSt)N V()I,. 5 ( I{ )50)  

s u f f i c i e n t ,  p a r t s  of  t h e  n l c l n l ) r a n c  b e a r i n g  p r o m i s i n g  a r e a s  a r c  s e l e c t e d  w i t h  t h e  l i g h t  m i c r o s c o p e ,  
c u t  o u t  w i t h  ti l t '  a g a r  ~/ii([ t h )a t cd  oll ou  w a t e r .  \ t t c r  lllOlllltii/g Ol/ ]~lr'2,c p i ece s  ()1 c o p p e r  x~it-c u w s h  
t h e  })i-cpar;i t iol/  is t,X;llllillC(i i)l/('t, ll/Olt,, IA]]CIC/I[)OI] t]/(' Ch()SCII ~;('ctioll is f l i t  ()tit ~;O tin tO su i t  tilt '  
oh}oc t  h o h l c r .  

T h e  I n c t h o d  of lllLI.[~:;t¢ c[ . l .  ha s  a d x a n t a X c  o\cr t h t  strippin:~-<>lt tcchni<ltW ( m c t h o  t . ]  s ince  
in t h e  f o r m e r  t h e  b a c t e r i a  a r c  s i t u a t e d  <m t o p  of t i le  c o l l o d i o n ,  a n d  t h u s  o u g h t  to  r c u l a i n  l ixcd  in 
t h e  o r i g i n a l  p o s i t i o n  of  d c v c l o p i m ' n t ,  w h e r e a s  in t h c  l a t t e r  d i s p l a c o m c n t s  m a y  ( ) c c m -  d u r i n g  t h e  
l l o a t i n g - o l t  o n  w a t e r .  \ V a s h i n g ,  u n d c s i r a l d (  of c o u r s e ,  c a n  b c  o m i t t e d ,  s ince  o]a c x a m i t m t i ( m  in t h e  
e l e c t r o n  m i c r o s c o p e  t h e s e  p r e p a r a t i o n s  t u r n  ()ul t() l)c s u f f i c i e n t l y  c l c a u .  

In 1 )clf t  t h e  p r e p a r a t i o n s  x~crc shml()x~cd w i t h  a n  a lh)v  ()1 \ ()hi  a n d  n l a n R n n i n ,  xx h t ' r c a s  c h r o m i u m  
WI/S IIF~t'd ill l h - incc l tm.  

i i i .  RI:S U I.T.% 

L i s  it possi/de lo distingu, ish de/inih: types in bacterial flagellation ? 

To answer this  quest ion var ious  bac ter ia  belonging to different species and genera 
were p repared  according to one of the me thods  descr ibed in the preceding chapter .  
F r o m  the numerous  electron in icrographs  made,  Fig. z- 7 are considered to p o r t r a y  best  
the  charac te r i s t i cs  of f lagellat ion.  

Very  large numbers  of flagella have been found on Proteus mirabilis (Fig. 1) and  
Pr. vulgaris (Fig. 2). The former was cult ivat(M in a l iquid mediuln  and s t r ipped  off 
from agar  according to method  2b. The cell of Fig. 2 is at typ ica l  swalmer  ceil grown 
(in nu t r ien t  agar.  l~efore eent r i fuga t ion  in dis t i l led water  the cul ture  had  been fixed in 
formalin.  This expla ins  why the cell in quest ion has flat tvm'd inueh less than the cells 
rel)roduced in the o ther  figures. 

Even  if as several  au thors  have suggested-  these veIv  long rods should represent  
und iv ided  chains of several  cells, each ind iv idua l  cell nmst  be equiped  with a consider-  
able munb~q of flagella. I t  seems, therefore,  to us that  a l r eady  these figures leave 
scarcely  any  doubt  as to the cxistcm;c of per i t r ichous  flagellat ion in the two species. 

Both cells bear  a numbe~ of la teral  flagella and  are ther(ffore u m n i s t a k a b l y  peri- 
t r ichous according to ctlrreiit  llOlllellclatllrc. 

Fig. I, 2 and  3 remind one s t rongly  of the pho tographs  of s ta ined  prct)aiat iol ls .  \Vith 
these t hey  have in common tha t  the flagella cannot  be t raced fur ther  than the per iphery  
of the  cell, leaving undecided which flagella end undernea th ,  and  which on the upper  
side of the cell. 

In  o ther  more favourablc  pre tmrat ions ,  c.2. , tha t  of lira'imTa st)cc, r ep roduced  in 
Vig. 4, the surface s t ruc ture  was well Inought  ()tit t)y the shadowing.  Since ill these cells 
the surfaces are nei ther  veiled bv slime nor in any  other  way, it is possible to trace 
several  of the flagella up to the poin ts  were t lmy emerge frolll the cells. 

An object ion often raised bv those who defend the occurrence of only a res t r ic ted 
nmnber  of flagella at  each cell is tha t  by  SUSl)ending the 1)aeteria in water  the " l ibr i l s"  
might  de tach  froin the cells and on dry ing  the p ropara t ion  secondar i ly  might  ~:~attach 
to the t)er iphery of o ther  cells. 

In our opinion the d is t r ibu t ion  of the flag~qla, ;is shown in the micrographs,  Callnot 
poss ib ly  be exp la ined  on such a basis, as these p repa ra t ions  showed hard ly  any  loose 
flagella. Moreover,  the cri t icism in quest ion can cer ta in ly  not  app ly  to the s tr ipped-off  
p] epara t ions .  

Sti l l  more  re l iable  and therefore very  convincing results  were ob ta ined  by  the 
m e t h o d  of HII_LII~;R (l al. Proteus vulgaris (Fig. 5) a11d 1[. coli (Fig. ()) were cu l t iva ted  for 

h'c/crcncc.~ /,. 4.]. 
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F ig .  r. ])1"otc~ls J~zi~,abilis, g r o w n  in p e p t o n e  w a t e r ,  s t r i p p e d  ~>li ( m c ' t h o d  217). ( 'el l  l r o m  a 2¢2 h r s  o ld  
c u l t u r e  w i t h  man)" peritrichous flagella. ( io  ooo  / ,  ; E,M. Delft) 



I(~ A. I_. I i ( ) ~ T \ ¥ I N K ,  W .  V A ~  ITEI~.G()N V()L.  ,~ ( IO.~O)  

F i g .  _'. l )rotcus vula, aris. l ' r c l ) a r ~ a t i o n  l)v C. 1,'. I , ' . ( m l ~ o w  an(1 l ) r  J .  H H ~  H,;R. S w a r m e r  t:c'II w i t h  a n  
abundance  of flagella. F ixed in ~ormalin. (xt:, ooo ~ ;  R.C.A. Lab.) 



VOL. 5 ( I050)  OBSERVATIONS ON BACTERI.\I~ CVTt)L()(;~_" II 17 

Fig. 3" Llacleriu~t hevl~icola. A normally  shaped bacter ium with peri t r ichous fla~4ella. (;rown in 
p e p t o n e  w a t e r  a n d  s u b s e q u e n t l y  s t r ipped  off f r o m  agar.  (i  t ooo  x ; G.3!. Delfts .  
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Fig.  4- ][~'~t:inia st)co., ~,rown on agar ,  su s t ) endcd  in di.~tillc(1 wat( ' r .  The  s in- tac t  , s t ruc ture  ()i t h e  
b a c t e r i a  is t ) r o b a b l y  c a u s e d  b v  t he  s h r i n k a g e  (~f t he  c o n t e n l s  (IHring the, d r y i n g .  Sevt ' ra l  f lagel la  

can  be  t r a c e d  up  to  t he  p o i n t s  whe re  t h e y  e m e r g e  f rom th~ ce l l s  (E() ooo : I-.M. I)elf t j .  
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Fig. 5. Proteus vulgaris. The  cel ls  d e v e l o p e d  on t h e  co l lod ion  m e m b r a n e  which ,  ( l u r ing  t he  t i m e  of 
i n c u b a t i o n ,  w a s  o v e r l y i n g  n u t r i e n t  aga r .  The  lower  cell,  w h i c h  l i k e h  n e v e r  had  a n y  ()t) t)()rt tmitv ~)t 

m o v i n g  a b o u t ,  s t i l l  p r o d u c e d  p e r i t r i c h o u s  f lagel la .  (~7 5 ° °  < ; I ( . ( ' .A . l . a t ) . )  



2 0  A . I . .  H()I. \VINt<, \Vo V:~,N ITEI~,St)N V()L. 5 (1~}50) 

Fig.  t). E s c h t ' r i c / , i a  col i ,  -t h r s ' c u l t u r c  on a co l lod ion  I n c m b r a m '  (>vcrlyin g n n t r i e n t  aga r .  F l age l l a ,  
v e r y  s t r a i g h t  a n d  shor t ,  a rc  t ) rol )a l )h  in t h e  p roces s  (>1 ou t  g r o w t h  (-'5 oo~) ; N.(' .  \ .  l .ab.) .  

lrig. 7. t~seudc~mo~zas ¢l:t<>~'tstcl~s. ~ r o w n  o n  a~ar ,  s u s p e n d e d  in wa te r ,  l £ x a m p l c  of a cepha lo t r i chc )us  
b a c t e r i u m .  (_,~ ooo "< : R . M .  Delft) .  
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F ig .  S a. a n d  b.  [~seudomo~ms /~i,ocyanca. t h r s ' c u l t u r e ,  s t r i p p e d  ol t  f r o m  a g a r .  N o t e  t h e  s h o r t n e s s  
of  t h e  f l a g e l l a  in b.  w h i c h  a r e  p r o b a b l y  in t h e  c o u r s e  of  d e v e l o p m e n t .  In  b o t h  f i g u r e s  " t i l a m e n t s "  in 
a d d i t i o n  t o  f l age l l a  a r e  s h o w n ,  w h i c h  a r e  d i s c u s s e d  in t h e  A p p e n d i x .  W i d e  s h a d o w s  a l o n g  s o m e  

f i l a m e n t s  in a. m a y  b e  f i ssures  in t h e  c o l l o d i o n  m e m b r a n e .  (2o ooo  y. ; F . M .  Del f t )  
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F ig .  (~. ~1. a n d  12. 13<lch<rimn of M r  E. (;R,XY, g r o w n  in d i l u t e  p e p t o n e  w a t e r  w i t h  o . I  ° o g l u c o s e ,  
s t r i p p e d  t)ll ( m e t h o d  2b).  T h i s  o r g a n i s m  p o s s e s s e s  s o m e  l a t e r a l  a n d  o n e  s l i g h t l y  t h i c k e r  p o l a r  

Ila ~ c l l u m  (i 2 .5o<~ > ; E .M.  L),dft) 
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about 4 hours on a collodion membrane with so little moisture at their disposal that  
for the greater part of the individual cells the conditions for free swimming must have 
been extremely restricted. We wish especially to draw attention to Fig. 6 where a 
typical cell clearly shows flagella in development, although this cell is still attached to a 
natural conglomerate which seems to exclude the possibility of any active swimming. 
The flagella ale arranged in a peritrichous manner. The youth of the cells in Fig. 5 and () 
will be responsible for the small number of flagella present. Actually the cell with the 
5 or 6 unusually short flagella in Fig. () was one of the very few in this preparation 
showing flagella by that time. These do not yet exhibit the usual undulation (compare 
Fig. 2o). We, therefore, feel that these juvenile flagella must have been caught in the 
very act of outgrowth. They obviously emerge from the upper side of the cell. It may 
be excluded that these cells should have possessed a flagella-bundle, which disintegrated 
and dispersed during the drying process. 

Micrographs of 5"almonella t),phosa, Alcaligenes /aecalis, .S'erralia marcescens, 
Aerobacter levam;cum, Agrobacteri.~tm radiobacter, Agrobacterium tume/aciens, Bacilh, s 
s~tbtilis and Bacilhts mesenlericus leave no doubt that also these species are peritrichous. 

Let us now consider the situation in the case of organisms belonging to the genera: 
SpiriIhtm, Vibrio and Psemto.monas. Examples of polar flagella-bundles in Spirillum 
serpe,zs and of a single polar flagellum in Vibrio metschnileovii have previously been 
published by one of us (a0 Fig. zo, zI, 9). l~Iicrographs of Pseudomonas/luorescens with 
two elegantly waved, apparently separately inserted, flagella at one pole (Fig. 7) and 
of Ps. pyocyanea (Fig. 8, a and b) with a single flagellum are presented here*. All these, 
as well as other examined species of Pse~tdomonas can rightly be called cephalo- 
trichous. 

As yet we are not  certain whether  cephalotr ichy should be subdivided in mono-, lopho- and 
amphi t r ichy,  as MESSEA 3~ first suggested. In  some species, generally accepted to be monotr ichous,  
e.g. Vibrio metschnikovii,  sometimes two flagella have been found. F rom irregularly shaped cells in 
old or abnormal  cultures of this species flagella may  even be seen to arise from arb i t ra ry  spots instead 
of from the poles. 

A probably new type of flagellation was found in an unidentified bacterium sent 
to Delft by the courtesy of IX.lr E. GRAY, M.I¢.C.V.S., ('ambridge (England). This organ- 
ism bears a flagellum at one or at both poles, and remarkably also four lateral flagella 
(Fig. 9, a and b). The polar flagella, when carefully examined, turn out to be somewhat 
thicker than the others. Such a type of flagellation--a combination of peritrichy with 
cephalotrichy--has, as far as we know, never been described before. 

2. 7"he ~,enesis o/ the elementary/lagella. 

The preseuce of flagella as normal appendages of bacterial cells having been placed 
beyond dispute, our next task will be to arrive at a conception of the possible relation 
between these flagella and the "tails" observed on moving organisms. 

In this connection we will first direct our attention to the genesis of flagella. 
For PUPBR'S conception of this genesis, according to which the flagella are merely 

"products of motility", we refer the reader to the Introduction. 
It will suffice to recall that for PIJPEI~ flagella generate from the mucus surrounding 

the bacterial cell, and in this respect the following observations are of special interest. 

* The finer threadlike appclMages of Ps. /)),oc),anea will be discussed in the Appendix. 

Re/e~'e~zces p. 43. 
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In Fig. Io  a 3 hours old cul ture  of 14ac. mesenlericus is shown, which was oh ta ined  
by  inocula t ion  of a sporesuspension on a collodion inembrane  spread over a ml t r ien t  
agar  (method 4). l : lagella as descr ibed in the preceding p a r a g r a p h  can be clear ly dis- 
t inguished  [i-on] the s imul ta l lcous lv  present  slime layer. The flagella with their  sharp 
contours  d i sappear  here and there into a diffusely spread inucus. Alongside the ceils 
tilt, slime has acculnulate([  forlning litt le dikes. In the rivht ut)per side of th{' t)icturc 
they even s t re tch 1)cyoud the' emts of the cells, which will b{, due to contracti<m of the 
cells dur in  V dryin<.  It seems vxtr{'m,,lv unlik{qy tha t  the ft:~gclla ill /his picture did 
or iginate  1)y a twis t ing of the slhnv lavm. 

A posi t ive  con t r ibu t ion  t{~ our insight into the gem'sis of threadl ike  flagella can be 
der ived  from Fig. (} (E. cell) which shows the presence of juveni le  flagella. Here all 
evidence is in favour  of an individual  ou tgrowth  of the flagell ! 

Another  case which ])roves tha t  in young  ac t ive ly  growing cul tures  many  cells are 
charac te r ized  by  the seant iness  aml  shortness  of their  flagella is reproduced in Fig. I Z, 
which should be compared  with Fig. I2 and 3. Acrobach'r her/dcola was inocula ted  on 
p e p t o n e  agar  (nlethod 2). At the t ime of inoculat ion the bacter ia ,  which had been grown 
iu pep tone  water ,  had  m a n y  long flagella (Fi V. 3)- After  3 hours only few are present,  
unequal  in length and p a r t l y  very short  (Fig. I I). A p p a r e n t l y  in these fast growing and 
mu l t i p ly ing  cells most of the flagella are only in the begimting of their  development .  
In  an analogous I I hours old cul ture  cells wt're found to possess much longer flagella, 
though still  unequa l  in length (Igig. ~e) .  

I:i<. 81t and  S1) offer another  example  of <hweh)ping flagella, this t ime in cel)hah)- 
t r ichous ]}semlomo,tas/53'ocyam'a fr{)n] [/ 4 hYs o ld  e/ l l t l l l{ '  Ol1 a,~ar. ()1]~, s h o u l d  co in t}a r c  

the  1)eautifully waved fla~elhun in l:ig. Sa with the short  organs in Fig. Sb. l h ( '  h)wer 
flagellum in l:ig. NIl has not vet (luit{ ' reached a full wave-lellVth, whereas tlw upper  
one has m~t {,\'eu half tha t  lcn<th. 

O t ) s e r x ' a l i o H s  Oli ])roh: t ts  7 ' l t l \ ,arts  a l l d  1[. colt7 g r o w n  o n  a collodion m c l l l h r a n e ,  

showed af ter  inoculat ion first an increase of cell size and a r ap id  division, whilst only 
af te r  about  fern hours the tirst m'wly f lagel lated ceils could bc noticed with cer ta in ty .  

3. On the,/ormalioll o~ /la~,ella /mmtles. 

Tim evidence in the p leced ing  section is agains t  the idea tha t  flagella are sec, mdary  
sp l i t t ing  p roduc t s  of a p r imar i ly  developed tail. On the other  hand  in several  of our 
p r epa ra t i ons  we came across slructur{,s which s t rongly  suggest to represent  bundh 's  of 
flagella. A few electron micrographs  will be given which in our opinion show tha t  
flagella possess a t endency  to uni te  into bundles.  

A s t r ik ing feature of Fig. i3, rot)resenting a 3 trouts old t4ac. mesenlcricus grown 
from spores on a collodion memhram' ,  is the presence of a few trundles of t igh t ly  ar ranged 
t ibels  besides the thin t lcr i t r ichous flagella. IAke Fig. io this pic ture  is veiled by mucus. 
The short tmmlle to the h'ft nmv well bt' in the beginning of its outgrowth .  

Ano the r  t)henomenon with which 011{' is often faced when Proleus v,12aris develops 
in row likt' c~'ll cmnplcx,,s {m a {-oll.dioH surface is dem(mst ra ted  in Fig. 14. Numerous  
flagella art, al lan<ed si{h' by si(h', often so close together  that  the iml iv idual  ent i t ies  are 
not well resolved l)v the' electron microscope. Such bundles  are usual ly  seell to emerge 
f lora the narrow corm'rs  I)~'tw~,cn m~ighbouring cells. They are p robab ly  forced to do so 
for want of lnoisture mM fi,r lack of space. I t  is usual ly  not clear flolll which cell or 
cells they  originate,. 

l?elcr~*~c, 7'- 1 3  
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1 
Fig. to. Bacillus mcsentericu.% g e r m i n a t e d  f rom spores  on the  collodion inembrane .  The  mic rograph  
shows t he  difference be tween  the  s l ime which  a c c u m u l a t e d  a longside  the  cells, and  t he  flagella. 

(16 ooo X ; R.C,A. Lab.) 
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]Fig. I I. l~a('lcrizH*~ t?~'rt)[c~,/a. Ill t h i s  3 hrs  old c u l t u r e  on aKar lla~011a a re  few a n d  \ c r y  shor t .  
(8oo(~ : I{.M. I)elft)  

F i g .  I 2 .  l~tlc/t'*'iz¢*ae ]z(~r/ , ic¢)/( i .  \ l t c ~  f I hl-s i n c u b a t i o n  t i l e  f l a g e l l a  a r e  l o n g e r  b u t  s t i l l  d i l~cr  in l e n g t h  
(l_t o o o  • ; IV.M. I ) e l f t )  
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Fi~. 13. l~acill~t,~ mc,~enieric~ts, ~ e r m m a t e d  f r o m  s p o r e s  o n  t h e  c o l l o d i o n  m e m b r a n e .  N o t e  r e m a r k a b l e  
s t r u c t u r e s  w h i c h  a p p a r e n t l y  a r c  b u n d l e s  of f la~c l la .  / t ~ )ooo  " ; I{.C. . \ .  l,al>.i 
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F ig .  I. t. t)folrus ¢,ltl;,atis, g r o w n  o n  t h e  c o l k M i o n  m e m b r a n e .  M a n y  of  t h e  f l age l l a  a r c  so c l o s e h '  
p a c k e d  as  to  be  ilo m o r e  d i s t i n g u i s h a b l e  as  i n d i v i d u a l  e n t i t i e s  ( ~ 6 o o o  >( ; R .C . . \ .  l . ab . )  
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In the foregoing cases the possibility that these flagella aggregations owe their 
origin to a "twisting" during the act of swimming can be practically excluded. 

Another example of the remarkable tendency of flagella to aggregate is the huge 
flagella bundle represented in Fig. 15 which even in the dead state is relatively stable. 
We came across it in an overnight culture of E. coli, fixed with 5°/o formalin. Such 
structures have been described in German literature as "Riesenz6pfe". The most 
current explanation is that for some reason flagella bundles of individual living bacteria 
become entangled and are torn off. As can be deduced from the micrograph by com- 
paring the size of the bundle with that of the adjacent bacteria, such conglomerates 
can assume really enormous dimensions. 

Yet our micrograph cannot be well reconciled with the idea that only an entangle- 
merit of elementary flagella is responsible for the origin of the "Zopf". If this would 
hold, one could not expect the orderly arrangement of the elementary filaments shown 
in the picture. 

For an explanation of the phenomenon the fact that in our best flagella-pictures 
faint indications are to be found for a cross-structure in these organs may possibly be 
of significance. We shall comment upon this point in the Discussion. The examples of 
bundle formation discussed in this section seem to us instructive in so far as they point 
to an affinity between the individual flagella. 

4. Flagella/ormed by a sessile bacterium. 

In the preceding sections we have repeatedly stressed that flagella cannot be 
considered to be "products of motility". 

In our opinion the evidence which has been supplied by our observations on the 
genesis of flagella (vide Fig. 5 and 6) is sufficient to justify our opinion. We can add one 
more argument to strengthen our conclusion. 

A species of Caulobacter*, recently isolated at Delft by one of the authors, is repre- 
sented in Fig. z6. This bacteiium, which has a strong tendency to attach itself to solid 
structures and then develops a stalk, multiplies by ordinary fission. After this, one cell 
stays with the stalk, whereas the other becomes a free Vibrio-like bacterium. Later on 
this cell also attaches itself to some surface, growing a new stalk at the flagellated side. 
At first the free end of the cell is without a flagellum. Only shortly before fission a polar 
flagellum grows out, which apparently will serve the new cell as an organ of locomotion. 

In our trend of thought the important fact is, that the polar flagellum grows out 
during the non-motile, stalked stage, shortly before cell division. 

5. The place o~ origin o~ the flagella. 

In section 2 we concluded that flagella can be distinguished from external nmcus 
(Fig. zo). We also stressed that since they develop on non-motile bacteria, they cannot 
be mere twisted slime twirls. On the contrary we observed flagella which seemed to 
disappear into the cell body (Fig. 4). 

In a preceding paper 3° a connection has been established between the flagellum 
of Vibrio rnetschnikovii (3o Fig. 9) and its cell content, the base of the flagellum sometimes 

* T h i s  o r g a n i s m  m a y  b e  i d e n t i c a l  w i t h ,  o r  a t  l e a s t  c l o s e l y  r e l a t e d  t o  t h e  b a c t e r i u m  w h i c h  Miss 
J o N E s  as i s o l a t e d  f r o m  w a t e r  a t  C h i c a g o ,  an t i  t o  Bacterium //agellatzt~z, d e s c r i b e d  b y  OMELIANS;K119. 
B e s i d e s  t h e  p r e s e n c e  of  s t a l k s ,  a t e n d e n c y  t o  f o r m  r o s e t t e s  is a c o m m o n  c h a r a c t e r i s t i c .  T h e  n a m e  
Caulobacter fo r  t h e  g e n u s  h a s  b e e n  p r o p o s e d  b y  HENRICI a n d  JOHNSON ~°. 

Re/erences p. 43. 
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F ig .  t 5. l:'.~c/,ri<:/,i~ c<di. l ] u g c  a g g l o m e r a t i o n  of f l age l l a  e n c o u n t e r e d  in a [7 ]u-s' c u l t u r '  ()n a ~ a r  l ixcd 
in f o r m a l i n .  Th,c I]a~cll a o[ t h i s  " Ri ,~ ' scnzopf"  a r c  n o t  t w i s t e d  t o g e t h e r  b u t  s h o w  p a r a l M  a r r a n ~ c m c u t .  

(J~, o o o  :< ; R .C .A .  L a b . )  
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Fig. I6. Caulobacler spec. This  o rgan i sm has a t t a c h e d  i tself  to a collodion m e m b r a n e  f loat ing on 
d i lu te  pep tone  wa te r  and has developed a s ta lk .  I t  is abou t  to d iv ide  and is now forming a f lage l lum 

a t  the  upper  end. (23 ooo X ; E.M. Delft} 
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appearing as a protrusion of the protoplasm. Also in Spirillum serpens (a0 Fig. z I) flagella 
seem to be colmected to the protoplast by small rhizoid extensions. Though in the latter 
picture it is not clear where exactly the flagella pierce the cell wall, the important fact 
is that the existence of the connection in question can hardly be denied. 

Interesting evidence in favour of the conception of the basal part of flagella being 
situated inside the ceil wall is supplied by Fig. 1 7. This represents a preparation taken 
from the upper layer of a liquid medium culture of Agrobacterium radiobactcr. Cast off 
flagella were abundantly present. The striking feature is the presence of a little hook 
at one end of several flagella. Since we know from other micrographs of the same species 
that such hooks never occur at the free end of a flagellum, we feel justified to assume 
that each hook is the basal end, and that it is normally situated inside the bacterial body. 

In order to examine the basal parts of the flagella uuhindered by the presence of 
surrounding protoplasm, 1)r CALVE ROBINOW devised a special technique. A 0 hours old 
culture of Proteus vuIgaris swarming on nutrient agar was stored for 3t~ hours at 5" (7- 
After 5°0 formalin fixation and repeated washing by centrifugation, the cells were 
mounted in distilled water. The preparation now showed a numher of very transpareHt 
autolysed cells. Fig. I8 and 19 are most elucidating in so far as they clearly demonstrate 
that the peritrichous flagella rise from little spheres within the cells. These spheres are 
of a remarkable constant diameter, being very close to IOO m H. In the upper part of 
the cell of Fig. I8 nothing of the original cell contents is left, except for these particles. 
Ill the cell in Fig. 19 the remains of the protoplasm still extend over the whole length 
of the cell, but are bordered by a definite line parallel to the cell wall. Some authors are 
inclined to call this border the cytoplasmic membrane. It is, however, perhaps premature 
to attribute definite membrane properties to the boundary layer of the protoplasm. 

In the picture some particles near the edge of the cell lie between the protoplasmic 
borderline and the cell wall, so that one could conclude that these spherical bodies are 
situated outside the protoplasin in a living bacterium as well. To us it seems much more 
probable that in this case the spheres, being the basal granules of the flagella, have been 
torn off from the shrinking protoplasm. In the live bacterium these organs lnay well 
be imbedded in the protoplasm. 

DISCUSSION 

As set forth in the "Introduction" the aim of this study has been to elucidate some 
problems conuected with bacterial flagellation which have been discussed for a centuly. 
There is as much difference of opinion concerning this subject now as ever was. Iu the 
last decade it has even been doubted whether the threadlike structures which are seen 
in stained preparations may righteously be called organs of the bacterial cell. P1jpi~I~ 
especially maintains against current opinion that these threads are artefacts. 

Our results are altogether incompatible with PIETSCHSIANN and PIJPER's concet> 
tions. Our micrographs clearly disprove the former's thesis that all flagellation is of a 
"subpolar" nature. As for PlJPER'S views our results have shown that flagella cannot 
be identified with slime. I)ried slime and flagella could clearly be distinguished, slime 
being amorphous and flagella having a definite linear structure. {Fig. IO) The micro- 
graphs also prove that motility is not indispensable for the formation of flagella (Fig. 5, 
6, I6). Arguments against PIJPER'S product-of-motility theory have also been forwarded 
by KINGNA BOI.TJES a2, ORSKOV 51, KAUFMANN 52 and others, who studied living bacteria. 

A'e/crc~iccs /~. 43. 
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FiR 17. AC, J'~t~actcrimlt radiob~rrt~.'y. D e t a c h e d  f l age l l a  w h i c h  were  c a u g h t  t toa t inR on t he  su r f ace  ol 
a l i (Iuid m e d i u m .  T h e  l i t t l e  h o o k s  a t  one  end  h a v e  n e v e r  been  o b s e r v e d  on i n s e r t e d  l ta~el la ,  a n d  arc  

t h e r e f o r e  p r o b a b l y  n o r m a l l y  s i t u a t e d  i n s ide  t he  cells.  (-'o ooo "< ; E . M .  Delf t )  
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cell  nc, ihin~ of tht '  p r o l o p l a s t  is It,It pxc'~'pt fov the, ~ r n n u h ' s  ;~t the  l)~se ol the  flagellum. (-',5 ooo : 
R.(7..\. Lab.) 
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Fig. 19. 1°rolez*s vz*lgaris. Incomplete ly  autol},sed cell. Some of tile basal granules are seen 1)et~ een 
the cell wall and the border of the receded protoplast .  (25 ooo X ; R.C.A. Lab.) 



.{{~ A.I.. ttl)UWINK, W. VAN I'I'I:.I{S()N V()I.. 5 (I(150) 

The inadequacy of PIJPEI¢'s conception of the nature of flagella is also apparent 
from our observations on the genesis of these bacterial appendages. As the electron 
microscope is not apt for the study of living material, we had to content ourselves with 
"snap-shots" of bacteria from very young cultures. Although in these experiments, made 
according to method 4, the bacteria were hardly motile, still flagella had grown out 
(Fig. 5, ()). The mean length of the flagella seems to increase with the age of the culture 
(Fig. 8, 1I, 12). On a fresh mediuin the outgrowth of flagella can obviously lag behind 
compared with general cell growth. \Ve did not yet undertake the challenging task of 
correlating growth curve with flagella development. 

Observations on the genesis of flagella are comparatively scarce and inconlplete. 
Several data found in the publications of FISCHER 2°, ELLIS 21, I?UHRMANN 2-~, I~EICHF.RT 21, 

NEtJS~ANyaT, as and LEI}:Sox '~a tit in well with our findings. The last named author 
examined the development of flagella on the vegetative rods obtained by germination 
of spores of 3 species of Bacillns. These flagella appeared one by one and lengthened 
gradually. Motility did not occur with the first appearance of flagella, but only after 
a certain developlnent. 

It has long been surmised that the base of a flagellum is situated inside the bacterial 
cell. The fact that a granule had been found at the base of the Protozoan flagellum was 
a reason to look for a similar structure in bacteria. In these, so-called basal granules 
have been recorded by "['I~F.NKM.\N is, 1.,), FISCHER20, I;UHRMANN22, REICHERT24, YAMA- 

MOlO ~a, and I'R~NAN'r '~. The importance of these observations can be easily over- 
estimated since the minuteness of the observed structures makes these statements 
rather assailable. Moreover, one can cite as many opposite conclusions from other 
investigators. 

With the aid of the electron microscope it has been possible to establish the presence 
of spherical bodies at the base of the flagella of Proteus vzdgaris (Fig. I8, I9). This 
remarkable result is due to the application of a special technique which has been 
devised by I)r C. F. ROBINOW to bring about autolysis of swarming cells. The basal 
granules have a diameter of about Ioo m/t, and for this reason they could not have been 
observed with a light microscope. It therefore remains uncertain whether these spherical 
bodies are homologous with the structures which have been reported by the authors 
mentioned above. 

It calmot be denied that on actively moving bacteria "large flagella" or "tails" 
can be observed in the light microscope in the darkfield, as well as with the phase- 
contrast technique. Therefore, the relationship between these tails and the fibrillar 
flagella as shown by many microphotographs of stained preparations and clearly 
revealed by the electron microscope, remained to be established. Earlier evidence is 
in favour of the idea that the elementary flagella join to form a tail during swimming 
(REICHERT 24 and XEUMANN aT, 3s). All investigation of bacterial movements being outside 
the scope of this morphological study we had to draw our conclusions from electron 
micrographs in which flagella were seen to have somehow combined into bundles. We 
found that flagella demonstrate an interesting tendency to cohere (vide section 3, 
Fig. ~3, 14, 17)- 

In this connection we want to draw attention to the following. Aggregates of 
submicroscopieal fibers in parallel arrangement are well known from electrou-micro- 
scopical preparations of collagen, myosin, fibrinogen etc., which all represent fibrous 
proteins characterised by the presence of periodic cross-structures. It  therefore would 
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Fig.  20. E s c h e r i c h i a  coli ,  g r o w n  in d i l u t e  p e p t o n e  w a t e r  (o. 1 % ) .  T h e s e  cel ls  h a v e  a t t a c h e d  t h e m s e l v e s  
to a f l o a t i n g  c o l l o d i o n  m e m b r a n e .  F l a g e l l a  a r e  p r e s e n t  b u t  m a y  h a v e  b e e n  f o r m e d  b e f o r e  t h e  a t t a c h  
m e n t  o c c u r r e d .  S u r f a c e - g r o w i n { ~  f i l a m e n t s  r a d i a t e  t¢) all  s ides  on  t h e  m e m b r a n e .  (e() 000  "- ; I{.M. I k ' l f l  
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Ki~. -'L. / . .~c/~'tc/~a c , / i .  T l w s c  cel ls  f r o m  a m o t i l e  s t r a i n  h a ~ c b c c n  f l o a t e d  o[1 fu-onl t h e  a~av - sm- facc  
b~' III(!}IlIS ()I d i s t i | l c d  w a t e r  ( m e t h o d  i). In t h i s  case ,  a s  ill ill,ill\ o t h e r  cx |~cri lncnt~;  \ \ h e r e  I i l an l cn t s  

a r c  p r e s e n t ,  i ]a~cl la  a r c  m i s s i n g .  (1~)ooo ; R . C . . \ .  l . ab . )  
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be important  to establish with certainty whether the cross-structure we observed in our 
best flagella pictures is real. 

Already MIGULA 17 observed the digestibility of flagella in pepsin. Recently WE:- 
BULL 54 established by chemical methods the protein character of flagella. Further 
ASTBURY AND WEIBULL 55 found by x-ray diffraction that  the diagrams of highly purified 
flagella preparations conform in the main to the a-type characteristic of the great family 
of elastic fibrous proteins which is called the keratin-myosin-epidermis-fibrinogen group. 
According to the authors flagella of Proteus may even be described as "monomolecular 
hairs or muscles". 

The latter s tatement will most likely prove of importance in a future analysis of 
the function of flagella, in which also the part  played by the basal granules will have to 
be considered. At present, however, we can only hint at a possible analogy between the 
proper ty  of some members of the keratin-myosir~-epidermis-fibrinogen group to form 
relatively stable aggregates and the property of flagella to combine reversibly into 
bundles. The observation of REICHERT and others that  the formation of a tail is pro- 
moted by  special electrolytes and that it disintegrates in distilled water will also have 
a bearing on the phenomenon under discussion. 

Special attention has also been given to the mode of flagellation; we wanted to 
make the existence of peritrichy quite certain. The results described in the first section 
of the preceding chapter are not new to students of the old school who made use of 
stained preparations. Our observations confirm in flfll the data obtained by means of 
an instrument with far inferior resolving power. 

We believe, however, that  our methods of preparation guarantee more reliable 
results as compared with the crude treatment to which stained flagella preparations are 
submitted. Especially the technique in which bacteria are grown on a collodion mem- 
brane spread over nutrient agar seems to us very mild. Here the only t reatment  to 
which the bacteria have been submitted is desiccation, which--when preparation is well 
performed--does not cause any change in their arrangement.  

I t  seems to us that  our results yield a solid basis for the prevalent,  but in later 
years often fanatically contended, view that  bacterial species are characterized by the 
manner in which single flagella are inserted. The classic differentiation between peri- 
trichous and cephalotrichous (lopho- and monotrichous) bacteria has appeared to be 
well founded, and thus the type of flagellation may well be a useful diagnostic in bach~rial 
classification. CO~N AND ELROD who subscribe to the same opinion remark " tha t  one 
must use considerable caution in describing any organism as either peritrichic or mono- 
trichic, since there seem to be ~pecies in which the peritrichic flagellation is of a degener- 
ate type, so that  strains with only one flagellum to the cell can be found". The term 
"pei i t r ichy" implies that flagella can be inserted all around the bacterial cell. In many 
of our micrographs representing bacteria from young cultures (compare Fig. 11) 
flagella are missing at the poles. This has also been mentioned by I;nACHF ~6 and may 
well be the consequence of frequent division. However, the polar fagellum of GRAY's 
bacterium was present even in young cultures. This fact, in addition to the already 
discussed difference in width, might offer an argument for the idea that this polar 
flagellum is a special feature and not just another peritrichous flagellum. This new type 
of flagellation may well serve as a characteristic in the description of the species. 

As has already been observed by careful workers in the field, flagella show differ- 
ences in width and undulation between different species. For example: the flagella of 
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Bacterium herbicola, Serratia marcescens and Agrobacterium radiobacter are very thin, 
but a strain of Alcaligenes/aecalis was found to possess much more substantial ones. 
The flagella of Spirillum serpens are very thick and do not show as many undula- 
tions as for instance those of the two Proteus species. They are also altogether dif- 
ferent from those of Pseudomonas species and even from the thick flagellum of Vibrio 
metschnikovii. 

We now feel confident that elementary flagella represent definite bacterial organs 
which are inserted inside the bacterial cell at least in the case of Proteus by means of 
basal granules. ] 'hey demonstrate characteristic differences and analogies in modes of 
implantation and in appearances, and they may well be of use in the classification and 
description of species. 

APPENDIX 

In the course of the foregoing study we were struck by the occasional presence of 
thin apparently fragile filaments in addition to flagella. These filaments are easily 
distinguishable from the latter by their irregular structure and smaller diameter. That 
they do not represent young flagella can be derived from the manner in which flagella 
grow out; they also lack the smooth undulation of flagella. Their length may attain 
several microns. 

In several species these structures have been found to occur when the cells are 
grown on nutrient agar (Fig. 8, 2I), or on collodion (method 4). They can also be abun- 
dant on bacteria which have attached themselves to a floating collodion membrane 
(method 3). Eschcrichia coli in Fig. 20 offers evidencc that in the living state the filaments 
cling ta the membrane, whereas the flagella probably dangle freely in the liquid, since 
during desiccation the latter have apparently all been dragged in one direction by the 
evaporating water. 

In cephalotrichous Ps. pyocyanea (Fig. 8) the thin filaments radiate from one or 
both of the polar ends of the bacterium. The flagellum may be located at the same or 
at the opposite end. In E. coli (Fig. 20, 2I), however, the filaments are arranged in a 
peritrichous manner. This agreement in the position of flagella and thin filaments does 
not always hold, since in Photobacterium splendidum with its polar flagellum we found 
ample evidence for the presence of peritrichously arranged filaments. 

It  is our impression that these filaments are formed on bacteria which are in contact 
with a solid surface as for example nutrient agar. We did not find them on free swimming 
bacteria (Fig. I, 3). It should be mentioned, however, that Proteus mirabilis was found 
to develop filaments at the surface of a liquid medium, even in the absence of a collodion 
membrane. Perhaps other species may do so as well. 

Although tfiere are in literature several reports on bacterial appendages other than 
flagella, a survey of these articles has given us the conviction that they deal with 
formations quite different from the filaments we described above, so that they need not 
be discussed here. In this respect we wish to make one exception. In 19Ol HIX3"ER- 
BERC, ER 5: published microphotographs of a stained preparation made from an old 
culture of Bac. anthracis with innumerable fine threads. Three years later HINTERBERGER 
AND REI'r.~I:XX ~s found the same phenomenon with Ps. pyocyanea. These threads were 
called "Myzel" and were abundant on a comparatively dry medium; flagella on the 
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other hand were present in larger number on moist agar. The authors suggested that 
the "Mvzel" may serve the uptake of nutrient substances. 

It is true that HINTERBERGER'S microphotographs do not show much resemblance 
to our electron micrographs Fig. 8, 20 and 21, but one should bear in mind that his 
cultures were very much older, i.e., some weeks. Therefore we will not altogether reject 
the possibility that our thin filaments are identical with HINTERBERGER'S "Myzel". 

HINTERBERGER'S idea that some bacteria might develop a food-gathering "my- 
celium" is undoubtedly attractive, especially in connection with ZoBELL'S theory ~ that 
the tendency of many species to settle on glass and other solids is connected with the 
presence hereon of adsorbed organic substances. We also wish to mention the observation 
of HEUKELEKIAN AND HELLER 59, who found that the lower the concentration of nutrient 
substances in the medium, the higher the percentage of cells in an E. coli culture which 
attach themselves to glass. 

The filaments might, however, also serve quite different purposes, as for instance 
to fasten the organisms to the substrate, or they might be mere excretion products. 

We wish to state here explicitly that as yet we do not know anything about the 
function, if any, of the filaments described. 

SUMMARY 

An electron-microsc¢;pical stuctv has been under taken in the hope of arriving at  a final solution 
of some basic problems concerning t')acterial flagellation. 

I. The question whether  in the bacterial kingdom definite types of flagellation exist has of late 
become a subject  of controversy,  and a decision in this ma t t e r  may be deemed most  desirable with 
a view to the general application of this characteristic in bacterial classification. Ample evidence 
has been obtained that ,  next  to the alreadv often clearly demonst ra ted  cases of cephalotr ichy in 
certain bacterial species, also t rue peri tr ichy undoubtedly  exists. In  addition a new type of flagellation 
has been encountered in which certain aspects of cephaiotr ichy and peri tr ichy art; combined. 

2. A s tudy of the genesis of flagella led to the conclusion tha t  they grow out individually. A 
comparison of the flagella on bacteria in cultures of different age left no doubt  that  they gradually 
increase both in length anti in number.  This result  is incompatible with PIJPER'S theory according 
to which elementary flagella represent  secondary products  of an irreversible untwis t ing of a mucous 
tail. In prepara t ions  of Bacillus mesenlericus it was even possible to differentiate clearly between 
flagella having a distinct linear s t ruc ture  and s imultaneously present amorphous  slime. 

3. In connection with the occurrence of " ta i ls"  on fast moving bacteria, as observed in the 
ctarkfield of the light microscope, a t tent ion has been given to the question whether  the elementary 
flagella tend to agglomerate to bundles. Several instances of such a bundle formation have been 
encountered which are suggestive of the existence of a mutua l  affinity between the individual flagella. 

4. At variance with PIJPER'S theory it has been found tha t  mobili ty of a bacter ium is not an 
essential condition for flagella formation. Firstly flagella were demonstra ted  on cells grown on a 
collodion membrane  under conditions which did not  allow swimming of the cells, and secondly in 
the case of a Caulobacter species flagella were found to have developed in the sessile stage of this 
b a c t e r i u m  

5. Following a suggestion of C. F. ROBXNOW a s tudy  was made of the flagellation of swarmer  
cells of Proteus vulgaris after subjecting them to autolysis. The remarkable observat ion was made 
tha t  in this bacter ium flagella arise from little spheres of about  xoo m #  diameter which evidently 
under normal condit ions are embedded in the protoplasm. 

6. The foregoing warran ts  the conclusion tha t  e lementary flagella represent  definite organs of 
the bacteria and may therefore well be applied in the diagnosis of bacterial species and in their 
classification. 

7- In the Appendix fi lamentous appendages of bacterial cells are described which can occur in 
some species and which are easily dist inguishable from flagella. When in these species cells are a t tached 
to a surface, be it the surface of the meclium or of a solid substance,  filaments are seen to radiate 
from these cells. 
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RI~.SUME 

Nous avons entrepris  une 6tude au microscope 61ectronique afin d 'obtenir  une solution cl6finitive 
de certains probl~mes fondamentaux concernant  la flagellation ehez les bactdries. 

I. L'existence chez les bat ter ies  de types d6finis de flagellation est devenue, ces derniers temps, 
un sujet  de controverses  et une d6cision clans cette mati6re sernble tr~s d6sirable afin de permet t re  
l 'application de la flagellation cornrne caract6ristique clans la classification bact~rienne. Nous avons 
obtenu plusieurs preuves de l 'existence chez certaines esp6ces bact6riennes de p~ritrichie vraie 5. cdt6 
de la c6phalotrichie qui a d6j~ 6t6 clairernent tl~rnontrt~e plusieurs lois. De plus, nous avons rencontr6 
un nouveau type cte flagellation dans lequel certains aspects tie la c6phalotrichie et de la p6ritrichie 
sont  combings. 

z. Une 6rude cte la gen6se des flageIles nous a amends "A la conclusion qu'i ls se d6veloppent indi- 
viduellement. Une comparaison des flagelh:s de bat ter ies  clans des cultures d'~ge diff6rent ne laisse 
aucun cloute sur  le fait qu'i ls augrnentent  gracluellement en Iongueur et en nombre. Le r6sultat  est 
incompatible avec la thdorie de PUPER selon laquelle les flagelles ¢61~mentaires repr~senteraient des 
produi ts  secondaires d 'une "queue"  muqueuse  qui se ddfait de faqon irreversible. II nous a m~m6 ~t6 
possible de diff6rencier clairement, darts des prepara t ions  de Bacillus mese~tericus, des flagelles de 
s t ruc ture  lindaire clistincte et un mucus amorphe  prdsent s imultandment.  

3. L 'appar i t ion  de "queues"  sur des bact~ries ;t rnouvement rapide observ6e clans le champ 
obscure du microscope optique a attir6 notre a t tent ion sur la question si les flagelles 6Mmentaires 
ont  la tendance de s 'agglom~rer en faisseaux. Nous avons rencontr~ plusieurs exemples d 'une telle 
formation de faisceaux. Elle suggbre l 'existence d 'une affinitd mutuelle entre les flagelh's inclivicluels. 

4. En d~saccord avec la thc&~rie de PIJPER nous avons trcmv¢6 que la mobilit6 d 'une bact~rie 
n 'est  pas toujours  une condition essentielle de la formation de flagelles. En premier lieu, des flagelles 
ont  6td d~montrds sur  des cellules croissant sur urn" membrane  de collodion darts des condit ions qui 
ne permet ten t  pas aux cellules de na!.'er, en second lieu, nous avons trouv¢6 dans le cas de Caul~bacter 
spec. que des flagelles s 'dtaient d4velopp4s dans la phase sessile de la bactdrie. 

5. Sur l ' instigation de. C. F. ROBINOW nous avons entrepris l 'dtude de la flagellation chez les 
cellules de Proteus vulgaris soumises 5. l 'autolyse. I1 est remarquable  clue clans cette bactdrie les 
flagelles about issent  it de petites sphi:res d 'environ loo Tnt* de diambtre qui, clans des conditions 
normales ,  se t rouven t  dvidemment  enfoncbes dans le protoplasnle. 

6. Les faits susnommds permet ten t  cle conclure que les flagellcs 616mentaires repr6sentent  des 
organes ddfinis des bact6ries et peuvent  done servir h la diagnose et 5. la classification ties esphces 
bact4riennes. 

7. Dans un supplement  nous ddcriwms des appendices cle cellules bactdricnnes rencontr6s dans 
certaines esphees et que l 'on distingue facileinent ¢le. fla~elles. Si des cellules de ces esp6ces sont  
attachdes A la surface du milieu nutri t if  ou d 'une substance solide on voit des filaments rayonner  
de ces cellules. 

ZUSAMMEN FASSUNG 

Eine elektronenmikroskopische Untersuchung wurde in der Hoffnung u n t e r n o m m e n  fiir einige 
grundlegende, die Geisselbildung bei den Bakterien betreffende Probleme eine endgiiltige 1.6sung 
zu finden. 

I. In letzter Zeit ist (lie Existenz versc:hiedener Arten yon Oeisselbildung im Bakterienreiche 
viel bestr i t ten worden und eine Entscheidung dieser Frage w~ire sehr erwiinscht. Sie wtirde die 
Anwendung  der Ge.isselbildmlg als Merkrnal bei der Klassifikation der Bakterien erm6glichen. Wit  
fanden zahlreiche Hinweisc auf wahre Peritrichie bei einzelnen Bakterienarten,  neben der schon 
friiher in vielen Fallen bewiesenen Cephalotrichie. Ausserdem fanden wir einen neuen Typ yon 
Geisselbildung dcr gewisse Aspekte dcr Cephalotrichie uncl ¢ler Peritrichie vereinigt. 

2. Eine Untersuchung der Gcisselbildung ftihrte zn dem Schluss, dass diese einzeln wachsen. 
Ein Vergleich tier Geisseln yon Bakter ienkul turen verschiedenen Alters liess keinen Zweifel darfiber, 
dass sie allm~ihlich an Liinge und Zahl zunehmen. Dieses Ergelmis ist unvereinbar  rnit cler Theorie 
v o n  ])IJPER, nach tier die einzelnen (;eisseln Nebenprodukte  einer irreversibelen l ;mbi ldung eines 
Schleimanhanges seien. Es war sogar m6~.,lich, m l>r~iparaten yon Bacillus mesentericus zwischen 
Geisseln mit deutlich linearer S t ruk tur  nnd einern gleichzeitig auftretenclen amorphen Schleirn zu 
unterscheiden. 

3. I m  Anschluss an die Beobachtung yon "Schw~inzen" an raseh sich bewegenden Bakterien 
im Dunkelfeld des 31ikroskops wurde untersucht ,  ob die einzelnen Geisseln zur Vereinigung in 
Biindeln neigen. In cler Tat  wurde eine (lerartige BiindelbiMnng rnetlrrnals beobachtet.  Sie weist auf 
eine gegenseitige Aflimti[t der Geisseln lain. 

4. Abweichend yon der PxJPER'schen Theorie fandcn wir, dass Beweglichkeit einer Bakterie 
keine notwendige Bedingung der Geisselbiklung darstellt.  Ers tens  beobachteten wir Geisseln an 
Zellen, die untcr  Bedingungen welche kein Schwimmen erlauben auf einer Kollodiurnmernbrane 
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wuchsen und zwei tens  fanden  wir  Geisseln die sich bei  Caulobacter spec. im ruhenden  S t a d i u m  
en twicke l t  ha t t en .  

5. E iner  Anregung  von C. F. ROBINOW folgend, un t e r such t en  wir  au to lys i e r t e  Schwgrmerze l len  
yon Proteus vulgaris. Bemerkenswer t e r  Weise wachsen  hier  die Geisseln aus  k le inen  Kuge ln  yon  
ungef~illr ioo m/, 1)urchmesser heraus,  die of iens icht l ich  un te r  normalen  Bed ingungen  in das  Proto-  
p l a sma  ve r senk t  sind. 

6. Die o tmnerwahnten  Ta t s achen  e r lauben  den Sch lu~ ,  dass  die Geisseln b e s t i m m t e  Organe  
der  Bak te r i en  dars tc l len  und desha lb  zur Diagnose  und Klass i f ika t ion  der B a k t e r i e n a r t e n  v e r w e n d e t  
werden k6nnen.  

7- l m  Append ix  werden faden l6 rmige  Forts~.tze der Bakte r ienze l le  beschrieben,  die in e inigen 
Arten  vo rkominen  und leicht  yon den Geisseln un te r sch ieden  werden k6nnen.  W e n n  in diesen Ar ten  
Zellen an dcr Oberflfiche des .Mediums oder  einer festen Subs tanz  haften,  dann  s t rah len  Fgden  yon 
diesen Zellen aus. 
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