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A B S T R A C T  

The fine structure of the photosynthetic bacterium Rhodomicrobium vannielii was studied 
by the ultra thin scctioning technique. Cclls were fixed in buffered osmium tctroxide and 
embedded in Epoxy resin. The  feature most common to nearly all cells was an array of 
intracellular membranes situated in a concentric manner at the periphery of the cell. The 
membranes were mostly paired and quite often five pairs were seen aligned together. 
Calculations from densitomctric tracings showed the average width of a "un i t "  membrane 
to be 65 A. Sections of material from disrupted cells after passage through a sucrose gradient 
revcaled vesicular forms composed of membranes similar in width to those in the intact 
cell. Absorption spectra of both intact cells and isolated membrancs were very similar in 
the bacteriochlorophyll regions. Septa and membranes were demonstrated in the filaments 
that join mature cells. No evidence for chromatophores was obtained although the methods 
used were adequate for their demonstration in Rhodospirillum rubrum. 

I N T R O D U C T I O N  

The occurrence of specialized cytoplasmic 
organclles in photosynthetic bacteria was first 
demonstrated in cell extracts of Rhodospirillum 
rubrum by Pardee, Schachman, and Stanier (I). 
These workers found that the pigment complex of 
R. rubrum was bound to spherical structures about 
60 m/~ in diameter which they termed bacterial 
chromatophores. I t  was estimated that several 
thousand chromatophores were contained in a 
single cell. The  direct demonstration of chromato- 
phores in situ was made by Vatter  and Wolfe (2), 
who examined thin sections of R. rubrum, Chlorobium 
limicola, Rhodopseudomonas spheroides, and Chromatium 
sp. 

A different type of cytoplasmic organelle was 
observed in the photosynthetic budding bacterium 
Rhodomicrobium vannieIii (3). Although this or- 
ganism has a typical bacterial pigment complex 
(4) and carries out a bacterial type of photo- 

synthesis (5), it contains a system of closely packed 
membranes rather than chromatophores (3). A 
similar membrane system has also been described 
in certain of the blue-green algae (6-8). 

The present work provides additional observa- 
tions on the nature of the membrane system and 
other structural features of R. vannielii as seen in 
sectioned material with the electron microscope., 

M A T E R I A L  A N D  M E T t I O D S  

a) Cultures: The culture of R. vannidii used was 
strain 450 from the departmental collection, and the 
culture of Rhodospirillum rubrum was supplied by 
Dr. R. S. Wolfe. A single medium (5) was adequate 
for the growth of both organisms, but the yield of 
R. rubrum was greatly improved by a fourfold increase 
in the concentration of yeast extract. The bulk 
medium was inoculated in a ratio of 1 ml to 150 ml 
of medium and transferred to screw-capped tubes 6 
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inches long and  ~ inch in d iameter  which  were 
filled to the b r im to ensure  anaerobic  conditions.  
I l lumina t ion  was suppl ied by a 50120 volt neon  
discharge tube  which  emi t ted  diffuse red light 
be tween 342 and  966 m/~. T h e  neon source, enclosed 
by a larger glass tube, was central ly located in a 
circular water  bath.  T h e  cul ture tubes were placed 
radial ly a round  the light source and  submerged  up  to 
their  necks in water  held at 33°C. T h e  cells were 
harvested by centr i fugat ion at the  early log phase,  
mid-log phase,  and  early s ta t ionary phase  on the 
basis of optical densi ty readings.  
b) Fixation and Embedding." O s m i u m  tetroxide in a 
concent ra t ion  of 1 per cent  was used as a fixative 
and  was either incorporated in s-collidine buffer of 
p H  7.5 (9) or used in conjunct ion  with the  Kellen-  
berger,  Ryter ,  and  S6chaud fixation technique  (10). 
Fixat ion was carried out  in the  dark at room tempera-  
ture or at 0°C, and  extended over periods varying 
from 3 to 17 hours.  T he  fixed ceils were centrifuged, 
washed  once in the appropr ia te  buffer, and  then  
spread over the  surface of a glass slide coated with a 
0.5 m m  thick layer of 2.5 per cent agar. W h e n  the 
mois ture  in the  bacterial  film had  been absorbed the  
cells were covered with a thin layer of agar, thu~ 
forming an agar  " sandwich  '~ with the bacter ia  in the 
middle.  Agar  blocks measur ing  5 by 15 m m  were 
cu t  out  and  dehydra ted  with solutions of e thanol  
rang ing  from 30 per cent  to absolute in gradat ions  of 
10 per cent. T h e  blocks were held in each solution 
for 10 minutes  and  finally t reated wi th  a second 
change  of absolute alcohol for an  addi t ional  5 
minutes .  This  was followed by exposure to two 
changes  of propylene oxide, each of 20 minutes  
durat ion,  and  then  by infiltration with a solution of 
equal  parts  of propylene oxide and  Epoxy resin (11) 
for 3 hours  at room tempera ture .  Each  agar  block 
was then  t ransferred to a gelatin capsule conta in ing 
und i lu ted  Epoxy resin and  polymerized for 18 hours  
at  35°C, 24 hours  at 45°C, and  24 hours  at 60°C. 

Sections were cut  with a Por ter-Blum micro tome 
us ing glass knives. T h e  sections were m o u n t e d  on 
150 m esh  carbon  coated copper  grids and  stained 
with 2 per cent  u rany l  acetate  for 3 hours.  T h e  
specimens were examined  with an  R C A  E M U - 2 C  
electron microscope equipped  with a 4G0 # condenser  
aper ture  and  a specially stabilized power supply.  
c) Densitometric Tracing of Cell Membranes: High 
resolution negatives with a magnif ica t ion  of about  
12,000 t imes were enlarged on photographic  film or 
plate to about  150,000 times. These  were surveyed 
with a densi tometer  (Kipp  and  C ompany ,  Delft, 
Nether lands)  to obta in  measu remen t s  of m e m b r a n e  
width.  
d) Isolation of Membranes: Ceils f rom 225 ml  of a 
s ta t ionary phase  cul ture of R. vannielii were harvested 
by eentrifugation,  washed  and  suspended  in 4 ml  of 

veronal-aeetate  buffer, p H  6.1, and  broken by 
shaking with h ighway  mark ing  beads (Minnesota  
Min ing  and  Manufac tu r i ng  Company ,  St. Paul)  in a 
Mickle disintegrator for 1½ hours  at 4°C. The  beads 
and  debris were allowed to settle and  the dark red 
supe rna t an t  fluid was removed.  A linear sucrose 
gradient  was prepared  from solutions of 4 per cent  
and  40 per cent  s trength,  and  the  supe rna tan t  fluid 
f rom the disrupted cell suspension was layered on its 
surface. The  mater ia l  was then  centr ifuged at 2000 g 
at 2°C for 4 hours,  or until  a concent ra ted  band  of 
p igmented  mater ia l  had  been formed benea th  the  
surface. This  band  was removed,  mixed  with buffer, 
and  centr ifuged at 6590 g for 30 minutes .  T h e  clear 
supe rna tan t  fluid was discarded and  the red sed iment  
resuspended in buffered fixative. After 1 hour  at 
room tempera tu re  the  suspension was centr i fuged 
and  the fixative poured  off. T h e  sediment  was 
s ta ined for 9 hours  at 4°C with 0.5 per cent  solution 
of uranyl  acetate prepared  in the  buffer sys tem of 
Kel lenberger  et al. (10) and  then  processed a n d  
sectioned as described for intact  ceils. 

O B S E R V A T I O N S  

For  pu rposes  of  o r i en t a t i on  the  sa l i en t  f ea tu res  o f  

t he  m o r p h o l o g y  a n d  m o d e  of  d ivis ion o f  R. 

vannielii are  i l lus t ra ted  in Fig. 1. M u l t i p l i c a t i o n  is 

by b u d d i n g ,  a d a u g h t e r  cell be ing  b o r n  on  t he  end  

of a t h in  f i l amen t  w h i c h  g rows  o u t  f r o m  the  pole  

of  a m a t u r e  t e r m i n a l  cell, or  f r o m  s o m e  po in t  on  a 

c o n n e c t i n g  f i l amen t  b e t w e e n  two m a t u r e  cells. 

T h e  nuc leus ,  w h i c h  occupies  a la rge  pa r t  of  the  

cen t ra l  por t ion  of  a m a t u r e  cell, d iv ides  a n d  

m i g r a t e s  t h r o u g h  the  f i l amen t  to the  d a u g h t e r  cell 

af ter  the  d a u g h t e r  cell ha s  a t t a i n e d  a b o u t  ha l f  its 

m a x i m a l  size (12). T h e  cy top l a smic  c o n t i n u i t y  

b e t w e e n  m o t h e r  a n d  d a u g h t e r  cell is f ina l ly  

b roken  by the  depos i t i on  of a n  e lec t ron  o p a q u e  

m a t e r i a l  in a sma l l  sec t ion  o f  the  bore  of the  

f i l ament .  M o s t  of  the  d a u g h t e r  cells r e m a i n  

a t t a c h e d ,  a n d  this  resul ts  in  the  f o r m a t i o n  of  l a rge  

agg rega t e s  of  cells he ld  t o g e t h e r  by f i laments .  

H o w e v e r ,  the  d a u g h t e r  cells a re  f lagel la ted  (13) 

a n d  s o m e  of  t h e m  even tua l l y  tea r  t hemse lves  free 
a n d  s w i m  away.  

Fig. 2 shows t h a t  t he  c h r o m a t o p h o r e s  of  R. 

rubrum c a n  be d e m o n s t r a t e d  by t he  p rocess ing  

m e t h o d s  used .  T h e  cells a re  packed  w i th  these  

sphe r i ca l  to el l ipsoidal  s t ruc tu res ,  w h i c h  are  

s u r r o u n d e d  by  m e m b r a n e s  a n d  d i sp lay  no dis-  

ce rn ib le  i n t e rna l  s t ruc tu re .  T h e  cy top l a smic  

m e m b r a n e  a n d  the  cell wal l  of  t he  spir i l la  a re  also 

ev ident .  
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l~I GUR E 1 

Electron micrograph of unsectioned Rhodomicrobium vannielii cells showing mature  cells connected by 
filaments. Dense septa (s) are present in some filaments, and a daughter cell is seen to arise from the 
filament of a mother  cell. X 30,000. 

]~. S. BOATMAN AND I-I. C. DOUGLAS Fine Structure of Photosynthetic Bacterium 471 



Fig. 3 is a section of a mixture  of R. rubrum and 
R. vannielii cells; Figs. 4 to 6 are R. vannielii cells 
alone, harvested at  the early log, mid-log, and 
early s ta t ionary phases of growth. I t  is clear from 
an  examinat ion  of these preparat ions  tha t  noth ing 
resembling the chromatophores  of R. rubrum is 
appa ren t  in the cells of R. vannielii, and, conversely, 
tha t  the m e m b r a n e  system which is so p rominen t  
in R. vannielii does not  occur in R. rubrum. 

dinal  plane. Such cells are oval in shape and can 
be positively identified if a f i lament is present at  
one or both  poles. Cells sectioned in the longitu- 
dinal  plane are shown in Figs. 6 to 8. T h e  mem-  
branes in these cells are not continuous as they are 
in cross-sections, bu t  are open at one or both  ends. 
Paired membranes  can be seen which have 
separated, and  the two uni t  membranes ,  which 
when  folded together make up the paired or 

FmURE 

Section of Rhodospirillum rubrum showing the circular profiles of the chromatophores (Ch) ; the cell wall 
(CW) and the cytoplasmic membrane (CM) are also apparent. X 89,000. 

Cross-sections of R. vannielii cells, such as those 
shown in Figs. 3 to 5, indicate tha t  the membranes  
are concentrically a r ranged  at the per iphery of 
the cell and  are often found paired. 1 Four  or five 
pairs are often seen closely packed together. 

A different m e m b r a n e  configurat ion is seen in 
cells tha t  have been sectioned close to the longitu- 

1A pair of membranes appears as three electron 
opaque lines separated by two less dense spaces. 

compound  membrane ,  can be resolved. T h e  
configurat ion of the membranes  in the cell in 
Fig. 7 suggests tha t  the m e m b r a n e  system in this 

cell consists of a n u m b e r  of sacs bounded  by uni t  
membranes ,  which are compressed and  folded in 

such a way as to form a hollow lamina ted  ellipsoid 
tha t  is open at one end. A cell in which  the 

membranes  appear  to be open at bo th  ends is 

shown in Fig. 8. I t  would seem tha t  an opening 
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of some sort in the m e m b r a n e  system would be 
necessary to enable  the daughte r  nucleus to 
migrate  from mothe r  to daugh te r  cell. This 
question could be decided by electron microscopy 
if adequate  preservat ion of the nuclear  mater ia l  
could be obtained.  Unfor tunately ,  none of the 
processing methods provided this, even though the 

average width  of a pair  was 130 A and  of a single 
m e m b r a n e  65 A. T h e  width  of the cell wall  was 
de termined from the same negatives and  found to 
be 150 A, or 80 A peak to peak. A n  example of 
such a t racing is shown in Fig. 10. 

To assess the significance of the membranes  of 
R. vannielii to its photosynthet ic  metabolism, a 

~IGURE 3 

Rhodomicrobium vannielii and Rhodospirillum rubrum cells processed together. Section shows typical chro- 
matophores (Ch) in R. rubrum, the cell wall (CW) and cytoplasmic membrane (CM) of the spirillum are 
also evident. The single large R. vannielii cell (Rv) shows only peripheral membranes. X 89,000. 

methods have given satisfactory nuclear  preserva- 
t ion wi th  eubacter ia l  cells. 

The  dimensions of paired and individual  mem-  
branes  were ascertained from high resolution 
negatives like the one shown in Fig. 9. T h e  average 
width  of a pair  of membranes  was found to be 174 
A and  tha t  of a single m e m b r a n e  87 A. However,  
if peak to peak measurements  were made,  the 

subcellular  fract ion was obta ined  by centrifuging 
a cell homogenate  in a sucrose gradient.  This  
mater ia l  was examined for the infrared absorpt ion 
spect rum of bacter iochlorophyll  and  was sectioned 
and  examined in the electron microscope. T h e  
absorpt ion spectra of a suspension of in tac t  ceils 
and  the cell fract ion are given in Fig. I 1. T h e  two 
types of mater ia l  displayed very similar spectra 
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with  peaks in the regions of 800 and  865 m/~ such 
as are characterist ic of bacter iochlorophyll  (14). 
W h e n  sectioned, the cell fraction was found to 
conta in  vesicles which were surrounded by 
membranes  the width  of which closely resembled 
tha t  of the uni t  membranes  observed in sectioned 
cells (Fig. 12). Most  of the vesicles were 0.2 to 
0.3 /z in diameter ,  bu t  some approached 1.0 /~ 
in diameter.  The  larger vesicles may represent 
profiles of intact  membranes  which survived the 
t rea tment  used in breaking the cells, while the 

membranes  along the length of the filament. A n  
exception to this has been found in a single 
fi lament tip which is pictured in Fig. 16. A n u m b e r  
of fine membranes  can  be seen lining the bulbous 
tip and  extending back into the fi lament for a 
short  distance. T h e  appearance  of this p repara t ion  
suggests tha t  it may be an  early stage in daugh te r  
cell format ion and tha t  the fine membranes  may 
be the precursors of the photosynthetic  membranes  
of the daughte r  cell. However,  sections which 
include fi lament tips have been rare, and  it would 

FIGURES 4 AND 5 

Cross-sections of R. vannidii cells showing ~ur  pairs of closely aligned peripheral membranes. X 
89,000. 

smaller ones may have been produced as a conse- 
quence of membrane  breakage followed by healing 
(15-17, 7). 

Only  a single m e m b r a n e  can  be observed in 
longi tudinal  sections of the filaments. This  mem-  
b rane  extends into the cell proper  (Figs. 13 and  
14) and  can  be shown to be an  extension of the 
cytoplasmic membrane .  A curious feature of the 
m e m b r a n e  in the f i lament is tha t  it appears in 
some preparat ions  to be periodically constricted 
and br idged by septa (Fig. 15). 

Except for the instance noted below, we have no 
evidence for the occurrence of the photosynthet ic  

be p remature  to speculate at  this t ime  on the 
origin of the photosynthet ic  membranes  in young 
cells. 

T h e  structure of the mater ial  which blocks the 
bore of the f i lament between two matu re  cells is 
i l lustrated in Figs. 13 and  14. This s tructure lies 
wi th in  the confines of the f i lament wall, and  in 
Fig. 14 a fine line which is continuous with the 
inner  side of the f i lament cell wall can  be seen to 
traverse the mater ia l  itself. T h e  cytoplasmic 
m e m b r a n e  of the cell on the left can be seen to 
follow the contour  of this material .  I t  seems 
probable  tha t  this s tructure is formed by the 
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FIGVRE 6 

Longitudinal section of an R. vannielii cell showing extension of a filament at one pole. A number of 
well delineated paired membranes are seen lying below the cell wall. X 89,000. 

deposition of cell wall substance and that  it seals 
the opening between the daughter  cell and the 
filament. It probably also serves as a fracture 
point which permits the escape of the motile 
daughter  cells from the filament. A somewhat 
similar structure has been observed between 

mother  and daughter  cells in thin sections of 
yeast (18). 

A feature often noted in cells cut in cross-section 
(Fig. 17) has been the compounding of two 
unit membranes  in the form of a loop arising from 
a centrally located unit  membrane.  In  this cell 
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FIGURE 7 

Longitudinal section of an R. vannielii cell indicating configuration of photosynthetic membranes 
which appear open at one end. CM, cytoplasmic membrane;  CW, cell wall. X 89,000. 

addi t ional  paired membranes  are seen lying above 
and  concentr ic  to the  centra l  area. In  Fig. 18, 
pair ing has occurred at  four points, forming two 
distinct and  separate closed sacs. No other  com- 
pound  membranes  are present, and  this cell may 

represent  an  early stage in the format ion of the 
per ipheral  membranes .  

Var ia t ion  in fixation t ime or in the t empera ture  
at  which fixation occurred produced no evident  
differences in preservation of the cells. However,  
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~FIGURE 8 

Longi tud ina l  section of an  R. vannielii cell. Photosynthet ic  m e m b r a n e s  are  seen closely al igned and  
with their ends looped. T h e  configurat ion of thc  m e m b r a n e s  is in te r rupted  at  bo th  poles of the  cclL 
X 89,000. 

FmURE 9 

High  resolution electron mic rograph  of a por t ion of the  photosynthet ic  m e m b r a n e s  shown in Fig. 6. 
Note pai r ing  of the  uni t  membranes .  X 170,000. 
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FIGURE 10 

Densitometric tracing of membrane area denoted by rectangle in Fig. 9. The lower numbers indicate 
the width of a pair of unit membranes, and those above indicate the peak to peak measurements. 
Equivalent dimensions for the cell wall are shown at the extreme right. 
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FIGURE 11 

Infrared absorption spectra of intact cells and iso- 
lated membranes of R. vannielii showing peaks in 
the bacteriochlorophyll regions. 

the use of s-collidine-buffered osmium was more  
suitable for the preservation of connect ing fila- 
ments and septa than  for in ternal  membranes ,  
whereas the method of Kel lenberger  markedly 
improved the preservation of membranes .  Since 
the character izat ion of in ternal  membranes  was 
the ma in  concern of this study, the Kel lenberger  
method was used in most cases. 

D I S C U S S I O N  

Rhodomicrobium vannielii is distinguished by its 
unique mode of reproduct ion and its in ternal  
system of membranes .  Al though membranous  
systems are, under  cer tain conditions, to be found 
in other  photosynthetic  bacteria,  they are hardly  
comparable  to the well developed m e m b r a n e  

system which is a constant  feature of the cells of 
R. vannielii. For example, Niklowitz and Drews 
(19) could not find chromatophores  in Rhodo- 

spirillum rubrum but  observed paired lamellae 

distr ibuted randomly  in the cytoplasm. Later,  

Drews (20) observed typical chromatophores  
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with a lamellar substructure in R. molischianum. 
These conflicting observations were resolved when 
Hickman and Frenkel (21) showed that very young 
cells of R. rubrum had few chromatophores, but 
older cells had chromatophores and laminated 
structures as well. However,  it seems doubtful 
whether these laminated structures play any 
specific role in photosynthesis, since similar 
structures have been demonstrated in several non- 
photosynthetic bacteria (22-25). Of  greater 
interest is the similarity in structure of the mem- 
brane system of R. vannielii and the blue-green 
algae. A number of algal species have been 
examined and without exception an extensive 
system of internal membranes has been found. 
For example, Shatkin (7) studied Anabaena variabilis 
and found chlorophyll-bearing membranes evenly 
spaced parallel to one another and arranged 
concentrically at the periphery of the cell. The  
membranes were paired and looped at each end, 
forming closed discs about 200 A wide. Ris and 
Singh (8) investigated twelve species of blue-green 
algae including A. variabiIis and found in each 
case an extensive lamellar system of one con- 
figuration or another. The  width of a unit mem- 

brane was about 70 A. Thus, the blue-green algae 
and R. vannielii appear to have comparable  
membrane systems for photosynthesis. 

The  mean width of 87 A or 65 A peak to peak 
for the unit membrane of R. vannielii is in good 
agreement with values reported for membranes in 
blue-green algae and in the grana of seed plants. 
The association of membranes with photosynthetic 
reactions is well documented, and it has been 
shown that the development of the membranes in 
some instances occurs only as a response to growth 
in the presence of light (17, 26, 27). Unfortunately, 
the obligatory photosynthetic nature of R. vannielii 
does not permit such an experiment with this 
organism. 

Elucidation of the mechanism of membrane  
formation in R. vannielii must await investigation 
of the fine structure of filament tips which are in 
the process of maturat ion into daughter cells. 
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FIGURE 1~ 

Section of membranous material isolated from R. vannielii cells after shaking with glass 
beads. In some areas the membranes appear to retain evidence of pairing (arrows). 
X 89,000. 
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I~GunE 18 

Longitudinal section of an R. vannielii cell showing extending filament and an electron opaque septum. 
Note continuation of cytoplasmic membrane  (CM) into the filament and up  to, and on either side of, 
the septum. Cell fixed in s-Collidine-buffered osmium tetroxide. )< 89,000. 

FIGURE 14 

Longitudinal section of an R. vannielii cell showing an electron opaque septum traversed by what  ap- 
pears to be a membrane  (arrow). The cytoplasmic membrane  (CM) of the cell is seen to follow thc con- 
tour  of the septum, s-Collidine buffered. X 89,000. 
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FIGURE 15 

Longi tud ina l  section of a f i lament  of  R. vannielii indicat ing the internal  m e m b r a n e s  br idged at intervals 
by electron opaque  material ,  s-Collidine buffered. X 89,000. 

FIGURE 16 

Longi tud ina l  section of a f i lament  of R. vannielii showing bulbous  end  in the  vicinity of which  is a 
series of fine, apparen t ly  cont inuous  membranes .  X 89,000. 

~IGURE 17 

Cross-section of an  R. vannielii cell showing a loop arising from a central  uni t  m e m b r a n e  (arrow). Th ree  
other  pai red m e m b r a n e s  have  already been formed and  lie close to the  per iphery  of the  cell. X 89,000. 

FIGUnE 18 

Cross-section of an  R. vannielii cell showing a single per ipheral  uni t  m e m b r a n e  giving rise in two po- 
sitions to loops of pai red m e m b r a n e s  (arrows). X 89,000. 
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