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ABSTRACT 

The effects of culture environment  on the volume density and surface density of 
mitochondria and endoplasmic reticulum in a facultative yeast were studied. 
When compared with cells grown aerobically on a nonrepressive substrate, cells 
grown in the absence of oxygen showed a sharp reduction in both volume density 
of mitochondria and surface density of the inner mitochondrial membrane  (imm) 
in the remaining mitochondrial profiles. Use of fermentable (repressive) sub- 
strates under aerobic conditions restricted the volume density of  mitochondria 
to a much greater extent than the surface density of  imm. The range of mito- 
chondrial volume densities in these experiments was 4 -11%.  Surface density of 
endoplasmic reticulum (ER) was sensitive to growth rate and in particular to 
changes in oxygen tension, showing large fluctuations during both anaerobic and 
aerobic adaptation. These fluctuations in E R  are discussed in relation to the 
known role of this organelle in lipid metabolism. 

The effects of culture environment on tile struc- 
ture and function of mitochondria from faculta- 
tive yeast have been studied extensively (18, 19, 
26, 29). In ultrastructural studies, changes in the 
number and the shape of individual profiles in 
sectioned material and in the extent and visibility 
of the inner mitochondrial membrane (imm) 1 
have been reported as a function of oxygen ten- 
sion, substrate and unsaturated fatty acid (ufa) 
supplementation, etc. (8, 17, 20, 23, 27, 28, 31). 
Only a few reports have attempted to quantitate 
these environmentally induced changes in the 
mitochondrial population of the cell as a whole 

Abbreviations used in this paper: ER, endoplasmic re- 
ticulum; imm, inner mitochondrial membrane;  omm,  
outer mitochondrial membrane;  ufa, unsaturated fatty 
acid. 

(9, 10, 25). 2 Furthermore, morphological 
changes in other organelles in response to these 
same alterations have not been well studied. 

This paper reports the results of a morpho- 
metric analysis of both the mitochondrial and 
endoplasmic reticulum (ER) membranes of yeast 
cells grown under conditions in which growth 
rate, substrate, and oxygen tension were altered 
independently. The data point out wide fluctua- 
tions in the volume density of mitochondria and 

2 Several reports have been published concerning the 
number  of individual mitochondria in various yeast 
strains grown under different conditions. This paper will 
concern itself only with volume density of mitochondrial 
material and surface density of mitochondrial mem- 
branes. The actual number  of complete mitochondria 
does not affect these data. 
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t h e  su r f ace  d e n s i t y  o f  b o t h  i m m  a n d  E R  m e m -  

b r a n e s  in r e s p o n s e  to d i f f e r e n t  c u l t u r e  e n v i r o n -  

m e n t s .  Poss ib l e  r e l a t i o n s h i p s  b e t w e e n  c h a n g e s  in 

m i t o c h o n d r i a  a n d  E R  a re  d i s c u s s e d .  

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

Growth and Fixation o f  
Saccharomyces carlsbergensis (A TTC 9080) 
for Aerobic and Anaerobic Adaptation 

All cells were grown on 2% maltose-complex me- 
dium unless otherwise indicated. This substrate is 
thought  to be less repressive than glucose, because of 
the slower max imum growth rate possible on maltose 
(3), and therefore permits better distinction between 
effects on cell structure of catabolite repression as op- 
posed to other parameters  such as oxygen tension. 
Conditions for anaerobic growth of S. carlsbergensis 
and fixation of ruptured cells were as previously de- 
scribed (8). For aerobic adaptat ion studies, cells were 
harvested from an anaerobic jar (Torsion Balance Co.,  
Clifton, N. J.) in a stationary phase in which ufa and 
sterols were growth-limiting constituents (24 h, six to 
eight cell divisions). When the anaerobic jar was 
opened,  samples of the anaerobically grown culture 
were fixed immediately with permanganate  or alde- 
hyde-osmium tetroxide (8). The remainder  of the cul- 
ture was aerated vigorously at 30~ over a 6-h period. 
Samples were removed periodically and prepared for 
electron microscopy. These  cells are referred to as 
aerobically adapting. In some experiments  the snail gut 
enzyme glusulase (Endo Laboratories,  Inc.,  Garden 
City, N. Y.) was used to remove the yeast cell wall (4). 
In unadapted  cells, this procedure was performed in the 
presence of protein synthesis inhibitors (cycloheximide 
at 25 p.g/ml and chloramphenicol at 4 mg/ml) to pre- 
vent aerobic induction (7). To examine cells during the 
transition from an aerobic to an anaerobic environ- 
ment ,  aerobically grown inocula were placed in three 
anaerobic jars. One  jar was harvested and fixed with 
permanganate  after 6 h of exposure to an anaerobic 
a tmosphere  (one cell division), the second after 8 h 
(two cell divisions) and the third after 24 h (six cell 
divisions:stationary phase) .  The first two cultures are 
referred to as anaerobically adapting. 

AEROBICALLY GROWN BATCH CULTURES: Cells 
were grown on 2% maltose-complex medium with 
vigorous aeration at 30~ (maximum specific growth 
rate for maltose in the log phase is P, max= 0.35 h- l ;  
[3]). Samples were removed periodically over a 48-h 
period and fixed with permanganate.  Culture maltose 
concentrations were measured on sample supernates 
(24). 

AEROBICALLY GROWN CONTINUOUS CULTURE: 
Cells were grown in continuous culture on either 2% 

pyruvate, glucose, or maltose in complex medium at 
the maximum growth rate for pyruvate obtainable in 
our hands (~  = 0.12 h - l ,  where p. is the reciprocal 
of  the time constant for mass increase). Oxygen ten- 
sion and optical density of the cultures were moni tored 
and,  when these parameters  indicated the presence of a 
steady state, samples were removed and prepared for 
electron microscopy. 

Quantitative Analysis o f  
Electron Micrographs 

Determinat ions  of volume density 3 of mitochondria 
and the surface density of  mitochondrial  and ER  mem- 
branes were performed with a Weibel mult ipurpose test 
grid (6, 30). Analysis of intact cells was performed on 
median cell sections at magnifications of at least 
37,000. Analysis of membrane  surface areas of individ- 
ual mitochondria was done at magnifications exceeding 
50,000. Volume density of mitochondria and surface 
density of imm and ER were determined according to 
established morphometr ic  methods  (6, 30). Errors are 
expressed as s tandard error of the mean  (SEM) and are 
based on measurement  of at least 40 cell sections from 
three different experiments  per time period. 

a The following terms will be used in the quantitative 
analysis of ER and mitochondrial membranes  in S. carls- 
bergensis. Volume density of mitochondria: fraction of 
the volume of the whole cell occupied by mitochondria. 
Expressed as percent. 

/~m a mitochondria 
• 100. 

/xm 3 Cell 

Surface density of ER: the surface area of ER mem- 
branes per unit volume of the cell. Expressed as: 

/zm z ER  

/xm a cell" 

Surface density imm is considered in two ways: as a 
function of a unit volume of mitochondria 

/xm 2 imm 

tzm 3 mitochondria '  

and as a function of a unit volume of the cell as a whole 

/~m 2 imm 
/xm 3 cell " 

The former is an expression of how differentiated mor- 
phologically the inner membrane  is, within the unit of 
mitochondrial material,  whereas the latter is a morpho-  
logical expression of the total respiratory capacity of 
the cell. 
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RESULTS 

Permanganate and Aldehyde-Osmium 

Tetroxide Fixation of  Yeast Cells: 

General Considerations 

Throughout this study, two fixing and staining 
procedures have been used. Permanganate fixa- 
tion penetrates the intact yeast cell and stains all 
cellular membranes well under all of the aerobic 
growth conditions employed in this study. There- 
fore, all morphometric measurements on mito- 
chondrial and ER membranes of aerobically 
grown cells have been performed on permanga- 
nate-fixed cells. Permanganate does not preserve 
mitochondrial membranes in anaerobically 
grown, ufa-sterol limited cells although all other 
cellular membranes including ER are adequately 
preserved. This is presumably due to the espe- 
cially low ufa-sterol content of mitochondrial 
membranes after anaerobic growth (8, 11, 22). 
Since permanganate reacts with and stains dou- 
ble bonds in ufa and sterols almost exclusively 
(see reference 8 for discussion), mitochondria do 
not become visible until their membranes have 
acquired sufficient ufa and sterol during exposure 
to air to be preserved by permanganate. There- 
fore, the visibility of existing mitochondria dur- 
ing aerobic adaptation is a reflection of their ufa 
content. Morphometric analysis of ER surface 
density and mitochondrial volume density during 
aerobic adaptation have been performed on 
permanganate-fixed cells only for the purpose of 
correlating the synthesis of ER with the appear- 
ance of visible (that is, ufa-sterol containing) 
mitochondrial membranes (see Fig. 1). The 
measurements on ER surface density in aero- 
bically adapting cells are considered to be valid, 
as will be described later in the text. The mito- 
chondrial volume density as determined after 
permanganate fixation in the first 2-3 h of adapta- 
tion, however, is not considered valid because of 
the inability of permanganate adequately to pre- 
serve mitochondrial membranes during this period. 

Glutaraldehyde and osmium tetroxide pene- 
trate the yeast cell wall with difficulty and do not 
produce adequate contrast in the cell unless the 
cell wall is ruptured or removed. If this is done, 
aldehyde-osmium tetroxide fixation gives excel- 
lent preservation of all cellular structures includ- 
ing mitochondria in anaerobically grown as well 
as aerobically grown cells. Rupturing the cell wall 
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FIGURE 1 Surface area of endoplasmic reticulum and 
volume density of mitochondria in permanganate-fixed 
cells during adaptation of anaerobically grown, lipid- 
limited yeast to air. 

or completely removing the cell wall enzymati- 
cally, however, distorts the cell boundaries and 
makes it difficult to measure volume or surface 
densities of organelles as a function of cell vol- 
ume. Therefore, morphometric analysis on glu- 
taraldehyde-osmium tetroxide-fixed cells was re- 
stricted to (a) measurement of imm surface den- 
sity per unit volume mitochondria during aerobic 
adaptation in preparations which were first fixed 
with glutaraldehyde and then ruptured, and (b) 
volume density of mitochondria during aerobic 
adaptation in cells which were fixed lightly before 
partial removal of the wall with enzymes. These 
preparations outline the mitochondrial bound- 
aries sufficiently to obtain accurate measure- 
ments. The surface density imm as a function of 
cell volume was then obtained by multiplying the 
mitochondrial volume density by the figure ob- 
tained for imm surface density per unit volume 
mitochondria. 

Structure of Mitochondria during 

Aerobic Adaptation of  Anaerobically 

Grown Yeast 

The morphometric and ultrastructural data for 
cells fixed during the first 6 h of aerobic adapta- 
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T A B L E  I 

Morphometric Analysis of Mitochondria and Endoplasmic Reticulum during Aerobic Adaptation of 
Anaerobically Grown, Lipid-limited Yeast 

Volume density of mitochondria #ma/#m 3 

cell -+ SEM 
Surface density inner membrane: al- 

dehyde-nsmium tetroxide fixation 
Surface density 

Permanganate fix- /zm2//xm 3 mite- /zm2/#m a ER p, mZ/p,m a cell 
Time of exposure to air ation Aldehyde fixation chondria _+ SEM cell* -+ SEM 

m/n 

0 0.7 • 0.05 4.0 --- 0.5:1: 16.7 • 5.3 0.64 0.34 • 0.02 
15 0.8 • 0.1 4.5 • 0.3 - - 0.82 • 0.04 
45 1.6 • 0.2 - - - 1.43 • 0.05 
60 3.2-+0~2 - - - 1.3 •  
90 5 . 0 - 0 . 2  5.8---0.5 - - 1.2 • 0.07 

120 6.0___ 0.4 6.2 • 0.6 - - 1.2 • 0.1 
240 6.0 --- 0.4 7.0 +-- 0.3 34.4 • 6.8 2.38 0.53 • 0.03 
360 6.4 _ 0.2 7.2 +- 0.4 34.3 • 7.5 2.44 0.44 • 0.02 

Inoculum cell, aerobically 
grown, stationary phase 
(Fig. 2) 10.5 --- 1.7 10.9 • 1.5 34.4 +- 4.5 3.8 0.14 _ 0.05 

* Value in this and subsequent tables obtained by multiplying mean surface density inner membrane per volume 
mitochondria by the mean volume density of mitochondria. 
* Measured on cells prefixed in glutaraldehyde followed by removal of the cell wall in the presence of protein 
synthesis inhibitors. 

t ion are displayed in Table  I and  Figs. 1-13 .  Bo th  
pe rmangana t e -  and  a ldehyde-osmium tet roxide-  
fixed cells were examined .  Mi tochondr ia l  mem-  
b ranes  are no t  visible af ter  p e r m a n g a n a t e  fixa- 
t ion during the first 15 min of adap ta t ion  (Fig. 
3). The i r  p resence  in sect ions of anaerobical ly  
grown cells is d e m o n s t r a t e d  only af ter  a ldehyde-  
osmium te t roxide  f ixat ion of rup tu red  cells (8) or 
cells whose walls have  been  partial ly r emoved  by 
glusulase in the  p resence  of pro te in  synthesis  
inhibi tors .  With  these  techniques ,  mi tochondr i a  
in anaerobical ly  grown,  l ipid-l imited cells are 
shown to occupy abou t  4 %  of the cell vo lume 
(Table  I, Fig. 9). Bo th  the  outer  and  inner  mem-  
b ranes  of these mi tochondr i a  stain poorly.  The  
few cristae are def ined by the limits of the dense  
matr ix  r a the r  than  by the  visibility of thei r  mem-  
b ranes  (Figs. 6 and  9). Af te r  240 rain of aera- 
t ion,  the mi tochondr i a  occupy 6 - 7 %  of the cell 
vo lume af ter  e i the r  a ldehyde-osmium te t roxide  
or p e r m a n g a n a t e  fixation.  The  inner  and  ou te r  
m e m b r a n e s  stain p rominen t ly  (Figs. 5, 7, and  8). 
Measu r em en t s  on the imm in a ldehyde-osmium 
tetroxide-f ixed cells at 0 and  6 h of aera t ion  show 
a significant increase of about  twofold in the 
surface densi ty of imm per  unit  vo lume of mito- 
chondr ia .  Coup led  with the  1.75-fold increase in 
mi tochondr ia l  vo lume  densi ty,  this results  in an 

increase of 3.5-fold in the imm surface density as 
a funct ion of total  cell vo lume over  the 6-h aera- 
t ion per iod.  A l though  of in teres t ,  it is beyond  the 
capacity of the data  to de te rmine  whe the r  the  
increase in imm surface densi ty per  mi tochon-  
dr ion and  the increase in mi tochondr ia l  vo lume 
density p roceed  in a coordina te  fashion or 
whe the r  one precedes  the o ther .  

ER during Aerobic Adaptation 
The E R  in yeast  has two pr imary  componen t s :  

a per iphera l  ( p E R )  series of single flat c is ternae 
which lie just  inside the p lasma m e m b r a n e ,  and  a 
more  internal  set of single c is ternae (ER)  scat- 
tered t h roughou t  the cytoplasm.  Our  present  re- 
sults show that  the surface area of this la t ter  
c o m p o n e n t  is s trongly affected by changes  in 
growth rate  and,  in par t icular ,  by changes  in 
oxygen tens ion.  Table  I and  Figs. 3 -5  show tha t ,  
dur ing aerobic  adap ta t ion ,  a rapid rise in E R  
surface area is de tec tab le  before  the appea rance  
of visible mi tochondr ia l  profiles.  Its value 
reaches  a max imum af ter  45 rain. Af te r  2 h, the 
surface area of the E R  decreases ,  while the vol- 
ume densi ty of visible mi tochondr ia l  profi les con- 
t inues to increase over  the next  2 h (Fig. 1). 

The de novo e labora t ion of the E R  m e m b r a n e  
during early adapta t ion  can be demons t ra ted  by 
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FIGURE 2 Aerobically grown, stationary-phase S. carlsbergensis yeast cell. Such cells were used as the 
inoculation culture for all experiments. Notice well-defined plasma, nuclear, and mitochondrial mem- 
branes. Peripheral endoplasmic reticulum (pER) lies inside the plasma membrane (PM). A small amount 
of endoplasmic reticulum is present. N, nucleus; M, mitochondrion; V, vacuole; CW, cell wall. Permanga- 
nate fixed; magnification, 18,000. Line = 1 /zm unless otherwise indicated. 

FIGURE 3 Anaerobically grown, lipid-limited cell 15 rain after exposure to air. ER has started to 
proliferate but mitochondrial profiles are not visible. Permanganate fixed. Magnification, 20,000. 

FIGURE 4 Permanganate fixed after 45 min of aeration. The amount of reticulum membrane has 
increased dramatically. Mitochondrial profiles are faintly visible: their internal structure is poorly defined 
and their membranes stain much less distinctly than nuclear and reticulum membranes. Magnification, 
20,000. 
FIGURE 5 Permanganate fixed after 240 rain of aeration. The amount of cytoplasmic reticulum mem- 
brane has decreased. The mitochondria contain well-defined outer and inner membranes. Magnification, 
23,000. 



FIGURE 6 Mitochondrion from an anaerobically grown, lipid-limited S. carlsbergensis yeast, glutaralde- 
hyde fixed after no aeration and ruptured in a ball mill. Limiting membranes are poorly defined. Cristae 
(C) are few in number (see also Fig. 9). Magnification 60,000. Line = 0.5 /zm. 

FIGURE 7 AS above, but fixed after 180 min of aeration. Tripartite structure of inner and outer 
membranes is visible, and extent of inner membrane has increased. Ribosomes are seen to be attached to 
outer membrane. Magnification 120,000. Line = 0.5 p,m. 

FIGURE 8 As above, but fixed after 240 min of aeration. Tripartite structure of limiting membranes and 
cristae is visible. The extent of the inner membrane has increased further. Magnification, 60,000. Line = 
0.5 ~m. 

FIGURE 9 Anaerobically grown, lipid-limited yeast. No aeration. Cell wall was partially removed by 
glusulase in the presence of protein synthesis inhibitors. Mitochondrial profiles with no cristae are visible. 
Very little ER is present. Aldehyde fixed. Magnification, 18,000. 

FIGURE 10 Anaerobically grown, lipid-limited S. carlsbergensis. 60-rain aeration. Cell wall was removed 
with glusulase. Intact cell showing mitochondria with cristae and long strands of endoplasmic reticulum 
(ER). ER is often associated with lipid droplets (L). Magnification, 18,000. 

FIGURE 11 Prepared as in Fig. 10 and osmotically ruptured, showing strands of ER associated with 
ribosomes. ER is closely associated with mitochondrion (arrow). Magnification, 30,000. 

FIGURE 12 Prepared as in Fig. 10 and osmotically ruptured, showing nuclear membrane studded with 
ribosomes. Ribosomes do not associate with plasma membrane. Magnification, 60,000. Line = 0.5/zm. 

FIGURE 13 Prepared as in Fig. 10 and osmotically ruptured, showing association of ribosomes with 
cytoplasmic surface of peripheral ER (pER) and with internal ER cisternae. Lipid droplets (L) are closely 
associated with ER. Magnification, 40,000. Line = 0.5 /~m. 
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looking at cells fixed in glutaraldehyde after re- 
moval of the cell wall in the presence of protein 
synthesis inhibitors. Unadapted cells show very 
little reticulum membrane (Fig. 9). Cells fixed 
after 1 h in the presence of oxygen show long sacs 
of membrane (Fig. 10). If these cells are lysed 
before fixation (Figs. 11-13), the reticulum mem- 
branes appear studded with ribosomes. Ribo- 
somes also appear attached to the outer nuclear 
membrane and to the cytoplasmic side of the 
pER. Ribosomes are not attached to the plasma 
membrane or vacuole membrane. Small groups of 
ribosomes are sometimes seen attached to outer 
mitochondrial membranes in adapting cells (Fig. 
7). 

To determine the extent to which fluctuations in 
mitochondrial volume density and surface density 
of ER and mitochondrial membranes during aero- 
bic adaptation were due to changes in growth rate 
rather than to changes in oxygen tension, cells 
from three other conditions of growth were exam- 
ined: (a) cells during the transition from aerobic to 
anaerobic growth (anaerobic adaptation); (b) cells 
during different stages of an aerobic growth cycle 
on maltose; and (c) cells growing at the same rate 
in continuous culture on nonfermentable (pyru- 
vate) as opposed to fermentable (glucose or mal- 
tose) substrates. 

Adaptation o f  Aerobically Grown Cells 

to Anaerobic Conditions 

After 6 h of growth in an oxygen-free environ- 
ment, yeast cells had a reduced volume density of 
identifiable mitochondrial profiles and a dramati- 
cally increased surface density of ER (Table 11). In 
addition, there was considerable extraneous mem- 
brane with the appearance of disintegrating mito- 
chondria (Fig. 14). After 8 h, the surface density 
of ER remained elevated and the extraneous 
membrane disappeared (Fig. 15). 

Mitochondria and ER during Aerobic 

Batch and Continuous Culture 

Table 111 shows the morphometric data for mi- 
tochondria and ER at several stages in the aerobic 
growth cycle on maltose. Two points of particular 
interest are noted if the data in this Table are 
compared with those from aerobically and anaero- 
bically adapting cells (Tables I and II). (a) The 
increase in ER surface density documented during 
early log phase of the aerobic growth cycle is less 
pronounced than that in early aerobic and anaero- 

TABLE II 
Anaerobic Adaptation of Aerobically Grown S. 

carlsbergensis (Permanganate Fixation) 

Time after removal of air 

Volume density 
mitochon&ia Surface density 

p.mS/~m a cell -- E R  ~rn~/v.m a 

SEM cell • SEM 

h 

0 (inocuhm cell) 10.5 -+ 1.7 0 .14 -+ 0.05 
6 (one cell division) 4.6 • 0.8* 1.1 +- 0 . 1 '  
8 (two cell divisions) 3.1 • 0.6 1.47 ~ .16 

24 (six to eight cell divisiom) 0.7 -+ 0.05 0 .34 ~ 0.19 
24 (aldehyde fixation) 4.0 • 0.5 - 

�9 Due to large amount of membrane giving the appearance of disintegrating 
mitochondria, identification of membrane as mitochondria or endoplasmic 
reticulum was not definitive. 

bic adaptation. (b) Aerobically growing cells are 
capable of altering significantly the volume density 
of mitochondria during a growth cycle on maltose. 
However, this is not accompanied by a significant 
change in the surface density of the imm per unit 
volume of mitochondria (Fig. 16). This point was 
further explored by holding growth rate at a con- 
stant, low value (/x = 0.12 h -1) and comparing the 
effects of repressive (maltose and glucose) and 
nonrepressive (pyruvate) substrates (see Table 
IV). The pyruvate-grown cells had the high vol- 
ume density of mitochondria and high surface den- 
sity of imm typical of cells in the early stationary 
phase of batch culture (metabolizing ethanol; Fig. 
17). The glucose- and maltose-grown cells showed 
both the low volume density of mitochondria and 
the high surface density imm per unit volume of 
mitochondria typical of cells in the log phase of 
aerobic batch culture (metabolizing maltose; Fig. 
18). 

For all substrates in the continuous culture ex- 
periments, the values for the surface density of ER 
were similar, and less than that found in more 
rapidly growing log phase batch cultures using 
maltose as a substrate. 

DISCUSSION 

The results of the morphometric data presented 
above point to the following conclusions on the 
membrane systems of S. carlsbergensis. 

There appears to be an upper and a lower limit 
beyond which the volume density of mitochondria 
does not go. Derepressed cells, whether grown on 
pyruvate or on the products of maltose fermenta- 
tion (ethanol), produce a maximum value of 10- 
11%. This value is in substantial agreement with 
that found by Grimes et al. (9) for S. cerevisiae. 
The minimum value is about 4% and is docu- 

1 3 0  T H E  JOURNAL OF C E L L  B I O L O G Y - V O L U M E  7 1 ,  1 9 7 6  



FIGURE 14 Aerobically grown, stationary phase cell grown on 2% maltose and placed in an aerobic jar in 
fresh medium and harvested after 6 h (one cell division). Note reduced number of intact mitochondria, 
elevated ER level, and membrane resembling disintegrating mitochondria (arrows). Magnification, 
15,000. 

Fioua~ 15 As above, after 8 h (two divisions) under anaerobic conditions. Patches of disorganized 
membrane are gone. Elevated ER levels remain. Magnification, 19,000. 

TABLE III 

Aerobic Growth orS.  carlsbergensis in Batch Culture on 2 % Maltose (Permanganate Fixation) 

Surface density in- 
Volume density mito- Surface density inner mitochon- ner mitochondrial 

Time in culture chondria drial membrane membrane Surface density ER 

h is.,nal/ur~ cell +- SEM ~n~llsr, P mitochondria +- SEM ~,n211Jyn a cell / u n 2 1 ~  3 cell +- SEM 

2 ). log 5.5 -- 0.5 32.5 --+ 6.4 1.78 0.61 +-- 0.03 
10 J phase 5.9 +- 0.6 30.4 -+ 4.8 1.56 0.53 -+ 0.04 

15 ) early 7.0 - 0.3 33.8 - 6.8 2.36 0.28 -+ 0.06 
17 I stationary 7.3 -+ 0.6 37.3 -+ 5.2 2.72 0.19 -+ 0.02 
20 phase 7.9 +- 1.5 - 

24)  mid 10.1 -+ 1.1 - 
27 l stationary 10.5 -+ 1.7 34.4 -+ 4.5 3.8 0.14 -+ 0.05 

phase 

m e n t e d  he re  for  anaerobica l ly  g rown ,  l ip id- l imi ted 
cells. O t h e r  a t t e m p t s  (not  i l lus t ra ted he re )  were  
m a d e  to p roduce  cells with a lower  mi tochondr i a l  

vo lume  densi ty .  For  ins tance ,  anaerobica l ly  
g rown ,  l ipid- l imited cells which were  subcu l tu red  
anaerobica l ly  for  a n o t h e r  24 h in the  p re sence  o f  
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TABLE IV 

Aerobic Growth orS. carlsbergensis in Continuous Culture 

Substrate 

Surface density in- 
Volume density mito- net mitnehondrial 

chondria Surface density inner membrane membrane Surface density ER 

Iz = 0.12 h-'  

2% pyruvate 

2% glucose (data were 
similar for 2% maltose) 

WrP/wr? cell +- SEM t~n~/~tm a mitachondria +- S E M  pmZ/lmr ~ cell pm2/prn a cell ~- SEM 

11.5 • 1.5 34.8 • 6.8 4.0 0.3 • 0.03 

4.1 • 0.4 30.1 • 4.5 1.2 0.23 --- 0.05 

supplemental ufa and sterol showed no further 
significant reduction in mitochondrial volume den- 
sity. 

S. carlsbergensis has the ability to manipulate 
the surface density of imm in the cell as a whole by 
altering the volume density of mitochondria inde- 
pendently of the imm surface density per unit 
volume of mitochondrial material. Anaerobic  
growth of cells on maltose restricts the synthesis of 
the inner membrane as well as the volume density 
of mitochondria. Both an aerobic growth cycle on 
maltose and continuous culturing of cells on mal- 
tose or pyruvate, however,  appear to produce a 
significant fluctuation in the volume density of 
mitochondria only, and not in the surface density 
of imm in the remaining mitochondria. These data 
are not meant to suggest that there are no signifi- 
cant differences in the biochemical composition of 
the imm in these populations of cells. Further- 
more,  the considerable variation in the values for 
imm within each sample time period is such that 
small but real differences in imm surface area 
would not be detectable. Despite these reserva- 
tions in the interpretation of the morphometric  

data, it should be clear that catabolite repression 
of this particular yeast strain by maltose operates 
much more dramatically at the level of the organ- 
elle as a whole than at the level of membrane 
differentiation within the organelle. As added sup- 
port for the morphometric  data, when samples of 
the two continuous cultures were analyzed for 
cytochrome oxidase content the level was found to 
be 2.5-3-fold greater in the pyruvate-grown cells 
than in the maltose (glucose)-grown cells. 4 This 
correlates well with the ratio of the total surface 
density of imm per unit volume of cellular material 
in the two cultures (Table IV). 

These data appear to conflict with studies (27, 
31) which report significant reductions in the ex- 
tent of imm in S. cerevisiae during the log phase of 
growth on glucose, but in which no quantitative 
measurements on membranes were presented. 
However ,  it must be emphasized that there is 
considerable variation among yeast strains in their 
susceptibility to catabolite repression and in the 
effect of anaerobiosis or  substrate on the cellular 

4 Damsky, C. H. Unpublished experiments. 

FIGURE 16 Aerobically growing cell after 2 h of growth in batch culture (early log phase It = 0.35 h -1) 
on 2% maltose. The mean fractional volume of mitochondria has decreased by one-half. Inner mitocbon- 
drial membranes are well defined when compared with those of anaerobically adapting (Figs. 14, 15) or 
anaerobically grown, lipid-limited cells (Figs. 6, 9). The mean surface density of ER is above that of 
stationary phase cells (Table 11I) but well below that found in aerobically or anaerobically adapting cells 
(see (Figs. 4, 14, 15). Note proximity of mitochondrial and ER membranes (arrow). Permanganate fixed. 
Magnification, 28,000. 

FIGURE 17 Cell from a 2% pyruvate continuous culture (It = 0.12 h-l). Notice high mitochondrial 
volume density and well-defined imm. Permanganate fixed. Magnification, 26,000. 

FIGURE 18 Cell from a 2% glucose continuous culture (It = 0.12 h-~). The volume density of 
mitochondria is similar to that found in Fig. 16, and imm is well defined. ER surface density in this figure is 
similar to that in the previous figure and similar to those found in batch culture during early stationary 
phase and is less than levels of ER found in log phase of batch culture (Fig. 16). Magnification, 20,000. 
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concentration of mitochondrial DNA (see refer- 
ence 9 for discussion). Strain differences rather 
than technical differences may therefore explain 
most of these discrepancies. 

ER surface area is particularly responsive to 
changes in oxygen tension. Changes in growth rate 
and oxygen tension both produce fluctuations in 
the surface density of ER, whereas choice of sub- 
strate does not appear to be of significant import, 
at least at low growth rates. The fluctuations are 
the most extreme under conditions which either 
increase or decrease the availability of oxygen. 
The elevated surface density of ER observed in 
the present study during aerobic and anaerobic 
adaptation may be a morphological demonstration 
of its known role in fatty acid and sterol metabo- 
lism (5, 15, 16). Yeast are unable to synthesize 
ufa or sterols in the absence of molecular oxygen 
(1,2). During anaerobic adaptation, the extensive 
ER membranes elaborated may be involved both 
in the synthesis of lipids from the shorter chain 
saturated fatty acids which are characteristic of 
anaerobically grown, lipid-limited cell membranes 
(11, 22), and in the recycling of mitochondrial 
membrane material which may be used as a source 
of ufa and sterol for other cell membranes which 
have a greater survival value during anaerobic 
growth. During aerobic adaptation, the restora- 
tion of oxygen initiates the synthesis of longer- 
chain ufa. Linnane and Haslam (18) and Watson 
et al. (29) report rapid synthesis of ufa, but not of 
cytochromes during the 1st h of aerobic adapta- 
tion. Analysis of cytochrome oxidase levels during 
aerobic adaptation in the samples of the same 
cultures used for morphometry in this study also 
reveals about a 1-h lag before the onset of cyto- 
chrome oxidase synthesis (21). This 1st h of aero- 
bic adaptation is the period during which the elab- 
oration of ER reaches its peak and mitochondrial 
profiles start to become visible in permanganate- 
fixed cells (see Table I and Fig. 1). These observa- 
tions are consistent with the suggestion that ER is 
involved in the synthesis of lipids for cell mem- 
branes including mitochondria and that these lipid 
components are responsible for the increased visi- 
bility of mitochondrial membranes in permanga- 
nate-fixed cells during aerobic adaptation (8) 
(Figs. 1-5). 

The fact that yeast ER is intimately associated 
with ribosomes clearly suggests that it is involved 
in some aspects of cellular protein synthesis. The 
possibility that ER may be involved in the cyto- 
plasmic synthesis and transport of mitochondrial 

polypeptides is an attractive one. Recently, how- 
ever, morphological (see also Fig. 7) and bio- 
chemical evidence has been accumulating which 
indicates the existence of mitochondrion-associ- 
ated cytoplasmic ribosomes (80S) which are capa- 
ble of synthesizing polypeptides in vitro and trans- 
porting them into the interior of mitochondria (12- 
14). These data suggest that it is mitochondria- 
associated ribosomes, not ER-associated ribo- 
somes, which are the site of cytoplasmic synthesis 
of mitochondrial polypeptides in yeast. 

SUMMARY 

This paper reports on extensive changes in the 
surface area of both mitochondrial and endoplas- 
mic reticulum membranes of S. carlsbergensis in 
response to changes in culture environment. In 
examining the effect of growth rate, substrate, and 
oxygen tension on mitochondria and endoplasmic 
reticulum, we have demonstrated possible maxi- 
mum and minimum values for the volume density 
of mitochondria, the ability of yeast to titrate their 
respiratory capacity by altering independently the 
development of the inner membrane as well as the 
volume density of the organelle as a whole, and 
the particular responsiveness of the surface area of 
endoplasmie reticulum to changes in oxygen ten- 
sion. It is suggested that part of the extensive 
elaboration of ER during both aerobic and anaer- 
obic adaptation reflects a role for the endoplasmic 
reticulum in the synthesis, desaturation, and recy- 
cling of mitochondrial and other membrane fatty 
acids and lipids. 
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