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common ancestor of both. The proto- 
eukaryote itself would therefore have 
been aerobic; as such, it would not need 
an endosymbiont to provide it with 
oxidative respiratory functions. Some 
of the data presented by Raff and Mah- 
ler support the primitive aerobiosis of 
eukaryotic cells, whereas other data 
can be explained equally well by either 
hypothesis. 

Raff and Mahler did not explain 
what they mean by bacterial and mam- 
malian superoxide dismutases being 
"different." If the difference indicates 
that the loci encoding these enzymes 
are not homologous and therefore have 
no common ancestry, this is entirely 
consistent with the endosymbiosis hy- 
pothesis. If, on the other hand, the 
enzymes are homologous, and "differ- 
ent" only indicates that they have a 
phylogenetically distant common an- 
cestry and have diverged since, this 
would not be consistent with endosym- 
biosis, but then the significance would 
be in the similarity rather than, as Raff 
and Mahler stated, in the dissimilarity. 

That yeasts ultimately have an abso- 
lute requirement for 02 in their re- 
quirement for oleate and steroids 
(which can only be synthesized aerobi- 
cally) does not per se refute the endo- 
symbiosis hypothesis, but need only 
mean that their potential for anaerobic 
growth arose secondarily after the es- 
tablishment of aerobic respiration, re- 
gardless of whether the latter was by 
an endosymbiotic event or by progres- 
sive evolution. On the other hand, Raff 
and Mahler's point that steroids are 
made aerobically in some prokaryotes 
and in the cytoplasm of all eukaryotes 
suggests (if the pathways are homolo- 
gous) that eukaryotes have always 
been aerobic and have inherited nuclear 
genes for that biosynthetic pathway 
from their prokaryotic ancestors. Simi- 
larly, that advanced prokaryotes and 
all eukaryotes utilize the same aerobic 
pathway to make monounsaturated 
fatty acids is an important point for 
establishing the primitive aerobiosis of 
eukaryotes. 

The "considerable amount of evolu- 
tionary divergence" between bacterial 
and mitochondrial cytochromes noted 
by Raff and Mahler has no bearing on 
the question of mitochondrial origins. 
Considerable divergence would be ex- 
pected by both the endosymbiotic and 
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anaerobic bacteria" is significant for 
their argument. Traits that would be 
present in both ancestral anaerobic and 
aerobic prokaryotes do not, however, 
indicate that the protoeukaryote was 
aerobic. Since cytochromes are present 
in most extant anaerobic prokaryotes 
as well as in all aerobes, cytochromes 
would also be present in an anaerobic 
protoeukaryote. Presence of structural 
genes for cytochromes in the host 
would provide a reasonable explana- 
tion for the loss of such genes from the 
endosymbiont: they would be dupli- 
cated functions and would easily be lost 
as unnecessary. The data on the rela- 
tive divergence of bacterial and eukary- 
otic cytochromes c, as presented by 
Raff and Mahler, only show that, if 
endosymbiosis occurred, it occurred 
before the divergence of the eukaryotic 
kingdoms. 

Although we do not accept the endo- 
symbiosis hypothesis, we think that 
many of the arguments given against 
it are as irrelevant as much of the data 
proposed in favor of it. That eukaryotic 
cells have always been aerobic, as sug- 
gested by Cohen and by Raff and Mah- 
ler, is, however, a forceful argument 
against endosymbiosis. 

Under either hypothesis, the greatest 
amount of evolution has been in the 
nuclear genome. The ultrastructural 
and biochemical features in which 
mitochondria resemble bacteria are 
mainly, from a phylogenetic viewpoint, 
retained primitive states and therefore 
contain little phyletic information (4). 
As such, they carry no weight in estab- 
lishing the endosymbiosis hypothesis 
as more than possible. None of these 
features is inconsistent with the non- 
endosymbiosis hypothesis (5). 
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We have read the comments by Uz- 
zell and Spolsky (1) with considerable 
interest and are gratified not only 
because they find our point of view 
"refreshing" but especially since they 
must have found it sufficiently persua- 
sive so as to "not accept the endosym- 
biosis hypothesis" themselves. We regret 
that they feel that we have ignored 
some of the principles of systematics, 
but on reexamination do not think their 
case sufficiently strong as to warrant 
any major modification of our proposal 
(2). Without wishing to engage in po- 
lemics, we take issue with the following 
points specifically raised by Uzzell and 
Spolsky. 

We are well aware of the pitfalls of 
arguing from negative data in paleon- 
tology (or elsewhere). Our discussion 
of the Precambrian fossil record was in- 
tended primarily to show that the pres- 
ent evidence indicates an ancient and 
intimate association of eukaryotes with 
free oxygen, and that eukaryotes prob- 
ably arose only after free oxygen be- 
came available in the atmosphere. 

Uzzell and Spolsky reiterate the view 
that "eukaryotic cells are not just anae- 
robic cells with mitochondria." They 
rightly point out that the aerobic nature 
of the ancestral protoeukaryotic cell 
would make the acquisition of an aero- 
bic symbiont unnecessary and weaken 
the logical basis of the endosymbiont 
theory. Examination of our article will 
convince the reader that this is pre- 
cisely the point upon which this part 
of our argument rests. 

A considerable body of biochemical 
evidence supports our contention that 
the eukaryotic extramitochondrial cyto- 
plasm is primitively adapted to the use 
of free oxygen. We have noted four 
major types of adaptation: 

1) The presence of enzymes such as 
supeioxide dismutase in the cytoplasm 
to protect cellular components from 
autooxidation. 

2) The requirements of the few 
anaerobic eukaryotes for certain prod- 
ucts of aerobic, eukaryotic metabolism. 

3) The synthesis of steroids and un- 
saturated fatty acids in the eukaryotic 
cytoplasm by exclusively aerobic path- 
ways. 

4) The presence of cytochomes, dif- 
fering from those of the mitochondria, 
functioning in mixed function oxidase 
reactions in the cytoplasm. 

Uzzell and Spolsky quibble with our 

use of the word "different" in our dis- 
cussion of bacterial and eukaryotic 
superoxide dismutases. We were refer- 
ring to enzymic properties (3), not to 
sequence or genetic data which do not 
yet seem to be available. Therefore, we 
cannot discuss homology. However, 
given that superoxide dismutase is vital 
to aerobic life, we predict a very high 
degree of divergence (difference) be- 
tween the eukaryotic and bacterial en- 
zymes since this enzyme must have orig- 
inated at least 1.8 billion years ago 
with the appearance of free oxygen. 

Cytochromes are widely distributed 
among anaerobic bacteria. We see little 
reason to doubt that the ancestral pro- 
toeukaryote also had available a cyto- 
chrome system capable of eventual 
evolution to being able to utilize free 
oxygen. Thus, acquisition of such a 
system from an aerobic endosymbiont 
was obviated. 

We are surprised that Uzzell and 
Spolsky feel that divergence of bacterial 
and mitochondrial cytochromes has "no 
bearing on the question of mitochon- 
drial origins." We, in accord with others 
interested in this question, are aware 
that mitochondria possess several pro- 
karyotic characteristics; this similarity 
indicates a certain evolutionary con- 
servativeness of these organelles. Thus, 
if the symbiotic hypothesis were valid, 
one would expect the cytochromes 
[which are slowly evolving proteins (4)] 
to show a significant relatedness. 

Last, we are particularly puzzled by 
Uzzell and Spolsky's proposal that 
"presence of structural genes for cyto- 
chromes in the host would provide a 
reasonable explanation for the loss of 
such genes from the endosymbiont. 
. . ." What evolutionary advantage do 
they envisage for the acquisition of res- 
piratory endosymbionts by a cell al- 
ready in possession of a cytochrome 
system? 
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