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Cytoplasmic Inheritance of Chloroplast Coupling 
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An analysis of interspecific hybrids ofNicotiana spp. in which one of the parents 
was sensitive to tentoxin showed that this sensitivity was transmitted only 
through the female parent. Since tentoxin acts by selectively binding to the 
g,fl subunit complex of chloroplast coupling factor 1, the gene(s) specifying 
either one or both of these subunits is located in the cytoplasm. 
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INTRODUCTION 

Chloroplast coupling factor 1 (CF 0 is required in the terminal stages of 
photophosphorylation for light-dependent ATP synthesis. It is situated on 
the chloroplast thylakoids and is composed of five different polypeptide sub- 
units designated as a, fl, ~, 6, and e in order of decreasing molecular weight 
(Nelson et al., 1973). The mode of inheritance of these subunits is unknown, 
although, based on differential inhibitor studies, Horak and Hill (1972) 
concluded that both cytoplasmic and chloroplastic protein-synthesizing 
systems are required. Subsequent results indicated that the chloroplast was 
not the site of synthesis (Eaglesham and Ellis, 1974). More recently, though, 
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Mendiola-Morgenthaler et al. (1976) presented evidence based on differential 
extraction of CF~ and its SDS-PAGE mobility patterns that the e,/3, and 
possibly e subunits can be synthesized by isolated chloroplasts. However, 
because of the complexity of the systems and the ambiguity associated with 
such studies, a definitive interpretation of inheritance cannot be made from 
these data. 

An opportunity to directly localize the gene(s) responsible for the 
synthesis of a portion of CFt's subunits was recently afforded by the findings 
that (1) tentoxin [cyclo(L-leucyl-N-methyl(Z)-dehydrophenylalanyl-glycyl-N- 
methyl-L-alanyl)] acts by specifically binding to CF~ and inhibiting its 
Ca 2 +-dependent ATPase (Steele et al., 1976); (2) this binding involves only 
the e and/~ polypeptides (Steele et al., 1977); and (3) interfertile Nicotiana 
spp. have been identified that are either sensitive or insensitive to the action 
of tentoxin (Durbin and Uchytil, 1977). Thus reciprocal hybrids involving 
combinations of sensitive and insensitive species should provide evidence 
for determining whether the gene(s) coding for these subunits resides in the 
nucleus or cytoplasm. 

MATERIALS AND M E T H O D S  

The reciprocal interspecific hybrids were made using as parents two sensitive 
Nicotiana species (N. raimondii Macrb. and N. solanifolia Walp.) and two 
insensitive species (N. knightiana Goodsp. and N. paniculata L.). In addition, 
a number of interspecific crosses utilizing other species were tested. Those 
used as the sensitive parent were N. benthamiana Domin, N. bigelovii (Tom) 
Wats., N. clevelandii Gray, N. cordifolia Phil., N. glutinosa L., N. plumbagini- 
folia Viv., N. repanda Willd. ex Lehm., and N. suaveolens Lehm.; those 
used as the insensitive parent were N. fragrans Hook., N. sylvestris Speg. 
& Comes, and N. tabacum L. 

The hybrid seedlings were classified as either sensitive (chlorotic) or 
insensitive (normal) to tentoxin after 7-12 days' growth at 26 C using the 
seedlings germination test previously described (Durbin and Uchytil, 1977). 
Seedlings from crosses classed as insensitive were grown in the greenhouse, 
the CF1 was isolated from the chloroplasts, and the reaction of its Ca 2 +- 
dependent ATPase to tentoxin was determined (Steele et al., 1976). This was 
done in order to be sure that a phenotypic expression of insensitivity was 
indeed due to CF1 insensitivity. Two concentrations of tentoxin were used: 
0.1 pg/ml, which is sufficient to cause complete inhibition of the ATPase 
activity of CF 1 from sensitive plants, and 10 pg/ml, which has no effect on 
the activity of CF~ ATPase isolated from insensitive plants. 
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Table I. Reaction of Interspecific Nicotiana 
Hybrid Seedlings to Tentoxin 

Hybrid Reaction ~ 

solanifolia x knightiana 
solanifolia x paniculata 
benthamiana x gossei 
bigelovii x tabacum 
clevelandii x glutinosa 
cordifolia x tabacum 
glutinosa x sylvestris 
glutinosa x tabacum 
plumbaginifolia x tabacum 
raimondii x knightiana 
raimondii x paniculata 
repanda x sylvestris 
suaveolens x megalosiphon 
suaveolens x tabacum 

fragrans x tabacum + 
knightiana x solanifolia + 
knightiana x raimondii + 
panieulata x solanifolia + 
paniculata x raimondii + 
sylvestris x tomentosiformis + 
tabacum x alata + 
tabacum x benavidesii + 
tabacum x eordifolia + 
tabacum x glutinosa + 
tabaeum x knightiana + 
tabaeum x longiflora + 
tabaeum x megalosiphon + 
tabacum x nudieaulis + 
tabacum x plumbaginifolia + 
tabaeum x sylvestris + 

° A minus sign denotes leaf chlorosis; a plus 
sign denotes a normal appearance. 

RESULTS AND DISCUSSION 

Examination of 30 interspecific hybrids, of  which 14 were reciprocal showed 
that in all cases the reaction of  the female parent to tentoxin determined the 
reaction of  the F 1 progeny (Table I). Without exception, all seedlings of any 
one genotype reacted identically. The Ca 2 +-dependent ATPase activity of  
CF1 isolated from the insensitive hybrid plants was not inhibited by tentoxin 
at 10/~g/ml. 

These results show that the receptor site on CF1 responsible for sensi- 
tivity to tentoxin is cytoplasmically inherited. Because it is not known whether 
the binding of  tentoxin to this site involves both the e and/? subunits or only 
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one of  them, we can only conclude that at least one of these subunits is 
encoded in the cytoplasm. 

Cytoplasmic inheritance of  chloroplastic proteins has previously been 
reported (Sager, 1972). In the case of fraction 1 protein, the large subunits 
which contain ribulose diphosphate carboxylase activity are encoded within 
the chloroplast, while the small subunits are encoded within the nucleus 
(Kung, 1976). The results of  Mendiola-Morgenthaler et al. (1976) suggest 
that a similar situation exists with regard to CF1. Supporting this notion is 
the requirement of a cytoplasmic protein-synthesizing system, as reported by 
Horak and Hill (1972), which could mean that the synthesis of  the 7 and/or 6 
subunits is under nuclear control. However, it is also possible that the cyto- 
plasmic system is involved in thylakoid protein synthesis with which CF1 
subunit synthesis is obligatorily coordinated. Furthermore, as Ohad (1975) 
has pointed out, the sites within the cell of  transcription and translation may 
be different. Thus it is premature to conclude that the structural genes for 
the subunits of CF1 reside in different organelles. 
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