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Summary. The response of Nicotiana tabacum to tentox- 
in (chlorosis) is inherited with chloroplasts. N. tabacum 
var. Xanthi, a tentoxin-resistant line, was used to polli- 
nate tentoxin-sensitive N. tabacum line 92, an alloplasm- 
ic male-sterile line containing N. undulata plastids. The 
seeds were mutagenized with nitrosomethylurea and ger- 
minated in the presence of tentoxin. Two percent of the 
seedlings had green sectors in their first true leaves. 
These plants were grown to maturity under non-selective 
conditions. Homogeneous tentoxin-resistant lines were 
obtained in the third generation. DNA analysis indicated, 
however, that selection for paternal plastids, rather than 
mutagenesis of maternal ones, had occurred in the ten- 
toxin-resistant progeny. Mitochondria, which were not 
under selection pressure, were inherited maternally as 
expected. Inheritance of tentoxin-resistant paternal plas- 
rids did not require seed mutagenesis. Normally germi- 
nated seedlings that were kept under tentoxin selection 
consistently produced a low level of resistant green sec- 
tors in their first true leaves. Thus, normal, low-fre- 
quency transmission of paternal plastids in N. tabacum 
can be directly revealed by using tentoxin. 
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Introduction 

Tentoxin, a cyclic tetrapeptide from the pathogenic fun- 
gus Alternaria alternata (tenuis), interacts with the cou- 
pling factor of the chloroplast ATPase (Steele et al. 1976) 
to cause chlorosis in some, but not all, angiosperms. 
In the genus Nicotiana, of 40 species tested, 9 were ten- 
toxin-resistant and 31 tentoxin-sensitive (Durbin and 
Uchytil 1977a, b). Tentoxin-dependent chlorosis was 
found to be maternally inherited (Burk and Durbin 
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1978) and linked to the chloroplast (Aviv et al. 1980; 
Flick and Evans 1982). It was successfully used as a 
plastid marker to follow mixed and segregated progeny 
after interspecific somatic fusions in Nicotiana (Fluhr 
et al. 1984). 

A program was initiated in an attempt to define the 
molecular genetic basis for the tentoxin response. We 
pollinated a tentoxin-sensitive, alloplasmic male-sterile 
line of N. tabacum with tentoxin-resistant, wild-type N. 
tabacum. The resulting seeds were then mutagenized and 
tentoxin-resistant progeny sought. Several were ob- 
tained; however, upon analysis at the molecular level, 
it became apparent that resistance was caused by pater- 
nal transmission of wild-type chloroplast DNA rather 
than mutagenesis of the maternal plastid. Rare inheri- 
tance of paternal plastids in Nicotiana following rescue 
by tissue culture procedures has previously been demon- 
strated (Medgyesy et al. 1986). In this report, we show 
that a normal low level of paternal transmission of plas- 
tids in sexual progeny of N. tabacum can be directly 
revealed by selecting for tentoxin resistance. 

Materials and methods 

Plant material and growth. N. tabacum line 92, an allo- 
plasmic, male-sterile line containing the cytoplasm of 
a tentoxin-sensitive N. undulata (Fluhr et al. 1984), was 
used as the female parent in all experiments. Line 92 
was routinely hand pollinated by N. tabacum var. Xanthi, 
a fertile tentoxin-resistant wild-type species. In some ex- 
periments, seeds were mutagenized during imbibition 
with nitrosomethylurea (Hagemann 1982) as described 
by Fluhr et al. (1985). In all cases, seeds were germinated 
on Nitsch (1969) agar supplemented with 10 ~tg/ml ten- 
toxin (Sigma). After 3 weeks, seedlings with true leaves 
showing green sectors were transferred to fresh Nitsch 
agar plates containing 20 gg/ml tentoxin. Seedlings were 
so maintained for a further 2 months before removal 
to the greenhouse and growth under non-selective condi- 
tions. 
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Seedling test for tentoxin sensitivity• Seeds of different 
Nieotiana lines were germinated on Nitsch agar contain- 
ing 10 to 20 ~tg/ml tentoxin (Durbin and Uchytil 1977a) 
as described by Galun (1982). Resistant species germi- 
nated as normal green seedlings, while sensitive species 
germinated as chlorotic (chlorophyll-less) seedlings. 

Analysis of  chloroplast and mitochondrial DNA. D N A  
from cells (Mettler 1988), chloroplasts (Fluhr and Edel- 
man 1981), and mitochondria (Aviv et al. 1984) was iso- 
lated as described. D N A  endonuclease digests were re- 
solved on 0.7% agarose gels and analyzed following ethi- 
dium bromide staining or hybridization with chloroplast 
(atpB; Avni 1991) and mitochondrial probes (probe 2; 
Aviv and Galun 1987) on GeneScreen (NEN) filters 
(Sambrook et al. 1989). 

Resu l t s  

Selecting for tentoxin resistance following mutagenesis 

Pollination of  male-sterile N. tabacum line 92 plants by 
N. tabacum vat. Xanthi results in tentoxin-sensitive seed- 
lings that turn chlorotic at about 7.5 pg/ml tentoxin. 
On the other hand, selfed N. tabacum vat. Xanthi seed- 
lings are resistant to tentoxin and remain green at 
500 gg/ml tentoxin (Fig. 1). Fluhr (1983) indicated that 
variegated first true leaves occasionally appeared among 
chlorotic, mutagenized progeny of  line 92 grown on ten- 
toxin medium, but did not follow the fate of  these seed- 
lings. In an attempt to produce a tentoxin-resistant 
line 92 plant, we mutagenized 300 seeds with nitroso- 
methylurea and germinated them in 10 lag/ml tentoxin. 
One-half of  the resulting seedlings had cotyledons with 
green islands while seven seedlings had first true leaves 
with green sectors (Table 1A). These seven seedlings 
were kept in 20 gg/ml tentoxin for another 2 months, 
then taken off selection and five transferred to the green- 
house. One of  the five plants flowered and was pollinat- 
ed by N. tabacum var. Xanthi. When the resulting M1 
seeds were germinated on 10 gg/ml tentoxin, most of  
the seedlings had chlorotic cotyledons. However, one 
plant had large green sectors in its later leaves and was 
transferred to the greenhouse. Four  hundred M2 seeds 
from five different pods of  this plant were germinated 
as before on tentoxin. Most M2 cotyledons were again 
chlorotic while a single plant had a completely resistant 
phenotype in its expanded leaves (Fig. 2). This plant was 
named 92/tenR-1. A second putative mutant,  92/tenR-2, 
was isolated in a separate experiment in the same man- 
ner. In this case, 5 out of  300 Mo seedlings had green 
sectors in their first true leaves (Table 1 A) and a homo- 
geneous, tentoxin-resistant phenotype was obtained in 
the M2 generation. 

Inheritance of chloroplast and mitochondrial DNA 
in the tentoxin-resistant progeny 

Chloroplast DNA was isolated from the putative mutant  
lines, 92/tenR-I and 92/tenR-2, and compared with that 
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Fig. 1. Tentoxin-dependent chlorosis in Nicotiana tabacum line 92 
versus N. tabacum var. Xanthi. Seedlings of N. tabacum line 92 x N. 
tabaeum var. Xanthi (designated as Line 92) and selfed N. tabacum 
var. Xanthi (designated as var. Xanthi) were germinated in the pres- 
ence of different concentrations of tentoxin. Forty seeds were used 
for each point• Cotyledon color (green or chlorotic) was scored 
after 10 days of growth at 30 gmol/mZ/per second fluorescent light 

Table 1. Mo and Ft seedlings of Nicotiana tabacum line 92xN. 
Tabacum var. Xanthi germinated in the presence of 20 gg/ml tentox- 
in• Seeds were treated as described in Materials and methods 

Experiment no. Seeds Tentoxin-resistant green spots 

Cotyledons U true leaves 

A. Mutagenized seeds 
1 300 150 (50%) 7 (2.5%) 
2 300 n.d. 5 (1.5%) 

B. Non-mutagenized seeds 
l 2800 n.d. 16 (0.6%) 
2 1100 20 (1.6%) n.d. 
3 2160 57 (2.6%) 9 (0.4%) 
4 1400 21 (1.5%) 6 (0.4%) 

n.d. not determined 

from the parents, line 92 and var. Xanthi. The DNAs 
were digested with BglI, PstI and BamHI and the restric- 
tion fragments were separated on an agarose gel. Unex- 
pectedly, the fragment patterns for chloroplast DNA of  
the putative mutants 92/tenR-1 and 92/tenR-2 were in 
all cases identical to those of  vat. Xanthi the paternal 
parent, and not line 92 the maternal parent. This is seen 
in the ethidium bromide pattern following digestion of 
chloroplast D N A  from 92/tenR-I with Bgfl (Fig. 3A). 
In addition, chloroplast D N A  was digested with EeoRI 
and ClaI, blotted onto a nylon filter and hybridized with 
a radioactive probe from the atpB gene region (Fig. 3 B). 
Again, the putative mutants (data for 92/tenR-1 is 
shown) had the chloroplast D N A  restriction patterns 
of  N. tabacum var. Xanthi. Thus, lines 92/tenR-I and 
92/tenR-2 have inherited a paternal, rather than mater- 
nal, plastome. 

The inheritance of mitochondrial D N A  in these same 
plants was also determined. Total D N A  from the puta- 
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Fig. 2A, B. Appearance of a tentoxin-resistant line 92 plant. Sur- 
face-sterilized line 92 seeds were sown and maintained on Nitseh 
agar containing tentoxin as described in Materials and methods. 
Photographs were taken after 2 months. A Nieotiana tabaeum 
line 92, parent plant. B N. tabacum line 92/tenR-l, M2 plant show- 
ing a completely resistant phenotype in its expanded leaves 

A B 
Fig. 3 A, B. Endonuclease restriction patterns of chloroplast DNA. 
A Partially purified chloroplast DNA (5-10 gg) from Nicotiana 
tabacum var. Xanthi, N. tabacum line 92 and 92/tenR-1 was digested 
with BglI. Fragments were separated on a 0.7% agarose gel, stained 
with ethidium bromide and photographed. B Chloroplast DNA 
(5 lag) from each of the species in A was digested with EcoRI or 
ClaI. Fragments were separated on a 0.7% agarose gel, transferred 
to a GeneScreen (NEN) filter and probed with an EcoRI fragment 
containing the entire atpB gene (Avni 1991) 

tive mutants and mitochondrial D N A  from the parents 
was isolated. The DNAs were digested with PstI, Sail 
and XhoI, separated on an agarose gel, blotted onto 
a nylon filter and probed with mitochondrial D N A  
probe 2 (Aviv and Galun 1987). From the results ob- 
tained, it is clear that 92/tenR-1 (Fig. 4) and 92/tenR-2 
(not shown) have inherited the mitochondrial D N A  of  
the maternal parent, N. tabaeum line 92. 

Selecting for tentoxin resistance 
in non-rnutagenized seedlings 

The molecular-genetic evidence indicates that in lines 
92/tenR-1 and 92/tenR-2 the chloroplast genome was in- 
herited from the fertile, tentoxin-resistant paternal par- 
ent that was routinely used to propagate the infertile, 
tentoxin-sensitive line 92 plants. Thus, paternal inheri- 
tance, rather than mutagenesis of  chloroplast DNA, had 
apparently caused the plants to become tentoxin-resis- 

tant. If  this were true, we reasoned that green sectors 
should be observed under selective conditions without 
using a mutagen. A large number of seeds (7460), repre- 
senting.several pods from four different batches of var. 
Xanthi-pollinated line 92 plants, were consequently ger- 
minated without mutagenesis on plates containing 
Nitsch medium and 20 gg/ml tentoxin. The results are 
summarized in Table 1 B. After 3 weeks, an average of  
2.1% of  the cotyledons indeed were observed to have 
green islands while 0.5% of  the first true leaves had 
green sectors. 

Discussion 

In angiosperms, maternal inheritance of  plastids is the 
dominant pattern (Kirk and Tinley-Bassett 1978; Gil- 
ham 1978; Sears 1980; Smith 1989). As pointed out by 
Hagemann (1976), and extensively demonstrated (Corri- 
veau and Coleman 1988), a key factor is the frequent 
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Fig. 4. Endonuclease restriction patterns of mitochondrial DNA. 
Mitochondrial DNA (5 gg) from Nicotiana tabacum var. Xanthi 
and N. tabacum line 92, and 25 gg of total D N A  from 92/tenR-1, 
was digested with PstI, SalI or XhoI. The digested DNAs were 
electrophoresed on a 0.7% agarose gel, transferred to a GeneScreen 
filter (NEN) and hybridized with mitochondrial D N A  probe 2 
(Aviv and Galun 1987) 

absence of plastids from the pollen generative cell. Addi- 
tional factors, such as the relative numbers of maternal 
and paternal plastids in the zygote, selective elimination 
of paternally derived zygotic plastids, and differences 
in rates of replication of plastid types, probably also 
play a role (Sears 1980; Smith 1989). Frequent biparen- 
tal (i.e. maternal or paternal) inheritance of plastids has 
been found in a relatively small number of angiosperms 
(Kirk and Tinley-Bassett 1978). On the other hand, in- 
frequent transmission of male plastids has been noted 
in about one-third of the angiosperms investigated 
(Smith 1989). Even so, much of the experimental data 
is limited by the small population sizes and moderate 
sensitivities of the marker systems used. Thus, low-fre- 
quency paternal transmission of the plastome may be 
more prevalent than is generally credited. 

Several independent studies have led to the conclu- 
sion that chloroplasts are inherited in a strictly maternal 
fashion in Nicotiana (reviewed by Kirk and Tinley-Bas- 
sett 1978). Nonetheless, Medgyesy et al. (1986) have re- 
cently found that paternal plastids can occasionally be 
inherited in this genus as well. In their study, streptomy- 
cin resistance was used as a selective marker to reveal 

paternal transmission in intraspecific crosses between 
different lines of N. plumbaginifolia, and in interspecific 
crosses between N. plumbaginifolia and N. tabacum. Pro- 
duction of callus tissue was an absolute requirement of 
the system. In the absence of this step, not a single green 
spot was found on the cotyledons of 6800 seedlings aris- 
ing from the intraspecific N. plumbaginifolia cross germi- 
nated in selective conditions (Medgyesy et al. 1986). This 
is in marked contrast to our results for intraspecific 
crosses in N. tabacum, where 98 tentoxin-resistant green 
islands were scored on the cotyledons of the 4600 seed- 
lings germinated in selective conditions (Table 1 B). It 
may be that paternal transmission of plastids is a more 
frequent phenomenon in N. tabacum than in N. plumba- 
ginifolia. Alternatively, tentoxin may be a more efficient 
selective agent than streptomycin for revealing a low 
density of resistant plastids. At any rate, the use of tissue 
culture, with its propensity for somaclonal variation, is 
clearly not a general requirement for obtaining paternal 
transmission of plastids in Nicotiana. 

An interesting point arising from our data is the 
higher percentage of tentoxin-resistant green spots in 
the cotyledons and true leaves of the mutagenized vs 
non-mutagenized seedlings (50% vs 2%, respectively, in 
the cotyledons and 2% vs 0.5% in the true leaves; cf. 
Table 1). This could have resulted from actual mutagene- 
sis of the line 92 plastome to tentoxin resistance but loss 
of the mutation upon removal of the selection pressure 
(either because the mutant plastid population was low 
or led to reduced fitness). We have not analyzed this 
point further. 

Mitochondria, ostensibly not under selection pres- 
sure in the presence of tentoxin, were maternally inherit- 
ed in our study as expected. This is in agreement with 
Medgyesy et al. (1986) and with somatic hybridization 
experiments that showed that mitochondria and chloro- 
plasts assorted independently during plant growth in Ni- 
cotiana (Galun et al. 1982; Fluhr et al. 1983). 

Nicotiana thus joins the growing number of genera 
in which low-frequency paternal inheritance of plastids 
(and/or mitochondria; Neale et al. 1989; Erickson et al. 
1989) can be demonstrated upon application of efficient 
selection pressure following normal sexual crosses. Ma- 
nipulation of this cryptic potential for variation in the 
higher plant plastome might help in understanding high- 
er plant plastid recombination, a process that apparently 
can be activated in Nicotiana (Medgyesy etal. 1985; 
Thanh and Medgyesy 1989). 
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