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Summary.  Plants carrying Texas male-sterile (Tms) cyto- 
plasm are normally sensitive to Drechslera maydis T- 
toxin.  Tissue cultures were initiated from immature em- 
bryos o f  maize carrying Tins-cytoplasm, and plants were 
regenerated after selection for resistance to T-toxin. 
Fertile,  T-toxin resistant plants were obtained from the 
unselected control  cultures as well as from the selected 
material.  In addit ion,  one regenerant from an unselected 
culture was fertile and T-toxin sensitive. The progeny of  
the regenerants showed the phenotype o f  the female par- 
ent with respect to pollen-fertil i ty,  and T-toxin resistance. 
The data are consistent with the heritable changes ob- 
served being the result of  the expression of  an altered 
mitochondrial  genome. 
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Introduction 

Various methods for the selection of  toxin-resistant plant 
tissue and cell cultures have been described (Maliga 1978; 
Strauss et al. 1980). These offer a practical means of  
generating novel disease-resistant plants in cases where the 
disease-causing organism produces a toxin  which itself is 
a determinant  o f  pathogenicity (Brettell  and Ingram 
1979). 

The technique of  recurrent selection, using cultures 
grown on agar-stabilised media without  mutagenic treat- 
ments,  has been applied to tobacco (Maliga et al. 1973) 
and maize (Gengenbach and Green 1975; Brettell et al. 
1979) for the isolation of  toxin-resistant cultures. In 
maize, resistant lines were selected from Texas male-ster- 
ile cytoplasm cultures (Tms-cultures) which are normally 
susceptible to T-toxin produced by  race T of  the fungus 
Drechslera maydis (Nisikado) Subram. and Jain (=Helmin- 

thosporium maydis Nisikado). Plants regenerated from the 
resistant cultures were found to be resistant to T-toxin 
and to the disease Southern Corn Leaf Blight caused by 
D. maydis (Gengenbach et at. 1977). In this paper,  we 
describe a further analysis o f  plants regenerated from se- 
lected Texas male-sterile maize tissue cultures and also 
show that  plants resistant to T-toxin may be regenerated 
from unselected cultures. 

Materials and Methods 

Culture Initiation and Plant Regeneration 

Complex shoot-forming cultures were initiated from immature 
embryos of maize as described in a previous paper (Brettell et al. 
1979). Cultures carrying Texas male-sterile (Tms) cytoplasm were 
initiated from embryos resulting from the following crosses: 
(Wf9T/W22 X AI88N rfrf) X W22 rfrfand (Wf9T/W22 X AI88N 
rf rf) X AI88N rfrf. Cultures carrying normal (N) cytoplasm were 
initiated using embryos from self-pollinated plants of AI88N rfrf. 
All lines were maintained by serial subculture on the modified 
MS-medium (Murashige and Skoog 1962)recommended by Green 
and Phillips (1975), with biotin added at 4.0 Izg 1-1 and 2,4- 
dichlorophenoxyacetic acid (2,4-D) added at 1.25 mg 1-1 . Plants 
were regenerated by reducing the concentration of 2,4-I) in the 
culture medium to 0.25 mg 1-1 for four weeks, and then trans- 
ferring the expanding shoots to hormone-free medium in cylin- 
drical plastic containers (50 X 50 X 60 ram) incubated at 26~ 
under fight of 3000 lux (16 h day). Regenerant plantlets were 
picked out from the agar medium, placed in soil and allowed to 
develop in a phytotron (24~ 12 h day (3500 lux): 20~ 12 h 
night) for ten days before final transfer to glasshouse or field. 

Selection of T-toxin Resistant Cultures 

Details of the preparation of T-toxin and the selection procedure 
have been given previously (Brettell et al. 1979). T-toxin was ex- 
tracted from cultures of Drechslera maydis race T and incorpo- 
rated in the culture medium as described. Small sectors of viable 
tissue were selected from cultures carrying Tms-cytopiasm (Tms- 
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cultures) that had been incubated for eight weeks on medium 
containing a toxic concentration of T-toxin extract (2 ml 1 -t ). 
Shoot-forming, T-toxin resistant cultures obtained from two such 
sectors were maintained on medium containing 4 ml 1-1 T-toxin. 

Analysis of Regenerant Plants and their Progeny 

Plants were regenerated from cultures maintained for more than 
one year on agax medium. In addition to the Tms-cultures selected 
for T-toxin resistance, the experiments included Tms-cultures 
never exposed to T-toxin and cultures carrying normal cytoplasm 
(N-cultures). The toxin response of the regenerant plants was 
assessed by applying 30 ~1 undiluted toxin extract towards the 
base of a rapidly growing young leaf, a small area near the midrib 
of the leaf having been abraded to facilitate application. A positive 
(sensitive) reaction was characterised by the development of a long 
chlorotic streak, which was not observed when leaves of plants 
carrying N-cytoplasm were treated with toxin. The regenerant 
plants were also tested for pollen development, by removing 
anthers from the plant prior to dehiscence, and treating them with 
a solution of iodine (5 g 1-1 ) in potassium iodide (10 g 1 -I ). The 
percentage of pollen grains that were normally developed and gave 
a dark staining reaction was assessed microscopically. 

Seed of the regenerant plants were sown in the field and glass- 
house, and the resulting plants were likewise tested for their 
response to T-toxin and scored for the production of mature 
starch-filled pollen. 

Results 

A total of 126 plants were regenerated from cultures 
maintained for more than one year in vitro. These regen- 
erants showed a tendency to tiller and were generally 
stunted, reaching a height of no more than 80 cm at ma- 
turity.  In addition, many of the tassels were composed of 

a mixture of male and female flowers, a deviation from 
normal development that is sometimes observed in seed- 
derived plants grown in the glasshouse (Bonnett 1966). 

Fifty-eight plants were regenerated from one Tms- 
culture line which had been selected for T-toxin resistance 
and maintained for at least three subcultures on medium 
containing T-toxin. All gave a resistant reaction when T- 

toxin was applied to a young expanding leaf (Table 1), 
and 56 had more than 50% starch-filled pollen. In two 

cases the apical inflorescence was composed mainly of 
pistillate spikelets and the few staminate florets contained 

shrivelled anthers which failed to produce pollen. These 
were distinguished from the truly sterile tassels charac- 

teristic of Tins cytoplasm, since the same abnormalities 
in development were also observed among the plants regen- 
erated from N-cultures. 

The most interesting results were obtained from con- 

trol Tms-cultures never exposed to toxin, from which 31 
fertile, toxin-resistant plants were regenerated, compared 

to 19 which were sterile and toxin-sensitive (Table 1). 

One plant regenerated from a Tms-culture never exposed 
to toxin, gave a sensitive toxin reaction, yet produced two 
tassels carrying well-developed fertile anthers, the only 

instance where there was an apparent break in the linkage 
between T-toxin sensitivity and male-sterility. 

In contrast to the primary regenerants, the progeny of 
the plants regenerated from culture were uniform and had 
a normal morphology reaching a height of 2 m or more at 
maturity.  In almost all cases they consisted of a single 
stem with an apical staminate tassel (no pistillate spike- 
lets) and two or more lateral cobs. The plants all express- 

ed the phenotype of the female parent with respect to 

Table 1. T-toxin sensitivity and male-sterility in plants regenerated from embryo-derived maize cultures maintained on agar-stabilised 
medium for more than one year 

Culture Toxin reaction Pollen > 80% Pollen 50-80% No. mature pollen, No. mature pollen, 
of regenerants s t a r c h - f i l l e d  starch-filled tassel with majority tassel development 

of spikelets normal 
pistillate 

Texas male-sterile 
cytoplasm culture, sensitive . . . .  
selected for T-toxin 
resistance resistant 45 11 2 - 

Texas male-sterile 
cytoplasm culture, sensitive 1 - 5 19 
never exposed to 
T-toxin resistant 22 9 4 - 

Normal cytoplasm 
culture, never sensitive . . . .  
exposed to 
T-toxin resistant 2 2 4 - 

Total 126 plants 
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Table 2. Analysis of the progeny of plants regenerated from embryo-derived maize cultures 
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Female parent Male parent No. of crosses No. of fertile 
T-toxin 
resistant plants 

No. of sterile 
T-toxin-sensitive 
plants 

A Fertile T-toxin resistant Fertile T-toxin resistant 8 58 
plant from a Tins-culture plant from a Tms-culture 
selected for toxin- selected for toxin- 
resistance resistance 

B Sterile T-toxin-sensitive Fertile T-toxin-resistant 3 0 
plant from an unselected plant from a Tms-culture 
Tins-culture selected for toxin- 

resistance 

C Fertile T-toxin resistant Fertile T-toxin resistant 1 15 
plant from an unselected plant from an unselected 
Tins-culture Tms-culture 

D Fertile T-toxin resistant Fertile T-toxin resistant 1 24 
plant from an unselected plant from a Tms-culture 
N-culture selected for toxin- 

resistance 

0 

36 a 

0 

0 

a 3 plants showed partial fertility, but in each case less than 5% of the pollen produced was starch-filled 

pollen-fertility and toxin-sensitivity (Table 2), and suggest 
that a dominant nuclear mutation is not the cause o f  
fertility restoration in the primary regenerants. If  a heter- 
ozygous dominant mutation were responsible, then a 
proportion of  the progeny of  self-pollinated, fertile toxin- 
resistant regenerants derived from Tms cytoplasm would 
be mate-sterile; yet all were male-fertile (Table 2,A). On 
the other hand, a homozygous dominant mutation is ex- 
cluded by the failure to transmit the fertility to male- 
sterile toxin-sensitive regenerants (Table 2,B). 

Discussion 

Gengenbach et al. (1977) described the regeneration of  
plants from cultures carrying Texas male-sterile cytoplasm 
(Tms-cultures) which had been selected for resistance to 
T-toxin by serial subculture on medium containing T- 
toxin. Fifty-two of  65 plants regenerated after five or 
more subcultures in the presence of  toxin were fully male- 
fertile and toxin-resistant, whereas an unspecified number 
of  plants regenerated from unselected control cultures 
were male-sterile and toxin-sensitive. Mitochondria iso- 
lated from toxin-resistant cultures were insensitive to the 
effects of  the toxin, and in addition both male-fertility 
and toxin-resistance showed maternal inheritance, sug- 
gesting that the selection had occurred in an extranuclear 
(most likely mitochondrial) genome (Gengenbach et al. 
1977). 

In our experiments all plants regenerated from Tins- 
cultures exposed to T-toxin were resistant to the toxin, 

and the majority were also fully male-fertile. Thus far, the 
data are entirely consistent with those o f  Gengenbach et 
al. (1977). However, a significant number of  T-toxin- 
resistant plants were also regenerated from control Tms- 
cultures which had been maintained for more than one 
year on agar medium without exposure to T-toxin. Again 
there was a close link between male-sterility and toxin- 
sensitivity. The failure of  some of  the toxin-resistant re- 
generants to produce fertile pollen may be ascribed to the 
developmental abnormalities often observed in the plants 
regenerated from cultures with normal cytoplasm. The 
fact that the first generation progeny of  the regenerants 
were indistinguishable from plants that had been grown 
from seed without an intervening culture phase implies 
that these abnormalities may either be the result o f  phys- 
iological disturbances occurring in the tissue culture envi- 
ronment, or be due to chromosomal or gene mutations 
subsequently eliminated during sexual reproduction. 

The analysis of  the primary regenerants suggests that 
under the conditions o f  tissue culture there occurs in the 
Tins-cytoplasm material a stable genetic change which is 
responsible for the reversion to male-fertility and T-toxin 
resistance. This in itself is surprising in view of  the lack 
o f  instability in the expression of  Texas male-sterility 
under field conditions (Duvick 1965). 

The analysis o f  the progeny of  the regenerants ex- 
cludes the involvement o f  a dominant nuclear mutation. 
The possibility o f  a recessive mutation is not consistent 
with the results of  Gengenbach et al. (1977) when they 
regenerated male-fertile resistant plants from Tms-cultures 
and crossed them with pollen o f  the maintainer line 
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AI88N r f  rf.  In this case all progeny were male-fertile and 
toxin-resistant. Thus, we would support the hypothesis 
that the reversion o f  Tms-cytoplasm in culture to produce 
fertile T-toxin-resistant plants is the consequence of  an 
alteration in the mitochondrial  genome. This is reflected 
in the appearance of  T-toxin-resistant mitochondria in 
selected cultures derived from Tms cytoplasm (Gengenbach 
and Green 1975; Brettell et al. 1979). The regeneration 
of  one male-fertile, T-toxin-sensitive plant may reflect a 
true genetic separation o f  two closely linked characters 
(male-sterility and T-toxin-sensitivity), but  alternatively 
might simply have been the result o f  reversion occurring 
during the development o f  the plant.  

Kemble and Bedbrook (1980) have recently examined 
preparations of  mitochondrial  DNA from seed produced 
by two Of our plants regenerated from Tms-cultures se- 
lected for T-toxin resistance. These showed the charac- 
teristic mitochondrial  DNA banding pattern of  Tins- 
cytoplasm. Thus a 2350 base pair DNA species found in 
N-cytoplasms is absent in the plants regenerated from 
selected Tms-cultures. This suggests that  the reversion is 
not due to an increase in N-type mitochondrial  genomes 
which might already be present in Tms-cytoplasm. To 
explain the heritable changes in the normally stable Tins- 
cytoplasm, we would propose another  as yet  undetected 
change in the genome of  Tms-cytoplasm mitochondria .  
This might result from a mutat ion or loss of  mitochondrial  
DNA. On the other hand,  a recombinational  event o f  the 
type first observed in yeast (Thomas and Wilkie 1968) 
may be involved. Evidence for mitochondrial  recombina- 
t ion in higher plants has recently been described (Belliard 
et al. 1979). 

In conclusion, the precise nature o f  the event responsi- 
ble for reversion and how it may be influenced by the con- 
ditions of  tissue culture remain obscure, and perhaps await 
a bet ter  understanding of  the processes o f  DNA replica- 
t ion and recombination in the plant mitochondrial  ge- 
Rome. 
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