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Summary. The change of phenotype from sterility to fer- 
tility for some cres t  callus tissue culture regenerated 
plants and their progenies has been correlated with 
changes in their mitochondrial genome. Those changes 
that have been analyzed here are the result of recombina- 
tion events. Two different sets of repeated sequences have 
been found to be involved in those recombination events. 
The most common one is a recombination through a 
127-bp repeat between various independently isolated 
revertants. The second one is a recombination through a 
58-bp repeat. In every case the products of recombina- 
tion containing the urft3 gene have been deleted. 
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Introduction 

Maize plants with the T-cytoplasm are male sterile (un- 
less the restorer nuclear genes are present), and are also 
highly susceptible to the T-toxin excreted by the fungal 
pathogen Helminthosporium maydis, The toxin alters the 
membrane permeability of the cmsT maize mitochon- 
dria. The cytoplasmic male-sterile phenotype is very sta- 
ble as no reversion has been observed in the field, al- 
though the cmsT maize plants represented nine-tenths of 
the U.S. maize crop in the late 1960s. When plants were 
regenerated from tissue culture (either with or without 
the toxin selection) derived from cresT immature em- 
bryos, a fair proportion of them were male fertile and 
toxin resistant (Gengenbach et al. 1977, 1981; Brettell 
et al. 1979, 1980). Only the two phenotypes, male fertile/ 
toxin resistant or male sterile/toxin sensitive, out of the 
four possible combinations have been found. Studies of 
the restriction fragment profile of mtDNA from those 
regenerated plants have indicated that the phenotype 

change was also correlated to a change in the mitochon- 
drial genome (Brettell et al. 1982; Umbeck and Gengen- 
bach 1983). An XhoI 6.6-kb fragment unique to cmsT 
(Gengenbach et al. 1981; Brettell et al. 1982) has been 
replaced by a 6.2-kb XhoI fragment in the revertant 
(Fauron et al. 1987; Abbott  and Fauron 1986; Wise et al. 
1987), with the exception of a mutant T4 (Umbeck and 
Gengenbach 1983; Wise et al. 1987) and mutant V18 (this 
paper). In vitro protein synthesis using isolated cmsT 
mitochondria revealed the presence of a 13-K polypep- 
tide unique to the T-cytoplasm (Forde et al. 1978; Forde 
and Leaver ~ 980). Fertility restoration of the cresT plants 
in the presence or the restorer of fertility nuclear genes 
Rfl and Rf2 suppresses the synthesis of this polypeptide 
(Forde and Leaver 1980). 

In 1986 Dewey et al. showed that a 345-bp open read- 
ing frame named urfl3, unique to cmsT mtDNA, could 
encode a t3-K polypeptide. This locus is located on the 
6.6-kb XhoI fragment just mentioned, and has been 
strongly correlated with the male-sterile phenotype 
(Dewey et al. 1986, 1987, 1988; Wise et al. 1987), it is 
either deleted (Fauron et al. 1987; Rottman et al. 1987) 
or truncated (Wise et aL 1987) in the male-fertile regener- 
ated progenies. Recently, it has been shown that the 
deletion of urfl3 locus in the revertant V3 is the result of 
a recombination event involving two sets of repeats 
(Fauron et al. 1990). In order to better understand the 
recombination event, this region was studied in the prog- 
enies (three sterile and three fertile) of various cmsT tis- 
sue culture regenerated plants. 

Materials and methods 

Maize lines 
Maize tissue culture and plant regeneration have been described 
previously (Brettell et al. 1979, 1980). Regenerated plants and 
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Table 1. Details of cresT tissue culture regenerated plants and analysis of their progenies 

T Cytoplasm Cultures Initiated from Immature Embryos 

Derived from the Following Crosses: 

(Wf9T/W22 x A188Nrf) x W22rf Embryo 

I 
8C6 Culture (subcultured every 

/ / ~  ~ 3-5 weeks) 

12 15 12 15 

L 
0 0 3 5 

I I 
V7 V18 V3 VI7 
i I I t 
S R R R 

lb I 
S R R R 
1 I I L 
ST F F F 

Total time in culture (months) 

Number of times exposed 
to T toxin 

Regenerant name 

Toxin reaction of primary 
regenerant (R=resistant; 
S=sensitive) 

Toxin reaction of progeny 

Phenotype of progeny 
(F=fertile, St=sterile) 

(Wf9T/W22 X A188Nrf) x (A188Nrf) 

4C13 

1 
18 

0 

V32 
L 
S 

s/A/ C RD~R4 seeds 

/ I \ \ 
St/F St/F F F 

their progenies were tested for toxin sensitivity and pollen devel- 
opment as described previously (Brettell et al. 1980). The geno- 
types used as a source of T-cytoplasm tissue culture were the 
backcross of a three-way hybrid. Details on the lines are given 
in Table 1. The fertile lines V3, V18, V32C, V32D were propa- 
gated by repeated self-fertilization. The sterile lines V32A, V32B 
were propagated by hybridization with V32D pollen, while V7 
was fertilized with V3 pollen. 

mtDNA purification 

Mitochondria were purified from 50 to 100 g of seedlings grown 
in the dark by differential centrifugation as in Kemble et el. 
(1980). The pellets were lysed into a TRIS/EDTA/SDS buffer, 
then deproteinized with proteinase K and run into two CsC1 
gradients. 

mtDNA libraries. Plasmid libraries of V18, V32A, V32B, V32D, 
V7, V17 were made into the BamHI site of vector puc8. Cosmid 
clone libraries using vector pwe15 (Wahl et el. 1987) or vector 
pHC79 (Hohn and Collins 1980) were also constructed for the 
regenerants V3, V18, V32A, V32B, V32D, V7. 

DNA analysis. Miniprep or maxiprep DNA extraction, restric- 
tion enzyme digests, agarose gel electrophoresis, transfer of 
DNA to MSI membrane, labelling of DNA, and filter hybridiza- 
tion were as in Fauron et al. (1989). 

Sequencing. The DNA was purified as minpreps. Double-strand 
DNA sequencing was done using the chain termination method 
as in Chen and Seeburg (1985) with the sequenase enzyme (Unit- 
ed States Biochemical Corporation). 

Results 

As already shown (Fauron  et el. 1987) there has been a 
shift in the 6.6-kb XhoI  fragment  of  c r e s t  m t D N A  to a 

f ragment  of  6.2-kb in various fertile revertants.  The 
change has been more precisely mapped  onto a 1.5-kb 
AvaI fragment  in cresT that  is replaced by a 2.1-kb AvaI 
fragment  in the revertant.  This 2 . l -kb  AvaI fragment  is 
very similar to one present in the normal  fertile cyto- 
plasm. This shift is the result of  a recombinat ion event 
(Fauron  et al. 1987) involving a 127-bp repeat  (Rot tman 
et el. 1987): one copy of  the repeat  starts 4 bp away from 
the 3' end of  urfl3 and ends within the urf25 reading 
frame; the other copy is located 248 kb away (coordinate 
153 on the cresT map; Fau ron  et al. 1989). The sequences 
of  the cresT D N A  1.5-kb AvaI fragment were compared  
to the sequences homologous  in N and V3 m t D N A ;  they 
were found to diverge between the urfl3 and urf25 coding 
regions (Qin et al. 1987), resulting in the deletion of  the 
urfl3 locus (Fauron  et el. 1987; Rot tman et el. /987). 
Recently, it was shown in the V3 genome that  the urfl3 
gene is lost in a recombinat ion involving two sets of  
repeats (Fauron  et al. 1990: the 127-bp repeat  (R2) and 
the 4.6-kb repeat  (RI) .  The lat ter  has one copy located 
70 bp 5' of  the urfl3 locus and the other copy 83 kb away 
(coordinates 523 and 440 on the cresT map;  Fau ron  et el. 
1989). A combined analysis of  the mapping and sequenc- 
ing da ta  shows that  0.423 kb of  D N A  including the urfl3 
gene have been eliminated on the V3 genome. 

Regenerants used in this study 

In order  to unders tand the recombinat ion mechanism 
responsible for the phenotypic  change (i.e., sterile --* fer- 
tile), various revertants originating from different tissue 
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Table 2. Results of the test for toxin sensitivity and pollen development for the four linese derivded from the V32 primary regenerated 
plant originating from tissue culture 4C13 (see also Dixon et al. 1982) 

Toxin reaction 
(uniform in each 
case) 

Progeny tested 

Completely sterile 
Partly fertile 
Fully fertile 

Regenerant V32 

Scored as fertile/sensitive 

[ Self pollinated 

4 seeds 

A B C D 
[ l I I 

sens'itive sensitive resistant resistant 
[ L fertile fertile 

-55% anthers -70% a thers (>90% anthers (>90% anthers 
extruded and extruded and extruded and extruded and 

shedding pollen shedding pollen shedding pollen) shedding pollen) 

I I 1 
Self Self Self Self 

pollinated pollinated pollinated pollinated 
I i i i 

32A 32B 32C 32D 

I 
sensitive sensitive resistant resistant 

16 16 18 18 

I i I I 
14 6 0 0 
2 6 5 0 
0 4 ii 18 

2 tassels aborted 

cultures grown in the presence or absence of the T-toxin 
were analyzed. Some sterile regenerants obtained from 
the same callus were used as controls for this study. The 
two cultures, 8C6 and 4C13, were initiated from imma- 
ture embryos derived from the three-way hybrid (Wf9T/ 
W22 x A188Nrf) x W22rf and (Wf9T/W22 x A188Nrf) 
x(A188rf) 2, respectively (Table 1). Plant regeneration 
was induced from sublines after a period of 12 months 
(V3, V7), 15 months (V17, V18), and 18 months (V32). 
V3 and VI7 were the only regenerants studied in this 
paper that were exposed to the T-toxin during the culture 
phase C. V32 regenerated from culture 4C13 produced 
two apical inflorescences with spikelets containing some 
well-developed fertile anthers. A leaf assay classified this 
plant as sensitive to T-toxin (Brettell et al. 1980). Self- 
pollination resulted in the recovery of four seeds - A, B, 
C, D - that gave the lines V32A, V32B, V32C, V32D. 
Plants obtained from V32A and V32B were toxin sensi- 
tive; plants from V32C and V32D were toxin resistant. 
They were also scored for pollen fertility (Dixon et al. 
1982 and Table 2). 

Analysis of rntDNA 

Southern blot hybridization analysis of AvaI-digested 
mtDNAs from those various regenerant plants were 

probed with the cmsT AvaI 1.5-kb fragment (Fig. 1). V7, 
V32A, V32B that are male sterile/toxin sensitive still con- 
tain the 1.5-kb AvaI fragment as in cmsT mtDNA, while 
V3, VI 7, V32C, V32D that are male fertile/toxin resistant 
have a 2.l-kb AvaI fragment replacing the 1.5-kb frag- 
ment. V18, which is also fertile/toxin resistant, differs in 
that it contains a 1.25-kb AvaI fragment instead of the 
2.1-kb fragment. Therefore, in five independently isolat- 
ed revertant lines, four (V17, V18, V32C, V32D) were 
assumed to have undergone the same recombinational 
event as identified for V3, while the same region in V18 
has been rearranged in a different manner and will be 
analyzed in the last paragraph of this paper. The three 
other regenerants (V7, V32A, V32B) that have remained 
sterile do not seem to differ from their progenitor cresT. 
The other AvaI fragments of 1.0 kb and 3.7 kb that also 
hybridize with the probe have been identified previously 
(Fauron et al. 1987) and are the same in all plants exam- 
ined here. 

Mapping and sequencing 

The 2.l-kb AvaI fragment from V3 mtDNA used as a 
probe against the revertant cosmid libraries identified for 
each revertant the expected two sets of cosmids. The set 
b 1 (Fig. 2) contained the 1.7-kb AvaI fragment as found 
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Fig. 1. Southern blot hybridization of AvaI-digested mtDNA 
from various maize lines (as marked above the figure) probed 
with the V3 1.5-kb AvaI fragment. The 1.5-kb AvaI fragment in 
T, V32A, V32B has been replaced by a 2.1-kb AvaI fragment in 
the revertant V3, V17, V32C, V32D and a 1.25-kb AvaI frag- 
ment in revertant V18. Hybridization to other bands common to 
all genomes has been described in Fauron et al. (1987) 

in ernsT and the set C1 contained the 2.1-kb AvaI frag- 
ment itself. The 2.1-kb AvaI represents the junction frag- 
ment obtained from recombination via the 127-bp repeat 
between the AvaI-l .5 kb and AvaI-l .7 kb fragments of  
cmsT (Fig. 2). 

In order to understand the details of  the recombina- 
tion event that appears to be identical in four different 
regenerated plants and responsible for the sterility - .  
fertility reversion, we decided to sequence this novel junc- 
tion containing a copy of  the 127-bp repeat. The 3.3-kb 
HindIII  and 2.4-kb SmaI fragments covering almost en- 
tirely the AvaI 2.1-kb fragment and entirely the AvaI 
1.7 kb (Fig. 2), were subcloned into the vector pucl8 and 
sequenced with the dideoxy method. They do not contain 
any open reading frame and will be published elsewhere. 
Synthetic primers located on each side of  the 127-bp 
repeat near the urfl3 gene were used for sequencing the 
repeat and to compare with V3 the crossover point in the 
other revertants. The sequences of  the various versions of  
the R2 repeat are aligned in Fig. 3. The sequence is iden- 
tical for V3, V17, and V32D. As already mentioned by 
Rottman et al. (1987), the recombination has taken place 
within the 54-bp core sequence [bp 45 to 98 of  the repeat 
or bp 1,569 to 1,695, using Dewey et al. (1986) notation]. 

Comparison of  the sequence o f  the 127-bp repeat of  
the sterile regenerants V7, V32A, V32B shows 100% 
identity with cmsT. 

A 
lOObp A 

~ \ ~ \ \ \ \ % \ \ \ % % ~ 1  urf13 I I  urf25 

I ~ 1 2 L ~ ~ R 1  1 R2. / 

~ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ ~  [ ]  ] I u r f 25 
I urf13 I 

AX AXH A HHA AHAH H 
a l  i i I If I i i i  i i l l  I 

4- 

DR2 

H X A S  A X SA H X 
b l  I I I I I 

I I 17 I 
I 2 4  I 

C1 

d l  

I R 2  
I l urf25 yx~s ~ x ..A ~.A. 

I I I I I  I III I 

3.3 
4- 

BR2 
urf ] 3 [-"] 

AX AXH A SA H X 

I I I I 
L oJ 

Fig. 2. AvaI (A), HindlII (H), XhoI (X), SmaI (S) restriction 
map of the four products of recombination (al, bl, cl, dl) 
through the repeat R2 of 127 bp. A precise location of the repeat 
located 3' of urfl3 is shown on a diagram (amplification 5 x ) at 
the top of the figure. Located are also the 58-bp repeat with the 
other copy located within the coding region of the rrn26 gene 
(Dewey et al. 1986) and a 317-bp repeat also found on the 3' 
flanking region of the rrn26 gene. Hybridization studies have 
shown that only the forms bl with the AvaI 1.7-kb fragment and 
C1 containing the AvaI 2.l-kb fragment are present in the rever- 
tants mtDNA, al and dl, characterized by the fragments AvaI 
1.5-kb and AvaI 1.0-kb, have been eliminated 

Analysis of  V18 revertant 

V18 is fertile like V3 or V32D, but differs in that it does 
not contain the AvaI 2.1-kb fragment characteristic of  
the recombination event through the 127-bp repeat. A 
library of  pwe15 cosmid clones from V18 m t D N A  was 
probed with the Ava 1.5-kb fragment. Positive clones 
were mapped with the three restriction endonucleases 
BamHI,  XhoI,  and SmaI. This led to the identification of  
three different sets of  cosmid clones. It identifies the 
ATPase 6 gene region and the rrn26 gene region, as in the 
other revertant and already explained in Fauron et al. 



cmsT R2copyl* 

V3-V32D-VI7 + 

cmsT R2copy2 # 

cmsT R2copyl* 

V3-V32D-VI7 § 

cmsT R2copy2 # 

urfl3 1569 

val glu val pro stop ] 
GTA CAA GTA CCG TGA GGACCAAAGTCTCCCTTTCTCTTTTGGGGTGGGG 

........ �9 ..,.... . . . . . . . .  

TTCGTTGGAAAAACCAACCACAAAAAAAGTCTCCCTTTCTCTTTTG ..... GGA 

... ................ ,,~176 ............ ~ ,,. 

~ I ~ G T T G ~ C C ~ C ~ a C ~ a ~ a ~ T e T c e c T ~ T C T C T T T T G  . . . . .  GGA 

urf25 

met arg phe 

GCGGACGTGAATAAATTGTATTTTATAAAGTTTAGAGTCACA ATG AGA TTT 

............. .....o ........................... 

GCAGACGTG ..... ATTGTATTTTATAAAGTTTAGAGTCACA ATG AGA TTT 
........ , .... ................................. 

GCAGACGTG ..... ATTGTATTTTATAAAGTTTAGAGTCACA ATG AGA TTT 
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cmsT R2copyl* 

V3-V32D-VI7 § 

cmsT R2copy2 # 

ser gly met asp met lys lys arg lys met leu phe ala ala 

AGT GGA ATG GAT ATG AAG AAA AGA AAA ATG CTA TTT GCT GCT 

~GT GGA ATG GAT ATG AAG AAA AGA AAA ATG CTA TTT GCT GCT 
.................. . ................ .. 

AGT GGA ATG GAT ATG AAG GGT ATA AAT ATG CTA TTT GCT GCT 

1695 
l 

ile pro ser ile cys ala ser ser 

cmsT R2copyl* ATT CCA TCT ATT TGT GCA TCA AGT 

...... o .... . ............ 

V3-V32D-VI7 § ATT CCA TCT ATT TGT GCA TCA AGT 

crest R2copy2 ~ ;~ &G ~CTATG~C~GTCTGCGG 

Fig. 3. Nucleotide sequence of the repeat R2 and its immediate surroundings. The repeat R2 itself has been underlined. The base pair 
numbering is as in Dewey et al. (1986). The sequence differs from Dewey et al. at position 1565 just before the beginning of the repeat, 
where a G resides is deleted in our sequence, and at position 1603-1604, where we have the sequence CG instead of GC. These 
differences are consistent in our results, as they have been found in all the maize line studied here. As already stated by Rottman et al. 
(1987), R2copyl and R2copy2 have a completely homologous sequence of 55 bp central to the repeat, while mismatches are observed 
in each side. The repeats in V3, V32D, V17 recombinants are identical to each other. Their left side is identical to cmsTcopy2 and 
their right side to copy 1. * Located 3' end of urfl3 locus. Identical in sterile regenerant V7), V32A, V32B. + Located coordinate 
153 on cresT map (Fauron et al. 1989). * From recombinant cl on Fig. 2. Identical in the fertile revertant V3-V32D-VI7 

(1987), and a novel set of  sequence rearrangements  con- 
taining the urf25 gene and the 5' end of  the r ibosomal  
rrn26 gene. As shown in Fig. 4, this represents a recombi-  
nant  molecule that  arose f rom a recombinat ion  event 
taking place within the 58-bp repeat  common to the 
rrn26 gene and urfi3 gene. Sequencing through this re- 
peat  confirms the results (Fig. 5). The 58-bp repeat  with- 
in the rrn26 gene (posit ion 1,055-1,110, Dale et al. 1984) 
and the urfl3 locus (posit ion 1,507-1,564, Dewey et al. 
1986) have three mismatches (1 substitution, 2 bp  dele- 
tions) within the first 11 bp, then a perfect identit iy for 
the remaining 47 bp. The recombinat ion  in V18 has tak- 
en place within the perfect homology  of  the two repeats 
as V18 match  the 26S region on the left (Fig. 5). This 
ar rangement  is accompanied  by the el iminat ion of  the 
urfl3 - containing parental  and recombinant  type. 

Conclusion 

The presence of  the urft3 gene that  codes for the 13-K 
polypept ide  has been shown to be responsible for the 

male-sterile phenotype (Dewey et al. 1986, 1987, 1988; 
Wise et al. 1987). No  reversion to fertility has been ob- 
served in the natura l  popula t ion  in the open field. How- 
ever, callus tissue culture from which are derived the 
regenerant  progenies analyzed in this study appears  to 
induce the loss or the t runcat ion of  the urfl3 gene that  is 
associated with the reversion to fertility. The mechanism 
by which various recombinat ion  events change the orga- 
nization of  the mi tochondr ia l  genome resulting in the 
loss of  the urfl3 locus has been described in a different 
paper  (Fauron  et al. 1990). 

Two different recombinat ional  events have been iden- 
tified here. The most  common one occurs within the 
127-bp repeat  as described for V3 (Fig. 2, Qin et al. 
1987), giving rise to a 2 . l -kb  AvaI fragment.  It has now 
been identified in ten different independently isolated 
revertants (data  not  shown). The other recombinat ion  
event involving the 58-bp repeat  located within the cod- 
ing regions of  the rrn26 gene and urfl3 gene has been 
found in only one instance: the V18 revertant.  It would 
not  be surprising that  the analysis of  more  revertants 
would reveal recombinat ion  events taking place within 
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4- 
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13 

IIR3 

[ - - 4 . 9  I 

Fig. 4. Recombination in the revertant V18 mtDNA. BamHI 
(B), XhoI (X), SmaI (S) restriction enzyme map of the four 
recombination products (a3, b3, c3, d3) through the repeat R3 
of 58 bp. A precise location of the repeat is shown at the top of 
the figure with a tenfold increased scale. Hybridization studies 
have shown that only the forms b3 and c3 are identified by SmaI 
fragment 4.8-kb and 1.3-kb. Forms a3 and d3 characterized by 
the fragments XhoI 6.6-kb and XhoI 4.9-kb have been deleted 

the 317-bp repeat (Fig. 2). Or is it surprising that no such 
recombination was observed although the repeat is 
larger? 

The V32 primary regenerant represents a mutant  
where the somatic assortment has not as yet been com- 
pleted in the germ line (mother cell that give the progeny 
seeds). It is a heteroplasmic situation as defined by Pring 
et al. (1988), where a single cell harbors more than one 
mitochondrion type or a mitochondrion more than one 
genome type. When segregation is accomplished, the 
plants that have reverted to fertile phenotype are no 
longer sensitive to the T-toxin (Table 2), fail to synthesize 
significant levels of  a 13-K polypeptide specific to cmsT 
plants (Dixon et al. 1982), and have lost their urfl3 locus. 

In order to define the precise location at which the 
recombination function is resolved and to know if it is 
identical for various revertants, we sequenced three junc- 
tions within the 2.1-kb AvaI fragment from three inde- 
pendently isolated revertants (V3, V17, V32D) from two 
different crosses. The three sequences were identical 
(Fig. 3). The recombination has operated on a 55-bp 
stretch of  D N A  where there is complete homology be- 
tween the two repeats. The mechanism of genetic ex- 
change between the two parental D N A  stretches where 
recombination takes place does not induce any new mu- 
tation or reassortment of  nucleotide that is different from 
the parental strand except for the crossing-over. 

In order to know if tissue culture is likely to induce 
mutat ion in a region that seems favorable to recombina- 
tional changes, three regenerated sterile plants were also 
sequenced throughout  their 127-bp repeat located 3' of  
the urfl3 locus. No  changes were observed when com- 
pared to the cresT parental cultivar. 

Although tissue culture does not always induce 
changes in the urfl3 region, this study allowed us to state 
that the urfl3 changes, when they do occur, are caused by 

urfl3 

V18* 

rrn26 

urfl3 

VI8 

rrn26 

urfl3 

VI8 

rrn26 

1507 
I 

gly arg ser asn asp gly ser thr leu ser lys pro lys tyr 
GGT CGA AGC AAC GAC CAA TCC ACT CTC TCT AAG CCT AAG TAT 

,o .... o~ ~ ~176176 o~176 0~176 o.~ 
TTT ACG CGA GAA AGG GGC ACC ACC CTC T-- AAG CCT AAG TAT 
..... , ..~ ~176 o ....... o~176 ~176176 .~176 ~176176 .~176 ~176176 ~176176 
TTT ACG CGA GAA AGG GGG ACC ACC CTC T-- AAG CCT AAG TAT 

I 
1055 

1564 
set set met thr asp set val gln val pro I 
TCC TCA ATG ACC GAT AGC GTA CAA GTA CCG TGA GGGACCAAA 

. . . . . .  o , o  o o o  ~ 1 7 6  , ~ 1 7 6  . . . . . .  ~ . . . . . . . . . .  ~ 1 7 6 1 7 6  

TCC TCA ATG ACC GAT AGC GTA CAA GTA CCG TGA GGGACCAAA 

TCC TCA ATG ACC GAT AGC GTA CAA GTA CCG TGA GGAAAGGTG 
I 

1 1 1 0  

GTCTCCCTTTCTCTTT 
~176176 ............ 
GTCTCCCTTTCTCTTT 

AAAAGAACCCCAATCG 

Fig. 5. Nucleotide sequence of the repeat 
R3 and its surrounding sequences. The 
base pair numbering is as in Dewey et al. 
(1986) for urfl3 and rrn26. The R3 repeats 
between the urfI3 and rrn26 gene differ 
only at position 1516 and 1517. The repeat 
in recombinant molecule of V18 is identi- 
cal to the rrn26-R3 repeat to the left side 
and identical to urfl3-R3 on the right side. 
* From recombinant C3 on Fig. 4 
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the tissue culture process alone rather  than toxin selec- 
tion, since the V3 and V32D plants, one grown in the 
presence of  toxin, the other without,  show exactly the 
same D N A  rearrangement ,  resulting in the format ion  of  
the 2.1-kb AvaI fragment.  The variat ions analyzed here 
are par t  of  a more  complex rearrangement  of  the master  
chromosome,  resulting in a delet ion and dupl icat ion of  a 
discrete par t  of  the genome aimed at  el iminating the 
deleterious urfl3 gene. However,  as ment ioned by Kem- 
ble et al. (1982) and also f rom our  observations,  a few 
other discrete sequence al terat ions have been observed in 
some of  the revertants.  

Acknowledgements. We are grateful to Dr. R. Gesteland for his 
constant support and critical discussion and to T. Adkins for the 
typing of the manuscript. 

References 

Abbott AG, Fauron CM-R (1986) Structural alterations in a 
transcribed region of the T-type cytoplasmic male-sterile 
maize mitochondrial genome. Curr Genet 10:777-783 

Brettell RIS, Goddard BVD, Ingram DS (1979) Selection of 
TMS-cytoplasm maize tissue cultures resistant to Drechslera 
maydis T-toxin. Maydica 24:203-213 

Brettell RIS, Thomas E, Ingram DS (1980) Reversion of Texas 
male-sterile cytoplasm maize in culture to give fertile, T-tox- 
in resistant plants. Theor Appl Genet 58:55-58 

Brettell RIS, Conde MF, Pring DR (1982) Analysis of mito- 
chondrial DNA from four fertile maize lines obtained from 
a tissue culture carrying Texas cytoplasm. Maize Genet 
Coop New Letter 56:1314 

Chen E J, Seeburg PH (1985) Supercoil sequencing: a fast simple 
method for sequencing plasmid DNA. DNA 4:165-170 

Dale RMK, Mendu N, Ginsburg H, Kridl JC (1984) Sequence 
analysis of the maize mitochondrial 26S rRNA gene and 
flanking regions. Ptasmid 11:141-150 

Dewey RE, Levings CS III, Timothy DH (1986) Novel recombi- 
nations in the maize mitochondrial genome produce a 
unique transcriptional unit in the Texas male-sterile cyto- 
plasm (cresT). Cell 44:439-449 

Dewey RE, Timothy DH, Levings CS III (1987) A mitochondri- 
al proteins associated with cytoplasmic male sterility in the 
T-cytoplasm of maize. Proc Natl Acad Sci USA 84: 5374- 
5378 

Dewey RE, Siedon JN, Timothy DH, Levings CS III (1988) A 
13-kilodalton maize mitochondrial protein in E. coli confers 
sensitivity to Bipolaris maydis toxin. Science 239:293-295 

Dixon LK, Leaver CJ, Brettell RIS, Gengenbach BG (1982) 
Mitochondrial sensitivity to Drechslera maydis T-toxin and 
the synthesis of a variant mitochondrial polypeptide in 

plants derived from maize tissue cultures with Texas male- 
sterile cytoplasm. Theor Appl Genet 63:75-80 

Fauron CM-R, Abbott AG, Brettell R, Gesteland RF (1987) 
Maize mitochondrial DNA rearrangements between the 
normal type, the Texas male-sterile cytoplasm and a fertile 
revertant cmsT regenerated plant. Curr Genet 11 : 339- 346 

Fauron CM-R, Havlik M, Lonsdale D, Nichols L (1989) Mito- 
chondrial genome organization of the maize cytoplasmic 
male-sterile type T. Mol Gen Genet 216:395-401 

Fauron CM-R, Havlik M, Brettell RIS (1990) The mitochondri- 
al genome organization of a maize fertile cmsT revertant line 
is generated through recombination between two sets of re- 
peats. Genetics 124:423-428 

Forde BG, Leaver CJ (1980) Nuclear and cytoplasmic genes 
controlling synthesis of variant mitochondrial polypeptides 
in male-sterile maize. Proc Natl Acad Sci USA 77:418-422 

Forde BG, Oliver RJC, Leaver CJ (1978) Variation in mitochon- 
drial translation products associated with male-sterile cyto- 
plasms in maize. Proc Natl Acad Sci USA 75:3841-3845 

Gengenbach BG, Green CE, Donovan CM (1977) Inheritance 
of selected pathotoxin resistant in maize plants regenerated 
from cell cultures. Proc Natl Acad Sci USA 74:5113-5117 

Gengenbach BG, Connelly JA, Pring DR, Conde MF (1981) 
Mitochondrial DNA variation in maize plants regenerated 
during tissue culture selection. Theor Appl Genet 59:161 -167 

Hohn B, Collins J (1980) A small cosmid for efficient cloning of 
large DNA fragment. Gene 11:291-298 

Kemble RJ, Gunn RE, Flavell RB (1980) Classification of nor- 
mal and male-sterile cytoplasms in maize. Electrophoretic 
analysis of DNA species in mitochondria. Genetics 95: 451- 
458 

Kemble RJ, Flavell RB, Brettell RIS (1982) Mitochondrial 
DNA analyses of fertile and sterile maize plants derived from 
tissue culture with the Texas male sterile cytoplasm. Theor 
Appl Gen 62:213-217 

Pring DR, Gengenbach BG, Wise RP (1988) Recombination is 
associated with polymorphism of the mitochondrial 
genomes of maize and sorghum. Philos Trans R Soc London 
Ser B 319:187-198 

Qin J, Fauron CM-R, Brettell RIS, Milhous M, Abbott A (1987) 
Toxin resistance and/or male fertility reversion is correlated 
with defined transcription changes in the 1.5-kb AvaI region 
of cmsT. Nucleic Acids Res 15:6091 

Rottman WH, Brears T, Hodge TP, Lonsdale DM (1987) Mito- 
chondrial gene is lost via homologous recombination during 
reversion of cmsT maize to fertility. EMBO J 6:1541-1546 

Umbeck PF, Gengenbach BG (1983) Reversion of male-sterile 
T-cytoplasm maize to male fertility in tissue culture. Crop 
Sci 23:584-588 

Wahl GM, Lewis KA, Ruiz JC, Rothenberg B, Zhao J, Evans 
GA (1987) Cosmid vectors for rapid genomic waling, restric- 
tion mapping and gene transfer. Proc Natl Acad Sci USA 
84:2160-2164 

Wise RP, Pring DR, Gengenbach BG (1987) Mutation to male 
fertility and toxin insensitivity in Texas (T)-cytoplasm maize 
is associated with a frameshift in a mitochondrial open read- 
ing frame. Proc Natl Acad Sci USA 84:2858-2862 


