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ABSTRACT 
A new  type  of  maize mitochondrial genome has been identified in  the male fertile (normal)  inbred 

line A188. It has been named NA (N in  the A188 nuclear background). In comparison to  previously 
described maize mitochondrial genomes, it is  classified  as a new  type  since the  genome contains unique 
DNA sequences and unique sets  of repeated sequences, and has a  unique organization. This brings the 
number of the maize mitochondrial genome types to five  of which three  are  the cytoplasmic male steriles 
cmsT,  cmsC and cmsS and ofwhich two are  the male fertile types NA (in this report)  and NB (the previously 
characterized normal genome  in  the B37 nuclear background). 

T HE mitochondrial  genomes (mtDNAs)  of higher 
plants are large and vary in  size from 208 kb 

(PALMER and HERBON 1987) to 2400  kb  (WARD et al. 
1981).  Higher  plant mtDNAs  also share  unique struc- 
tural features  that distinguish them from the animal, 
fungal and protozoan mtDNAs. The most striking fea- 
ture is the presence of recombination  repeats (with the 
exception of Brassica h i r t a ) .  Recombination mediated 
by these repeated sequences leads to  an  heterogeneous 
and somewhat repetitious  population of  mtDNA  mol- 
ecules. Nevertheless, physical maps representing  the en- 
tire genetic complexity have been  constructed  for  a 
number of plant species. These maps represent  the mas- 
ter chromosomes, which are  the smallest units, that ac- 
count for  the total genetic  information of the  genome, 
as disclosed by analysis  of cosmid clone libraries (PALMER 
and SHIELDS 1984; LONSDALE et al. 1984; QUETIER et al. 
1985; PALMER and HERBON 1986,  1987,  1988; STERN and 
PALMER 1986; MAKAROFF and PALMER 1988; SICULLELLA 
and PALMER 1988; FAURON and H A W K  1988; BREAR~  and 
LONSDALE 1988; FOLKERTS and HANSON 1989,  1991; 
FAURON et al. 1989,  1990,  1992; YAMATO et al. 1992; 
IWAHASHI et al. 1992; JANSKA and MACKENZIE 1993). The 
largest master chromosomes so far described are those 
for maize, where the genetic complexity ranges from 540 
kb for  the cytoplasmic male sterile (cms) type T (FAURON 
et al. 1989) to 919 kb for a cmsT revertant plant (FAURON 
et al. 1992). The first map available was for maize normal 
type (N) inbred  line WF9 whose master chromosome is 
570  kb in size (LONSDALE et al. 1984). A map of the N 
genome  in  the B37 nuclear  background  has also been 
published (FAURON and HAVLIK 1988);  it is almost  iden- 
tical to N(WF9) map. We  have been aware for some 
time of the existence of a  distinct type  of normal maize 
mitochondrial DNA found in the  inbred  line A188. 
We have  now characterized this genome,  and we 
present  here  the physical map of the master  chromo- 
some, its potential  multipartite  structure,  and  a  de- 
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tailed comparison with the  other known maize 
mtDNA physical maps. 

MATERIALS  AND  METHODS 

The mtDNA  was isolated from 5-llday-old (depending 
upon  the room temperature  at which the germination is ini- 
tiated) dark-grown coleoptiles as described in FAURON et al .  
(1987). All seeds were provided by Pioneer Hi-bred Interna- 
tional, Inc. 

Construction and analysis  of  cosmid and plasmid clone li- 
braries, cosmid and plasmid DNA purification, restriction en- 
zyme  analysis, agarose gel electrophoresis, bidirectional trans- 
fer of DNA onto MSI filters (Micron Separation, Inc.), labeling 
of  DNA and filter hybridizations were performed as described 
in FAURON et al .  (1987). 

RESULTS 

Two distinguishable  patterns of molecular  hybridiza- 
tion  exist  in  the normal  maize  mitochondrial  genomes of 
the  most common U.S. inbred  lines: A few years ago, 
while looking for differences between the N and cmsT 
mtDNAs, we identified a second type of normal maize 
mtDNA in the  inbred line A188 (FAURON et al. 1991) 
which will be  referred  hereafter as  NA (N in nuclear 
background A188). The previously published N mtDNA 
map will be be referred to as NB (N in nuclear back- 
ground B37). We used  20  cosmid clones that collectively 
represent  the  entire genetic complexity of the NB mas- 
ter  chromosome as hybridization probes against a blot 
containing various  maize  cytotype  mtDNAs digested 
with the restriction enzymes BamHI, XhoI or SmaI. The 
results of those hybridizations revealed a large number 
of fragment size variations between NA and NB mtD- 
NAs. An example is  shown in Figure 1, where the two 
probes reveal striking differences in the hybridization 
patterns of the two genomes. Out of the 20 probes used 
for this analysis,  only two cosmid clones revealed iden- 
tically  sized fragments in NA and NB  mtDNAs. 

Physical  map of the  master  chromosome: The restric- 
tion enzyme map of NA mtDNA  was constructed by 
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FIGURE 1.-Hybridization  of  NA,  NB and cmsT mtDNAs di- 

gested with BamHI or SmaI, electrophoresed in  0.8% agarose 
gel, transferred to nylon membrane and probed with P”*- 
labeled cosmid DNA. (A) BamHIdigested mtDNAs probed 
with cosmid clone N5G8  reveal common fragments as well as 
unique fragments for each mtDNA  type. (B) SmaIdigested 
mtDNAs probed with  cosmid clone  tu4El show that NA 
mtDNA not only shares fragments with  NB  mtDNA but also 
with  cmsT  mtDNA. 

cosmid  walking  using  cosmid  clones  from a library of 800 
clones  (average  insert  size 40 kb).  The map was con- 
structed independently with the three restriction en- 
zymes:  BamHI, XhoI and SmaI. The fragments under 
300 bp have not been scored. Therefore, the total length 
of the genome is  most  likely an underestimation. All 
overlapping  clones  selected  to represent the entire map 
were  tested by hybridization  against  total NA mtDNA 
digested with appropriate restriction  enzymes,  to ensure 
that each  clone is a true representation of the genomic 
sequences. 

A complete map  of the NA genome is presented in 
Figure 2. In  Figure 2A the map  has been linearized at the 
SmaI  site  within the 5.2-kb repeat located near the RI 
plasmid sequence (as for NB and cmsT  mtDNAs)  while 
in  Figure 2B, the NA genome is represented as a circular 
molecule. The genome is 700 kb long, and includes a 
120-kb repeated sequence. The two copies of this  large 
repeat are separated by  two unique regions of 9 and 451 
kb. Another six sets  of  twocopy repeats were  identified. 
They are recombinogenic and also  responsible for the 
predicted multipartite structure described below. 

Identification of recombination  repeats: A recombi- 
nation repeat is a sequence found in  multiple  genomic 
environments  (STERN and PALMER 1984). The branch 

points are the sites  from  which  two or more  divergent 
sequences (or branched sequences)  can  be found in one 
direction and they define the endpoints of the repeated 
sequence. A number of branch points  resulting  from 
homologous  recombination  were  analyzed during the 
construction of the map. The most  common  example  is 
shown  in  Figure  3A,  where the two branch points P1 and 
P2 are separated by the region that defines the length 
of the repeat. Branch  points as represented in  Figure  3B 
consist of  two forks  having three prongs  each,  charac- 
teristic  of a threecopy repeat which  gives  rise by recom- 
bination  to nine recombinant DNA molecules.  Such  re- 
peats have been identified in  cmsT  mtDNA (FAURON 
et al. 1989), petunia DNA (FOLKERTS and HANSON 1989) 
and rice mtDNA (YAMATO et al. 1992). We encountered 
a single  example  as represented in  Figure  3C  where  only 
one branch point with  two prongs was found, not al- 
lowing us to size the repeated sequence. We concluded 
that the repeat was longer than the cosmid  size insert. 
Interestingly, a second  example of  an  isolated branch 
point with two prongs,  in the opposite  orientation  to the 
first  example (as shown  in  Figure 3D), was found 120 kb 
away. The most  obvious interpretation of  this  observa- 
tion is that a repeat 120 kb long  lies  between  those two 
branch points. 

The recombination repeats identified in the NA ge- 
nome are listed  in  Table l. They are 0.7,4.5,5.2,6.0, l l ,  
14, and 120 kb  long,  respectively, and are designated 
repeats 0.7,4.5,5.2,6, 11, 14A, and 120. Repeat 4.5 has 
three copies  in direct orientation, two copies are en- 
closed  within repeat 120 and the third copy  is near the 
ATP6 gene. The  other pairs  of  repeats are also found in 
direct orientation except repeat 14A, whose  two copies 
are inversely oriented. A comparative  list of  all the re- 
combination repeats identified  from the three mapped 
maize mitochondrial genomes is shown  in  Table 1. Only 
repeats 11 and 0.7 are common  between NA, NB and 
cmsT  mtDNAs. 

Proposed  multipartite  structure: The NA mtDNA 
master  chromosome  has  been represented as a circular 
DNA molecule of 700 kb. It  contains seven  sets  of  re- 
combination  repeats.  Recombination  between  sets of  re- 
peat elements interconvert the master  chromosome into 
isomeric  (inverted repeats) and subgenomic (direct re- 
peats)  circular DNA molecules. The NA genome iso- 
meric  form I (Figures 2 and 4) has  seven  sets  of repeats, 
with  only repeat 14A having  its two copies  in  inverted 
orientation. Recombination through repeat 14A gener- 
ates a new  isomeric  master  chromosome  labeled I1 in 
Figure 4. Isomeric  forms I and I1 differ  from  each other 
only by the orientation of the sequences  located  be- 
tween the two copies  of the repeat 14A. Sitting on this 
reoriented sequence between the two copies of repeat 
14A is one copy  of repeat 11. Recombination through 
repeat 11 which  has  now its two copies  in  inverted  ori- 
entation leads  to the formation of isomeric  form 111. 
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FIGURE 2.-Physical map of the NA mito- 
chondrial genome. (A) Restriction  enzyme 
map of NA with S (SmaI) ,  X (XhoI), B 
(BamHI). The map is  shown linearized at 
the SmaI site internal to repeat 5.2 (the same 
site that was chosen  to  linearize NB and 
cmsT  mtDNA maps). The black  boxes  above 
the map represent the known protein cod- 
ing genes, and the ribosomal RNA genes, 
while the vertical  bars represent the transfer 
RNA genes with their specificity indicated 
using the single letter code. Hatched boxes 
represent the active recombination repeats. 
The 120-kb repeat is marked by a thicker 
horizontal black line above the SmaI  sites. 
The integrated forms of plasmids RI, S2 are 
indicated by dotted boxes. Open boxes  la- 
belled  ct represent integrated chloroplastic 
sequences;  they are flanked by their size  in 
kb. (B) Diagram  of the master  chromosome 
with location of the rRNA,  tRNA and protein 
coding genes  (black  boxes outside the 
circles). The repeats are represented by 
open boxes  inside the circle  where numbers 
indicate their size in kb. The 120-kb repeat 
is represented outside the circle by a dashed 
line. Black  boxes labeled ct represent chlc- 
roplastic sequences that have been inte- 
grated within the mtDNA. Open boxes R1 
and S2 are the integrated plasmid-like DNAs 
as found in the NB genome. 
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FIGURE 3.-Diagram of the  various  branch  points  identified 
during cosmid clone  analysis.  The  branch  points P1 and P2 
designate  the  points from which  sequence  divergence is o b  
served in different cosmid  clones.  Sequences a, b and c diverge 
from P1, while  sequences d, e and f diverge  from P2. (A) Four 
genomic  environments ad, ae, bd, be can  be  found surround- 
ing  the  repeated  sequence  between P1 and P2. (B) Nine 
genomic  environments ad,  ae, af, bd, be, bf, cd,  ce, cf all con- 
tain  repeat [Pl P2]. (C and D) Only  two  genomic  environ- 
ments  can be found:  ad, ae from P2 and ad, bd  from P1. 

Isomeric form I11 carries the two copies of repeat 14A in 
direct  orientation. 

Recombination events through any one of the  direct 
repeats of each isomeric form give  rise to subgenomic 
circles,  whose  size is dependent  upon the location of the 
repeat within the master chromosome. As shown in Fig- 
ure 4, subgenomic circles  have been drawn from iso- 
meric form 1 only. They vary in size from 114 to 586 kb. 
For example, recombination between the two copies of 
repeat 5.2 generates two subgenomes 586 and 114 kb 
long, respectively. Furthermore, some of these sub- 
genomic circles still contain  direct repeats, which  in 
turn, may mediate recombination to generate still more 
subgenomes. ( A n  example is  shown in Figure 4, where 
subgenome 571 can give rise to subsubgenomes varying 
from 114 to 447 kb in size.)  Finally, interspecific recom- 
bination between  various subgenomes may take place to 
produce  an essentially infinite variety  of other circular 
DNA molecules (not shown). 

What is the  true  organization of the  mitochondrial 
genome within the  maize  cell?: It is  still controversial to 
what extent circular DNA molecules exist in vivo within 
maize mitochondria (BENDICH 1993),  although  the cir- 
cular map has been  a very reliable tool for the com- 

TABLE 1 

Recombination  repeats  identified within the maize mitochondrial 
genomes NA, NB and T 

~ 

Copy number 
of repeats 

Repeat size 
(kb) NA NB T NA genome 

Coordinate in 

0.7 2 2 2 431-431.7/658-658.7 
4.5 (two  copies 3 0 0 102-106.5/230-234.5,’ 

within the 120-  677-681.5 
kb repeat) 

5.2 
6.0 

11 
14 (A) 

120 
1.5 (copies con- 

tained within 
the 11-kb 
repeat) 

4.6 
14 (B) 

2 2 1  
2 1 2  
2 2 2  
2 2 1  
2 0 0  

2 2 3  
1 1 2  
1 2 l a  

584-589.2/698-3.2 
22-28/516-522 
343-354/500-511 
322-336/397-411 
68-188/197-317 

353-354.5/510-511.5 
684.4-689 
641-655 

a Split. 

parative  study  of the genomes. So far, we have failed to 
visualize the master chromosome or the predicted sub- 
genomic circular molecules by pulsed field gel electro- 
phoresis analysis (PFGE). Eighty percent of the native 
DNA released from mitochondria  embedded in agarose 
plugs will not migrate during PFGE and we are trying to 
isolate and characterize this well bound native DNA. 
There is an instance (LEVY et al. 1991) where a circular 
DNA molecule of 120 kb has been identified from the 
native DNA  of a black  Mexican  sweet  tissue culture,  but 
this molecule does  not  account for the  entire genetic 
information. 

Location of mitochondrial  genes: We  have localized 
genes on the NA maize mitochondrial genome. The ori- 
gin of the  probes used to identify the  genes by  DNA filter 
hybridization are summarized in Table 2. All the genes 
already mapped in NB and cmsT  mtDNAs  were placed 
on NA map by map comparison. Unlike NB,  we found 
only one copy  of the ATP synthase subunit I gene, while 
the ribosomal RNA subunit genes rrn5, mnl8 and rrn26 
and  the coxZZ1 (cytochrome oxidase subunit 111) genes 
are located within the 120-kb repeat. 

Comparison of the  three  master  chromosomes: A de- 
tailed comparison between the  three master chromo- 
somes NA, NB and cmsT confirmed the uniqueness of 
the NA genome. By cosmid clone analysis and hybrid- 
ization studies, we compared  the  linear  arrangement of 
the homologous restriction enzyme fragments between 
each chromosome. The NA genome could be divided 
into regions whose boundaries or breakpoints have been 
defined by discontinuities in the restriction maps of the 
NA, NB or cmsT master chromosomes. 

Eighteen regions ranging in size from 1 to 163 kb have 
thus  been  defined by comparing NA and NB (Figure 
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FIGURE 4.-The hypothetical multipartite structure of NA mtDNA. The isomeric form I in the center of the figure represent NA 
master chromosome as mapped in Figure 2. It can give rise to isomeric  form I1 by recombination between the inverted repeat 1 4 .  
Isomeric  form 111 is predicted to result from recombination between repeat 11 from  form 11. Further details are given  in the text. 
Each  isomeric  form contains seven  sets  of repeats. The 120 kb repeat is marked outside the circle by a dashed line. Other repeats 
are shown as open boxes  inside the circle, flanked by a number indicating their length in kb.  Only repeat 1 4 A  is inverted. Examples 
of recombination products are given for isomeric form I only, but could  also  be shown  as being derived  from  forms I1 and 111. 
Also shown are the size  of the recombination products obtained by recombination through the direct repeat contained in sub- 
genome 571. 

5A). Five of these regions [#2B, (20 kb), #6B (1 kb), 
#8B (8 kb), #13B (25 kb) and #15B (1.5 kb)] totaling 
33 kb and represented by open boxes, are not  found in 
NB genome,  although  three of them (#2B, #13B and 
# 15B) are present in cmsT  mtDNA. Regions #6B (1 kb) 
and #8B (10 kb) that  are located within repeat 120 are 
unique  to  the NA genome. NB also contains two other 
unique regions # 19B (9 kb) and #20B (14  kb) , by com- 
parison to NA. Therefore,  the two genomes NA and NB 
share 547 kb of sequences although  the various homolo- 
gous regions are  not necessarily in the same orientation. 

Twenty-nine regions were delimited by comparing NA 
and cmsT (Figure 5B). Seven regions [#1T (13 kb), 
#4T  (19 kb), #8T (3 kb), #11T (17  kb), #18T (1 kb), 
#22T (5  kb), #25T (2  kb)] totaling 60 kb, are  not  found 
in cmsT genome. However,  they are present in NB ge- 
nome with the exception of 9 kb  from region #4T. 

CmsT  also contains unique sequences not  found in NB: 
#30T (5  kb), #31T (1.5 kb), #32T (1  kb), #33T 
(15 kb), #34T (5  kb), #35T (23 kb) and #36T (3 kb). 
The two genomes NA and cmsT thus share 520 kb of 
sequences. 

In summary, comparative structural studies of  ge- 
nome NA with genomes NB and cmsT identified 41 
breakpoints in NA genome. Of these 41 boundaries, 
only eight  represent points where DNA has been rear- 
ranged in the  three genomes. NA,  NB and cmsT share 
491 kb of  highly  similar or identical sequences and only 
two sets of repeats: repeats 11 and 0.7.  While the overall 
genomic organization of those genomes has evolved rap- 
idly on the evolutionary scale,  most  of the restriction 
sites  within the  shared sequences have been conserved. 

Integrated  episomes R1 and R2: Both the NB and NA 
genomes contain two copies of repeat 5.2, each flanked 
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TABLE 2 

Origin of probes used for gene localization in NA mtDNA 

Coordinate  in 
Gene  Source  Reference NA genome 

a tpA 
atp6 
atp9 
cob 
coxl  
c o d  
COXIII 
orf25 
rrn5, w n  1 8 
rrn26 
rrnC 
trnD 
trnE 
trnF 
trnH 
trnK 
trn fM 
trnMl 
trnM2 
trnN 
trnP 
trn (I 
trnS(UGA) 
trnSZ(GCU) 
trn W 
trn Y 
rps 1 
rps3 
r p l l 6  
rps l2  
rpsl3 
nadl   exAl  
nadl  exA2 
nad l  exB 
nad l  exC 
nad l  exD 
nad l  exE 
nadl  2exA t B 
nad 2exC 
nad  2exDI t E l  
nad  2exD2 -+ E2 
nad3 
nad4 
nad5 exA + B 
nad5 exC 
nad5 exD t E 
nad6 
nad 7 
nad9 

Maize NB and  cmsT 

Maize NB and  cmsT 

Wheat 
Maize  cmsT 

Wheat 
Maize NB 
Maize NB 

Wheat 

Wheat 
Wheat 
Maize NB 

Wheat 
Wheat 
Wheat 

FAURON and HAVLIK (1988) 
FAURON et al. (1989) 
FAURON et al. (1989) 
FAURON et al. (1989) 
FAURON et al. (1989) 
FAURON et al. (1989) 
FAURON et  al. (1989) 
FAURON et al. (1989) 
FAURON et al. (1989) 
FAURON et al. (1989) 
SANG& et al. (1990) 
SANGARE et al. (1990) 
SANGARE et al. (1990) 
SANGARE et  al. (1990) 
SANGARE et  al. (1990) 
SANGARE et al. (1990) 
SANGARE et al. (1990) 
SANGARE et al. (1990) 
SANCARE et al. (1990) 
SANCARE et al. (1990) 
SANCARE et al. (1990) 
SANCARE et al. (1990) 
SANCARE et  al. (1990) 
SANGARE et al. (1990) 
SANGARE et al. (1990) 
SANCARE et al. (1990) 
GONZALEZ et al. (1993) 
HUNT and NEWON (1991) 
HUNT and NEWON (1991) 
GUALBERTO et al. (1991) 
BLAND et al. (1986) 
WOLSTENHOLME et al. (1993) 

PATELL et al. (1993) 

GUALBERTO et al. (1991) 
LMATTINA and GRIENENBERCER (1991) 
PEREIRA DE SOUZA et al. (1991) 

HAOUZINE et al. (1992) 
B. LEJEUNE (unpublished) 
LAMATTINA et al. (1993) 

642 
690 
55 
43 

195 
659 
140-238 
475 
130  -259 

597 
152-281 

324-410 
327-407 
322 

375 
16-204 

37 
326-408 
392 
323-411 
324-410 
615 

602 

380 
-3613 

500 
497 

603.5 
34.5 
331 
403 

33.5 
32 

-665 
605.5 

64 
392 

-338 
-392 

603 
360 

-541 
605 
598 

-664 
-580 
-370 

174-302 

Plasmid 

by the  integrated  form of episomes R1 and R2. However, 
one noticeable  difference  in NA is the inverted  ori- 
entation of plasmid R1, as shown in  Figure 6. The 
functional significance of this  inversion, if any, is 
unknown. 

CONCLUSION 

Today’s corn belt inbred lines or mideastern dent 
used for  the  production of commercial hybrid seed are 
thought  to derive from a combination of northern flint 
and southern dent (DOEBLEY et al. 1988). Many forms of 
maize ancestors were introduced  into  the  United States 
since the pre-Columbian era, and  it is not surprising that 
we found heterogeneity among  the  mitochondrial ge- 
nomes of modern maize. 

Previous studies of the U.S. inbred lines of  maize 
stocks plants have recognized four groupings for their 
mitochondrial genomes: N, T, S and C .  There is micro- 
heterogeneity within each  group with the exception of 
T (FAURON et al. 1991), but  the  four  groups can be clearly 
distinguished from one  another by many differences in 
the organization of their mitochondrial genome. From 
this  study a fifth type of maize mitochondrial genome has 
been characterized that belongs to a normal male  fertile 
US. inbred line. It has been named NA since  it  has been 
identified in nuclear background A188. It is also present in 
maize inbred lines Ky21 and W182B (data not shown). 

Cosmid clones analysis and mapping data led to 
the  mapping of a 700-kb master chromosome, which 
includes two copies of a 120-kb DNA sequence separated 
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FIGURE 5.-Comparative  diagrams of mitochondrial master 
chromosomes NA,  NB and cmsT showing boundaries where 
the linear order of DNA sequences of NA genome is discon- 
tinued by comparison toNB (A) and cmsT (B). (A) NA (outer 
circle) has been divided into regions labeled #1B, #2B, etc., 
whose homologous regions are also labelled as such on the NB 
master chromosome (inner  circle). (B) NA (outer circle) has 
been divided into regions labelled #1T,  #2T, etc., whose ho- 
mologous regions are labelled as such on cmsT  master  chro- 
mosome  (inner  circle).  The open boxes represent regions that 
are unique to each genome within the pairwise comparisons. 

by 9 and 451 kb of unique sequences. The master chro- 
mosome also contains another six sets of recombination 
repeats as well  as a 4.5-kb region of repeat 120 that is 
present in a  third copy. 

NB 

f B  
Coordinate 0 

1 Integrated R I  
I I 

I I  I 

SB homologous B I"", 
absent in NB 
Sequences to s1 

FIGURE 6.-Comparative  diagrams of the integrated RI epi- 
some in the NB and NA genomes. S and B represent SmaI and 
BamHl restriction enzyme sites, respectively. 

NA has been classified  as a new  type  of modern maize 
mitochondrial genome since it has a  unique organiza- 
tion, contains repeated sequences not  found in other 
maize  mtDNAs and also contains unique sequences not 
identified in the  other maize  mtDNAs.  However, NA 
shares particularities with other types of maize  mito- 
chondrial genomes. It contains a 20-kb piece of  DNA 
present in cmsT  mtDNA but  absent in NB mtDNA. Out 
of a 12-kb chloroplastic sequence  found to be  integrated 
into NB mtDNA (STERN and LONSDALE 1982), only 3 kb 
are  found within  cmsT  mtDNA (FAURON et al. 1989) as 
well as in NA mtDNA. A detailed comparison between 
NA,  NB and cmsT  revealed at least 18 and 29 points of 
sequence  rearrangement between NA and NB,  NA and 
cmsT  respectively. This degree of sequence rearrange- 
ment  found within the  modern maize mitochondrial ge- 
nomes  appears to be high considering the evolutionary 
distances. 

Interestingly, we found  the  predominance of the NA 
type  mtDNA in the wild  grass teosinte (ALLEN 1992), 
which is  now recognized as the ancestor of  maize. The 
NA map will therefore  be  a valuable tool to try to elu- 
cidate the evolutionary relationships between  various 
maize mitochondrial genomes. 

LITERATURE  CITED 

ALLEN, J. O., 1992 Teosinte cytoplasmic genomes: interaction with 
maize nuclear genomes and molecular genetic characterization 
of the mitochondria. Ph.D.  Thesis,  University of  Wisconsin- 
Madison. 

BENDICH, A. J., 1993 Reaching for the ring: the study  of mitochondrial 
genome structure. Curr. Genet. 2 4  279-290 

BLAND, M. M., C. S. LEVINGS I11 and D.  F. MATZINGER, 1986 The tobacco 
mitochondrial ATPase subunit 9 gene is  closely linked to an open 
reading frame for a ribosomal protein. Mol. Gen. Genet. 204: 

BREARS, T., and D. M. LONSDALE, 1988 The sugar beet mitochondrial 
genome: a complex organization generated by homologous re- 
combination. Mol. Gen. Genet. 214: 514-522. 

DOEBLEY, J., J. D. WENDEL, J. S. C. SMITH, C. W. STUBER and M. M. GOOP 
MAN, 1988 The origin of cornbelt maize: the isozyme evidence. 
Econ.  Bot. 42: 120-131. 

FAURON, C. M.-R., and M. HAVLIK, 1988 The BamHI/Xhol, SmaI re- 
striction enzyme  maps of the normal maize mitochondrial geno- 
type B37. Nucleic Acids  Res. 16: 10395. 

FAURON, C. M.-R., A. G. ABBOT, R. I. S. BRETITLL and R.  GFSTELAND, 
1987 Maize mitochondrial DNA rearrangements between the 

8-16. 

D
ow

nloaded from
 https://academ

ic.oup.com
/genetics/article/137/3/875/6012570 by guest on 25 M

ay 2023



882 C. M.-R. Fauron and M. Casper 

normal type, the Texas male  sterile cytoplasm and a  fertile re- 
vertant cms-T regenerated plants. Curr.  Genet. 11: 339-346. 

FAURON, C. M.-R.,  M. HAVLIK, D. LONSDALE and L.  NICHOLS, 1989 Mi- 
tochondrial  genome organization of the maize cytoplasmic male 
sterile type T. Mol. Gen.  Genet. 216: 395-401. 

FAURON, C. M.-R., M. HAWK  and R. I. S. BRETTELL, 1990 The mito- 
chondrial  genome organization of a maize fertile cmsT revertant 
line is generated  through  recombination between two sets of re- 
peats.  Genetics 124: 423-428. 

FAURON, C.  M.-R.,  M. HAWK and M. GASPER, 1991 Organization and 
evolution of the maize mitochondrial genome, pp. 345-363 In 
Plant  Molecular Biology 2, edited by  R. G. HEWN and B. 
LARKINS. Plenum, New  York. 

FAURON, C .  M.-R.,  M. &PER, R. F. GESTELAND and M. ALBERTSEN, 
1992 A  multi-recombination model for the mtDNA rearrange- 
ments  seen in maize cmsT regenerated plants.  PlantJ. 2: 949-958 

FOLKERTS, O., and M. R. HANSON, 1989 Three copies of a single re- 
combination  repeat  occur  on  the 443  kb  mastercircle of the Pe- 
tunia hybrida 3704 mitochondrialgenome. Nucleic AcidsRes. 17: 
7345-7357. 

FOLKERTS, O., and M.  R. HANSON, 1991 The male sterility-associated 
pcf gene  and the normal atp9-l gene in Petunia  are located on 
different mitochondrial DNA molecules. Genetics 129 885-895. 

GONZALEZ, D. H., G. BONNARD and J. M. GRIENENBERGER, 1993  A gene 
involved in  the biogenesis of C-type cytochromes is co-transcribed 
with a  ribosomal protein  gene  in wheat mitochondria.  Curr. 
Genet. 21: 248-255. 

GUALBERTO, J. M., G. BONNARD, L. LAMATTINA and J. M. GRIENENBERGER, 
and B. LEJEUNE, 1991 Expression of the wheat  mitochondrial 
nad3-rpsl2 transcription  unit:  correlation between editing  and 
mRNA maturation.  Plant Cell 3: 1109-20. 

HAOUAZINE, N., A. PEREIRA DE SOUZA, M.-R. JUBIER, D. LANCELIN, D. 
DELCHER et al., 1992 The wheat  mitochondrial genome contains 
an ORF showing sequence homology  to the  gene  encoding  the 
subunit 6 of the NADH-ubiquinone  oxidoreductase.  Plant Mol. 
Biol. 20: 395-404. 

HUNT, M. D., and K J. NEWON, 1991 The NCS3 mutation:  genetic 
evidence  for the expression of ribosomal protein  genes  in Zea 
mays mitochondria. EMBO J. 10: 1045-1052. 

IWAHASHI, M., M. NAKAZONO, A. KANNO, K SUGINO,  T. ISHIBASHI et al., 
1992 Genetic and physical maps  and a clone  bank of mitochon- 
drial DNA from rice. Theor. Appl. Genet. 84: 275-279. 

JANSKA, H., and S. A. MACKENZIE,  1993  Unusual  mitochondrial ge- 
nome organization in cytoplasmic male  sterile common  bean  and 
the  nature of cytoplasmic reversion to fertility. Genetics 135: 
869-879. 

LAMATTINA, L., and J. M. GRIENENBERGER, 1991 RNA editing of the 
transcript coding  for  subunit 4 of NADH dehydrogenase in wheat 
mitochondria:  uneven  distribution of the  editing sites among  the 
four exons. Nucleic Acids Res. 19: 3275-3282. 

LAMATTINA, L., D. GONW,EZ, J. M. GUALBERTO and  J. M. GRIENENBERGER, 
1993 Higher  plant  mitochondria  encode  an  homologue of the 
nuclear-coded 30 kDa subunit of bovine mitochondrial  complex 
1. Eur. J. Biochem. 217: 831-838. 

LEVY, A. A,, C. P. ANDRE andV. WALBOT, 1991 Analysis of a  120 kilobase 
mitochondrial chromosome  in maize. Genetics 128 417-424. 

LONSDALE, D.  M., T. P. HooGE and C. M.-R. FAURON, 1984 The physical 
map of the  mitochondrial  genome  from  the fertile cytoplasm of 
maize. Nucleic Acids Res. 12: 9249-9261. 

MAKAROFF, C. A., and J. D.  PALMER, 1988  Mitochondrial DNA rear- 
rangements  and transcriptional  alterations in the male-sterile cy- 
toplasm of Ogura radish. Mol. Cell. Biol. 8: 1474-1480. 

PALMER, J. D., and L. A. HERBON, 1986 Tricircular  mitochondrial  ge- 
nomes of Brassica and raphanus: reversal of repeat configura- 
tions by inversion. Nucleic Acid. Res. 1 4  9755-9764. 

PALMER, J. D., and L. A. HERBON, 1987 Unicircular structure of the 
Brassica  Hirta mitochondrial  genome.  Curr.  Genet. 11: 565-570. 

PALMER, J. D., and L.  A. HERBON, 1988  Plant  mitochondrial DNA 
evolves rapidly in  structure,  but slowly in sequence. J. Mol.  Evol. 
28: 87-97. 

PALMER, J. D., and C. R. SHIELDS, 1984 Tripartite  structure of the Bras- 
sica  campestris mitochondrial genome. Nature 307: 437-440. 

PATELL, V., G. BONNARD, L. LAMATTINA, J. M. GUALBERTO and  J. M. 
GRIENENBERGER, 1993 Trans-cis-splicing and RNA editing for 
nad2 gene expression in wheat mitochondria, p. 69 in Plant  Mi- 
tochondria (Proceedings of the HFSP-Workshop RNA), edited by 
A. BRENNICKE and U. KUCK.  VCH, Weinheim. 

PEREIRA DE SOUZA, A,, M.-F. JUBIER, E. DELCHER, D. LANCELIN and B. 
LEJEUNE, 1991  A trans-splicing model for the expression of the 
tripartite nad5 gene  in wheat and maize mitochondria.  Plant Cell 
3: 1363-1378. 

QUETIER, F., B. LEJEUNE, S. DELORME, D.  FALCONET and M. F. JUBIER, 
1985 Molecular form  and  function of the wheat mitochondrial 
genome, pp. 413-420 in Molecular Form and  Function of the 
Plant Genome, Vol. 83. Plenum Press, New  York. 

SANG&, A,, J. H. WEIL, J. M. GRIENENBERGER, C. M.-R. FAURON and D. 
LONSDALE, 1990 Localization and organization of tRNAgenes on 
the mitochondrial genomes of fertile and male sterile lines of 
maize. Mol. Gen. Gen. 223 224-232. 

SICULELIA, L., and J. D.  PALMER, 1988 Physical and  gene organization 
of mitochondrial DNA in fertile and male  sterile sunflower-cms- 
associated alterations in structure  and transcription. Nucleic 
Acids  Res. 16: 3787-3799. 

STERN, D. B., and D. M. LONSDALE, 1982 Mitochondrial and chlorc- 
plast genomes of maize have a 12-kilobase DNA sequence in com- 
mon. Nature 299: 698-702. 

STERN, D.  B., and J. D.  PALMER, 1984  Recombination  sequences in 
plant  mitochondrial genomes: diversity and homologies  to known 
mitochondrial genes. Nucleic Acids  Res. 12: 6141-6157. 

STERN, D.  B., and J. D. PALMER, 1986 Tripartite mitochondrial  ge- 
nome of spinach: physical structure,  mitochondrial gene m a p  
ping, and locations of transposed  chloroplast DNA sequences. 
Nucleic Acids Res. 1 4  5651-5666. 

WARD, B. L., R. S. ANDERSON and A. J. BENDICH, 1981 The mitochon- 
drial genome is large and variable in a family of plants  Curcur- 
bitaceae. Cell 25: 792-803. 

WOLSTENHOLME, D. R., J. L. MACFARLANE, C. T. BEAGLEY, M.  C. THOMSON, 
N. A. OKADA et al., 1993 Maize mitochondrial  DNA the  nadl 
gene-mat-r gene complex,  a  maturase  related pseudogene linked 
to a nad2  exon,  and  nad  gene  intron relationships, pp. 151-161 
in Plant  Mitochondria (Proceedings of the HFSP-Workshop 
RNA), edited by  A. BRENNICKE and U. KUCK.  VCH, Weinheim. 

YAMATO, K, Y. OGURA, T.  KANEGAE, Y. YAMADA and K OHAYAMA, 
1992 Mitochondrial genome  structure of rice  suspension cul- 
ture  from cytoplasmic male-sterile line A-58  CMS: reappraisal of 
the master circle. Theor. Appl. Genet. 83: 279-288. 

Communicating  editor: M.  R. HANSON 

D
ow

nloaded from
 https://academ

ic.oup.com
/genetics/article/137/3/875/6012570 by guest on 25 M

ay 2023


