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ABSTRACT

We have sequenced five distinct mitochondrial genomes in maize: two fertile cytotypes (NA and the
previously reported NB) and three cytoplasmic-male-sterile cytotypes (CMS-C, CMS-S, and CMS-T). Their
genome sizes range from 535,825 bp in CMS-T to 739,719 bp in CMS-C. Large duplications (0.5-120 kb)
account for most of the size increases. Plastid DNA accounts for 2.3-4.6% of each mitochondrial genome.
The genomes share a minimum set of 51 genes for 33 conserved proteins, three ribosomal RNAs, and 15
transfer RNAs. Numbers of duplicate genes and plastid-derived tRNAs vary among cytotypes. A high level of
sequence conservation exists both within and outside of genes (1.65-7.04 substitutions/10 kb in pairwise
comparisons). However, sequence losses and gains are common: integrated plastid and plasmid sequences,
as well as noncoding “native” mitochondrial sequences, can be lost with no phenotypic consequence. The
organization of the different maize mitochondrial genomes varies dramatically; even between the two fertile
cytotypes, there are 16 rearrangements. Comparing the finished shotgun sequences of multiple mitochon-
drial genomes from the same species suggests which genes and open reading frames are potentially
functional, including which chimeric ORFs are candidate genes for cytoplasmic male sterility. This method

identified the known CMS-associated ORFs in CMS-S and CMS-T, but not in CMS-C.

LANT mitochondrial genomes vary in size from 187
kb (Opa et al. 1992) to >2400 kb (WARD et al.
1981). It has long been known that the linear order of
their genes can be highly variable among cytotypes even
within a species (reviewed in FAURON et al. 1995a,b).
However, it is not clear how plant mitochondrial ge-
nomes rearrange so readily or how their genome sizes
can increase or decrease dramatically over relatively
short evolutionary times.

Analysis of whole-plant mitochondrial genome sequen-
ces among divergent angiosperm species has shown that
known protein-coding genes are highly conserved, but
thatintergenic spacer regions change rapidly (Kugo et al.
2000; HanDA 2003; CLIFTON et al. 2004). Furthermore,
the origin of this DNA is obscure. With two exceptions,
each of which involved evaluation of two genomes (SAToH
et al. 2004; T1AN et al. 2006), comparisons have not been
conducted among multiple mitochondrial genotypes

Sequence data from this article have been deposited with the EMBL/
GenBank Data Libraries under accession nos. DQ490951 (CMS-S),
DQ490952 (NA), DQ490953 (CMS-T), and DQ645536 (CMS-C).
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(cytotypes) from within a single angiosperm species.
Such studies are necessary to elucidate the mechanisms
that underlie the rapid changes in intergenic sequences
and in genome organization that occur in the mito-
chondrial genomes of angiosperms. To explore these
issues, we have compared five mitochondrial genomes
from Zea mays (maize), which provides an accessible
system in which to clarify the dynamics of mitochondrial
genomic change.

Five distinct maize mitochondrial genotypes have
been identified (reviewed in LEAVER ef al. 1988; FAURON
et al. 1995a). The fertile type NB is present in most
commercial hybrids and has been the best studied. The
other major mitochondrial genotype in male-fertile North
American cultivated maize is termed NA. It was origi-
nally identified in the A188 inbred line (FAurRON and
CASPER 1994) and is the cytoplasm present in most of the
lines used to transform maize. The three major cytoplasmic-
male-sterile groups (CMS)—CMS-C, CMS-T, and CMS-S—
were originally classified on the basis of which nuclear
restorer-of-fertility (Rf) genes would override their cy-
toplasmically determined pollen abortion (reviewed in
BECKETT 1971). Later, restriction enzyme analyses of mi-
tochondrial DNAs showed distinctive patterns for each
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genotype (LEVINGS and PRING 1976; PRING and LEVINGS
1978). Cloning and mapping studies indicated that the
mitochondrial genomes of the distinct cytotypes were
rearranged relative to one another (reviewed in FAURON
et al. 1995a). Other studies determined that, in two of the
CMS genomes, sterility was due to rearrangements that
yielded chimeric open reading frames (ORFs): T-urf13
in CMS-T (DEwEyY et al. 1987) and the cotranscribed
0rf355/ orf77 in CMS-S (ZABALA et al. 1997).

MATERIALS AND METHODS

Mitochondrial DNA Preparation: The plants used for
mitochondrial DNA (mtDNA) preparations were derived from
B37 inbred lines with male-sterile CMS-T, CMS-C, and CMS-S
cytoplasms and from the male-fertile inbred A188 (NA cyto-
plasm). The inbred lines were crossed by Mo17, and ear shoots
of the F; plants were harvested at the time of silk emergence.
Mitochondria were prepared from the ear shoots using dif-
ferential centrifugation; DNA was recovered from lysed
mitochondria following phenol/chloroform extractions
and ethanol precipitation as described previously (NEWTON
1994).

Library construction, sequencing, and finishing: Full details
were presented in CLIFTON et al. (2004). Briefly, the mtDNA
was fragmented, linked to plasmid vector pOTMI, and trans-
formed into and grown in Escherichia coli host strain DH10B-
T1. Insert DNA was purified from each library and, following
test sequencing to verify library quality, each library was
sequenced at the Washington University Genome Sequencing
Center. Chromatograms were processed using the Phred/
Phrap package (EwWING and GREEN 1998; EWING et al. 1998),
and the Staden Package vector-clipping program (STADEN
1996; WENDL et al. 1998) was used to remove vector sequences.
All the genomes were shotgun sequenced to coverage depths
of at least 10X. Sequences were assembled without reference
to previous restriction mapping information. At each point
where evidence for alternative conformations was obtained,
the most common conformation was chosen. Following each
sequence assembly, the database was verified in Consed (GORDON
et al. 1998). Annotated sequences were deposited in GenBank
under accession nos. DQ490951 (CMS-S), DQ490952 (NA),
DQ490953 (CMS-T), and DQ645536 (CMS-C).

Annotation: The primary database used for annotation was
AceDB (http:/www.acedb.org/). ORFs were initially identified
using Artemis (RUTHERFORD et al. 2000; http:/www.sanger.
ac.uk/Software/Artemis). The ORFs were used to query non-
redundant databases using BLAST similarity searches, ap-
plying a cutoff of 70% sequence identity over at least 80% of
the ORF length. To find putative homologs in other com-
pleted genomes, predicted proteins were searched for in the
COG database (TaTusov et al. 2001), in the protein family
database Pfam (BATEMAN et al. 2002; http:/ pfam.wustl.edu),
and in the integrated view of the signature database Interpro
(http:/www.ebi.ac.uk/interpro). Additionally, to help define
genes, ORF-Finder (http:/www.ncbi.nlm.nih.gov/gorf/gorf.
html), BLASTN, BLASTX (ArTscHUL et al. 1990), and tRNAscan-
SE (Lowk and Eppy 1997) were used. To improve the ac-
curacy of the identifications, the mtDNA annotations were
compared with other plant mitochondrial genome annotations,
and all differences in coding predictions were reassessed on
the basis of choice of start codon, length of conservation in plant
mtDNA, and presence of identifiable motifs. In addition to
known genes, ORFs of at least 150 nt (=50 codons) were
identified; only ORFs of at least 100 codons were annotated.

ORFs containing or composed of plastid sequences were in-
cluded if their upstream regions were not of plastid origin. All
ORFs having upstream regions of plastid origin within 100 bp
of the ATG were excluded from the analyses.

Chimeric genes were discovered by performing searches of
all nongenic ORFs with a specific database of maize mito-
chondrial and plastid genes using BLASTN (Z#value = 0.0001,
G = 3, E = 1), as well as with public databases. Searches for
plastid, plasmid, or known-gene DNA fragments used a lower
limit of 16 bp, empirically determined by an inflection pointin
the number of BLAST hits (where E-values > 0.001). For
inclusion in tables, fragments had an arbitrarily chosen lower
size limit of 26 bp.

Data representation: Linear genome representations were
generated individually by an in-house drawing program that
uses as input a spreadsheet containing the genome coordi-
nates for genes and other features (available at http:/mitolab.
missouri.edu/newpage?2/research/GenomeApplet).

Graphic genome-similarity alignments were generated using
MultiPipMaker, a web-based tool for genomic sequence align-
ments (SCHWARTZ et al. 2000, 2003; bio.cse.psu.edu/pipmaker).
The annotated Z. mays NB mtDNA genomic sequence (CLIFTON
et al. 2004) was used as the reference genome.

Pairwise graphic representations were generated with Mir-
opeats (PArsons 1995) and manually modified using Adobe
Ilustrator.

Genome alignment: The four mitochondrial genomes were
aligned with the complete NB mitochondrial genome. Sequen-
ces >200 bp that are not present in the NB genome but are in
the NA genome were then used as reference in an alignment
appended to the NB alignment. Next, sequences present in
CMS-C but not present in either NB or NA were used as a
reference in a continuation of the combined alignment. Finally,
alignments with sequences unique to CMS-T were appended to
create a mega-alignment. There were no sequences unique to
CMSSS.

Candidate homologs were obtained using BLASTN. Where
large repeated sequences (>500 bp) were present, the larger
of the repeats was used in the alignment. Paralogous sequen-
ces were detected using Multipip (SCHWARTZ et al. 2000,
2003), which allows the rapid visual discrimination among
sequences by pattern. Because of the abundant fragments of
variable size and orientation in each of the genomes being
aligned to NB, the alignment of the five sequences plus rice
was done manually. Indels were arbitrarily limited to 200 bp to
maintain the cohesion of the NB reference sequence; larger
insertions were treated as unique sequence and placed in the
appended alignments (described above).

Genome statistics: In-house programs were used to gener-
ate statistics from the alignment, such as number of substitu-
tions or indels, indel size, nucleotides in common between
genomes, etc. Large searches for similar nucleotide or amino
acid sequences were performed with BLAST (ALTSCHUL et al.
1990).

Analysis of short repeats: Small dispersed repeats (SDRs)
were defined as sequences of at least 20 bp (but <500 bp) that
are present more than once in the genome, are at least 90%
identical in sequence, and are of exactly the same length.
Repeats were discovered using RepeatExtractor, an in-house
script that is publicly available as part of BioExplorer (zeamtdna.
missouri.edu/nlsap-gui.htm). See CLIFTON et al. (2004) for a
detailed description of repeat extraction criteria.

Simple sequence repeats (SSRs) with repeat units of 1-5 bp
were located and characterized using Sputnik (cbi.labri.fr/
outils/Pise/sputnik.html; this program has an upper limit of 5
bp). Minimum acceptable total SSR length depended on
repeat-unit size (1- and 2-bp repeat minimum length = 11 bp,
3bp=12bp,4bp =13 bp, and 5 bp = 14 bp). Tandem repeats
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with repeat units of 5-50 bp were located and characterized
using Tandem Repeats Finder (BENsoN 1999); gap opening
penalty = 5, minimum alignment score = 30, maximum
period = 50, minimum overall identity = 95%.
Transmembrane-domain prediction: SOSUI (HIrRorkAwA
et al. 1998) and TMBETA-NET (GromiHA et al. 2004) were
used to determine transmembrane domains, transmembrane
segment types (a- or B-strands), and residue positions of each
transmembrane segment. SOSUI targets a-helical segments
whereas TMBETA-NET targets B-strand segments. All predictions
were made using default settings of the program parameters.

RESULTS AND DISCUSSION

Genome maps: The NA, CMS-C, CMS-S, and CMS-T
mitochondrial genomes were sequenced from highly
purified mtDNA using the shotgun-sequencing method
described previously for the NB maize mitochondrial
genome (CLIFTON et al. 2004). The assemblies for NA,
CMS-C, and CMS-T generated circular “master” ge-
nomes that are depicted in linearized form in Figure 1.
Sequences were assembled without reference to an ex-
pected organization. Nevertheless, our maps were found
to agree well with the maps generated from previous
restriction mapping studies (reviewed in FAURON et al.
1995a).

Circular master genome maps have been generated
for most of the plant mitochondrial genomes sequenced
to date (e.g., FAURON et al. 2004). We did not observe sets
of shotgun clones with identical termini that would be
suggestive of uniform linear ends. This implies that the
genomes could exist as circular molecules, although not
necessarily as master circles. Arguments have been made
for the existence of a master circular form of a wheat
mitochondrial genome after sequencing of gene-an-
chored mtDNA cosmids (OGIHARA et al. 2005).

For the “circular” maize mitochondrial genomes,
other conformations have been observed that are due
to recombination across repeated sequences (reviewed
in LONSDALE et al. 1984; FAURON et al. 1995a). Restric-
tion enzyme analysis shows the existence of some recom-
bination products (LuproLD et al. 1999). Furthermore,
LEvy et al. (1991) identified a 120-kb subgenome in the
mitochondrial genome of Black Mexican Sweet corn
using pulsed-field gel electrophoresis. This subgenome
did not correspond to any subgenome predicted by re-
combination across repeats, nor was it present in the
mitochondrial genome of the inbred line (B73) most
similar to the one used in this sequencing project (B37).
The numbers of our sequencing reads for each genome
were not sufficient to model subgenome configurations.

Despite the evidence for the existence of circular
master maps from restriction mapping and genomic
data, attempts to show their existence have been largely
unsuccessful (BENDICH 1996; JacoBs et al. 1996). Thus,
it remains controversial whether circular plant mito-
chondrial master genomes exist in vivo.

In contrast to the other maize mitochondrial genomes,
CMS-S assembled as a linear genome. That a majority of

this genome is present in linear form had been shown
by SCHARDL et al. (1984), who used digestion with the
exonuclease Bal31 to show degradation of linear ends.
Our sequence data resulted in multiple possible config-
urations, which was consistent with the restriction enzyme
mapping results of SCHARDL et al. (1984). They predicted
that a multiplicity of linear forms results from recombi-
nation between either of two abundant linear plasmids
(the S1 and S2 plasmids) found within CMS-S mitochon-
dria and short regions of identity that are present at two
locations within an originally circular main mitochon-
drial genome. Supplemental Figure 1 (http:/www.genetics.
org/supplemental/) diagrams such a recombination
event, which leads to a linearized S genome with
an S-plasmid at one end and a plasmid terminal inverted
repeat at the other end. Multiple genomic organizations
are expected to exist for the linearized CMS-S mtDNAs
because, theoretically, either plasmid can integrate via
recombination in either the forward or the reverse
orientation in either of the two places in the genome.
Our sequencing read depth (10X) was not sufficient to
estimate the proportions of individual conformations.
We did find evidence for integration of the S1 plasmid
into the main genome. We assembled a circular form of
the CMS-S mitochondrial genome by computationally
recombining out the S plasmid that linearized the
genome. The genomic sequence that results (Figure 1)
also concurs with data from X1ao0 et al. (2006).

Genome size and composition: The four newly se-
quenced maize mitochondrial genomes vary 38% in size
from smallest to largest: 535,825 bp in CMS-T, 557,162
bp in CMS-S, 701,046 bp in NA, and 739,719 bp in CMS-
C. The sizes of the newly sequenced circular genomes
agreed well with earlier restriction enzyme mapping
estimates of 700 kb for NA (FAURON and CASPER 1994)
and 540 kb for CMS-T (FAuroN and HavLik 1989). The
GC content of each genome is ~44% (NA, 43.82%; C,
43.97%; S, 43.91%; T, 44.06%), similar to that of NB
(43.93%) and other plant mitochondrial genomes
(CLIFTON et al. 2004).

Duplications are responsible for most of the size dif-
ferences among the five genomes (Table 1). The differ-
ence in size between the smallest genome (CMS-T) and
the largest (CMS-C) is 203,894 bp (38% larger). However,
if genomic complexities are compared—i.e., only one
copy of each repeat (>0.5 kb) is considered—the differ-
ences are much reduced. The resulting genome complex-
ities range from 506,760 bp (CMS-C) to 537,180 bp (NA),
a difference of only 30,420 bp (6%). Thus, the genome
complexity of CMS-T'is actuallylarger than that of CMS-C.
Large duplications do not, however, account for the greater
sizes of the maize mitochondrial genomes relative to other
plant mitochondrial genomes, such as rice (Oryza sativa).
Repeated sequences (>0.5 kb) account for 28% of the
491-kb rice genome (NoOTSsU et al. 2002), yet it is 45 kb
smaller than the smallest maize genome, CMS-T, which
has only 5.3% of its genome as duplications.
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TABLE 1

Portions of maize mitochondrial genomes present as genes and ORFs

1177

Genome
Genome feature NB NA CMS-C CMS-S CMS-T
Genomes
Total genome size 569,630 701,046 739,719 557,162 535,825
Total repeated sequence” 49,436 163,866 232,959 44,987 28,469
Genome complexity” 520,194 537,180 506,760 512,175 507,356
Genes
Protein genes*’ 34,541 36,137 41,933 35,624 32,892
Single-copy” protein genes 32,628 32,634 32,730 33,936 32,892
cis introns 23,135 23,137 26,156 23,150 23,145
Single-copy” cis introns 23,135 23,137 23,147 23,150 23,145
rRNA genes 5,646 11,292 11,298 5,651 5,651
Single-copy’ rRNA genes 5,646 5,646 5,649 5,651 5,651
tRNA genes* 1,573 1,735 1,662 1,574 1,207
Single-copy” tRNA genes' 1,206 1,353 1,134 1,207 1,207
Pseudogenes and pseudo-exons 1,487 1,416 1,335 1,488 663
Single-copy” pseudogenes/exons 1,487 1,335 1,335 1,488 663
Coding totals
Total known genes** 41,760 49,164 54,893 42,849 39,840
Total single-copy” genes* 39,480 39,633 39,513 40,794 39,840
Total genes, % of total genome 7.33 7.01 7.42 7.69 7.44
Single-copy” genes, % of complexity 7.59 7.38 7.80 7.96 7.85
ORFs

Total ORFs 53,343 68,199 62,754 51,846 41,973
Single-copy” ORFs 49,644 56,058 44,916 47,493 39,912
ORFs % of total genome 9.36 9.73 8.48 9.31 7.83
Single-copy” ORFs, % of complexity 9.54 10.44 8.86 9.27 7.87

Sizes are given in number of nucleotides.

“Repeats >0.5 kb.

"Second (and third) copies on repeats are not included.
“Coding regions only.

“Includesboth exon and gene duplicationsforall geneslisted in Table 2, but does notinclude introns, pseudogenes, or pseudo-exons.

Conserved genes: All four of the newly sequenced
maize mitochondrial genomes contain the same basic
suite of 51 functional genes as does NB (CLIFTON el al.
2004), although the copy number of individual genes or
exons varies among cytotypes due to the presence of
duplications (Figure 1; Table 2). The conserved genes
code for 33 known proteins. Eighteen of the mitochond-
rially encoded proteins are components of the ATP-
generating electron transport chain: nine subunits of
complex I (NAD 1, 2, 3, 4, 4L, 5, 6, 7, 9), apocyto-
chrome b (COB) of complex III, three subunits of
complex IV (COX 1, 2, 3), and five subunits of complex
V (ATP 1, 4, 6, 8, 9). Four additional proteins partici-

pate in the biogenesis of cytochrome ¢ (CCM B, C,
FN, and FC). Nine genes encode eight ribosomal pro-
teins (RPS 1, 2, 3, 4, 7, 12, 13, and RPL16). In all five
maize mitochondrial genomes, two distinct rps2 genes
have been retained (rps2A and rps2B), although pre-
vious studies suggested that 7ps2A is the major active
gene (PERROTTA et al. 2002). All the maize mitochon-
drial genomes carry a conserved gene for a putative
maturase (matr) located within the fourth intron of
nadl (WAHLEITHNER et al. 1990), as well as the miB/ tatC
gene (BONNARD and GRIENENBERGER 1995; BoGSCH et al.
1998), which encodes a protein translocase (WEINER et al.
1998).

FIGURE 1.—Linear representations of maize mitochondrial genomes. The relative positions of genes are indicated by horizontal
lines, color coded by function, as indicated in the key at the bottom left. Cis-spliced exons are connected by a caret. tRNA genes are
indicated by short lines. Transcription direction is down for genes on the right and up for those on the left of each genome bar. For
very closely spaced genes, spacing has been increased for visibility. Arrowed boxes within each genome bar indicate large repeats
(>0.5kb), color coded according to the key at the bottom right, with arrowheads indicating orientation. Genes in repeats contain
the suffix -1 or -2. Rectangular green boxes/lines indicate transferred plastid sequences. Genes in plastid sequences contain the

suffix -cp. Scale is in kilobases.
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TABLE 2

Known functional genes in maize mitochondrial genomes

Product group Gene NB NA CMS-C CMS-S CMS-T
Complex I nadl® +° +* + 0 +° +
nad2* + + e 44 +
nad3 + + + + +
nad4 + + + + +
nad4l. + + 2+ + +
nads* + + + + +
nad6 + + + + +
nad7 + + + + +
nad9 + + + + +
Complex ITI cob + + 2+ + +
Complex IV cox1 + + + + +
cox2 + + 2+ + +
cox3 + 2+ 2+ + +
Complex V atpl 2+ + 2+ 2+ +
atpd + + + + +
atpb + + + + +
atps + + + + +
atp9 + + 2+ + +
Cytochrome ¢ biogenesis cemB + 2+ + + +
cemC + + + + +
cemFN + + + + +
cemFC + + + + +
Ribosome rpsl + + + + +
Tps2A + + + + +
rps2B/ + 2+ 2+ + +
ps3 + +0 + + +e
rpst + + 2+ + +
7psT + 2+ 2+ + +
ps12 + + + + +
psl3 + + 2+ + +
pll6 + + + + +
Other proteins mat-r + + + + +
mitB + + + + +
Turfl3" - - - — +
orf355/orf77" — —
tRNA
Asparagine trnN 2 cp 2 cp 2 cp 2 cp cp
Aspartic acid trnD 2 mt 2 mt 2 mt 2 mt mt
Cysteine trnC cp cp cp cp cp
Glutamic acid trnE 2 mt 2 mt 2 mt 2 mt mt
Glutamine trnQ mt mt mt mt mt
Histidine trnH cp 2 cp cp cp cp
Isoleucine trnl 2 mt, cp 2 mt 2 mt 2 mt mt
Lysine trnK mt mt mt mt mt
Methionine trnM mt mt-a,’ cp-b mt mt-a,’ cp-b mt-a,’ cp-b
f Methionine trnfM mt mt 2 mt mt mt
Phenylalanine trnF cp cp cp cp cp
Proline trnP 2 mt 2 mt 2 mt 2 mt mt
Serine trnS mt-a,’ mt-b mt-a,’ mt-b 2 mt-a,’ mt-b mt-a,’ mt-b mt-a,’ mt-b
Tryptophan trnW cp’/ cp’/ cp’/ cp’/ cp’/
Tyrosine trnY mt mt mt mt mt
rRNA b + 2+ 2+ + +
rrnl8 + 2+ 2+ + +
126 + 2+ 2+ + +
+, present; —, absent. Whole-gene copy numbers >1 are given.

“ trans-spliced.

"Two copies of exon 1.

“Two copies of exons 2 and 3.

“Two copies of exons 4 and 5.

“Two copies of exons 1 and 2.

/May not be functional.

¢Three copies of exon 1.

"Involved in cytoplasmic male sterility.

"“a” and “b” represent different anticodons. “mt” and “cp” denote mitochondrial and plastid origin, respectively.
/Present on the mitochondrial 2.3-kb linear plasmid (2.1 kb in NA and CMS-T).
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Three genes do not contain a DNA-encoded AUG
start codon by comparison with other genomes. In two
instances (nadl, nad4l.), an ACG codon is assumed to
be RNA edited to AUG (CHAPDELAINE and BoNEN 1991;
Hanbpa 2003), and in the last instance (matr), an AGA
has been taken to be the start codon in maize mito-
chondrial genomes by comparison with other organ-
isms in the public sequence databases. The stop codon
is UAA for 15 genes, including atp6 that is RNA edited
from CAA (Kumar and Lrevings 1993), UAG for 9
genes, and UGA for 9 genes, including cemFC that is
RNA edited from CGA (Hanpa 2003).

All of the maize mitochondrial genomes contain
three ribosomal RNA genes (5S, 18S, and 26S). Each of
the genome complexities also possesses 15 nonduplicate
tRNA genes for the same 14 amino acids (Table 2). In
addition, the functional tryptophan tRNA gene is located
on a small linear plasmid that was not sequenced in this
project (2.1 kb in NA and CMS-T, 2.3 kb in the other
cytotypes; BEDINGER et al. 1986; BocscH et al. 1998). Of
the 16 tRNA genes, 11 are “native” mitochondrial genes,
including two distinct tRNA-Ser genes. The tRNAs for 5
amino acids are encoded solely by genes of plastid origin.
For two tRNA genes, some genomes have only a “native”
mitochondrial version, while other genomes have an ad-
ditional plastid-derived version. These include the tRNA-
Met genes in the NA, CMS-S, and CMS-T mitochondrial
genomes, and an intron-containing tRNA-Ile gene in NB.
The transfer RNAs for 6 amino acids (alanine, arginine,
glycine, leucine, threonine, and valine) are not encoded
in the mitochondrion and are presumed to be encoded in
the nuclear genome and imported into the mitochon-
drion (KuMAR et al. 1996). There are also several tRNA
pseudogenes in each genome.

Most of the protein-coding genes are identical in both
amino acid and nucleotide sequence in all five maize
cytotypes. Among the 11 polymorphic genes (Table 3),
3 are notable. First, the CMS-C aitpb gene contains 481
nucleotides at its 5" end that are unique, as noted by
DEWEY et al. (1991). Second, the atp4 gene of CMS-T has
10 nucleotide substitutions, compared with the other
four cytotypes, and another substitution shared only
with CMS-S. These nucleotide differences predict six
amino acid changes. Third, relative to NB and NA, rps2A
has several nonsynonymous substitutions in its 3’ end: 2
in CMS-C, 5 in CMS-S, and 3 in CMS-T. This region is
part of a large, grassspecific C-terminal extension of
unknown function that is proteolytically cleaved to yield
the mature protein (PERROTTA et al. 2002). In the genes
other than atp4 and rps2A, there is a total of 12 sub-
stitutions, 8 of which are nonsynonymous. Relative to
NB, there are few transitions compared to transversions
within the coding regions; for NA, there are 0 tran-
sitions:1 transversion; for CMS-C, 2:2; for CMS-S, 1:9;
and for CMS-T, 5:14 (1:8 if atp4 is excluded).

All but 4 of the 28 substitutions and all seven indels
within genes are unique to a single cytotype, including

15 substitutions and one indel in CMS-T. The excep-
tions are three of the differences in 7ps2A and one in
atp4. Because the genes in Table 3 are being compared
to the NB versions, the apparent insertion in atp4 at 634
in four genomes is actually a deletion only in NB. Five of
the indels are in the 18S and 26S rRNA genes.

In addition to the conserved set of functional genes,
the CMS-S and CMS-T genomes each have expressed
OREFs that are known to be associated with cytoplasmic
male sterility (T-urf13 in Tand orf355/ 0rf77 in S; DEWEY
el al. 1987; ZABALA et al. 1997).

Because of the large duplications, a twofold variation
in copy number occurs for some mitochondrial genes, yet
it does not appear to pose a gene-regulation problem.
Even though the two male-fertile genomes, NB and NA,
differ substantially in the number of repeated genes, as do
cytoplasmic-male-sterile CMS-C (which has 13) and CMS-T
(which has none), there is no detectable phenotype that
distinguishes the genomes except the phenotypes asso-
ciated with the CMS genes themselves (LAUGHNAN and
GAaBAY-LAUGHNAN 1983). Two- and even threefold varia-
tion occurs for individual exons of mitochondrial genes
among the cytotypes, yet this also does not cause a detect-
able problem for the plant. Mitochondrial gene expression
has been shown to be regulated at both transcriptional
and post-transcriptional levels in maize (MULLIGAN el al.
1991) and mainly at the post-transcriptional level in Arabi-
dopsis (GIEGE et al. 2000). Post-transcriptional regula-
tion may account for the lack of dosage effects in maize
mitochondrial genomes.

Open reading frames: A complete list of ORFs
(minimum size, 100 codons) that did not overlap known
genes was generated for each genome. Each of the maize
mitochondrial genomes contains between 95 and 116
different ORFs that are not thought to be associated with
CMS (supplemental Tables 1-3 at http:/www.genetics.
org/supplemental/). The percentage of each genome’s
complexity occupied by such ORFs (7.87-10.44%) was
found to be higher than the percentage occupied by
known exon sequences (7.38-7.96%; Table 1).

The largest ORFs found in the maize mitochondrial
genomes (orf1159, orf917, and orf911; supplemental
Tables 1-3) are larger than any of the known genes. The
largest ORFs appear to be degenerate copies of all or
part of the DNA polymerase (orf917, orf911, and
orf734) or RNA polymerase (orf1159, orf653, orf487,
and orf417) genes derived from either the S plasmids of
CMS-S maize or the homologous R plasmids of RU
maize (WEISSINGER et al. 1982). These plasmids are the
source of sequences that yield other ORFs throughout
the genomes as well. For example, 10 of the 105 non-
duplicate ORFs in NB are derived from degenerate
segments of R/S plasmid genes.

With the exception of ORFs that confer cytoplasmic
male sterility, mitochondrial ORFs that were later iden-
tified as functional genes were found to be conserved
across a range of taxa. They include the ccm genes
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TABLE 3
Substitutions and indels within maize mitochondrial genes, relative to cytotype NB
NB vs.:
NB gene NA CMS-C CMS-S CMS-T
atp4 (660 bp) 28-36
GGTaTaaaT — AAAaGaaaA
(GIN — KRK)
227 tTe — tGe (F — Q)
287 ¢cGg — cAg R — Q)
348 tgT — tgC (C)
498 ttA — tT (L — F)
513 acA — acT (T)
603 ctC — ctA (L) 603 ctC — ctA (L)
634 acc — 634 acc — aAGAGATcc 634 acc — aAGAGATcc 634 acc — aAGAGATcc
aAGAGATcc
(T — KRS) (T — KRS) (T — KRS) (T — KRS)
atpb (1233 bp) P First 481 bp unique P P
537 ggcaag — ggTGag
(GK — GE)
cemFN (1863 bp) P 1485 aGa — aTa (R — 1)
1577 ttG — tT (L — F)
nad4l. (303 bp) 234 gcC — P 210 gcT — gcA (A)
gcA (A)
nad7 exon 3 P P P 56 Ttg — Gtg (L — V)
(467 bp)
nad9 (573 bp) P P P 402 acT — acG (T)
rps2A (1596 bp) P 225 ttA — toC (L — F)
691 Tgg — Ggg (W — G) 691 Tgg — Ggg (W — G) 691 Tgg — Ggg (W — G)
815 gGc — gAc (G — D) 815 gGc — gAc (G — D)
835 Agt — Tgt (S — C) 835 Agt — Tgt (S — C) 835 Agt — Tgt (S — C)
1243 Caa — Aaa (Q — K)
rps2B (1251 bp) P P 231 ttA — tC (L — F)
465 gtT — gtG (V)
750 gaA — gaT (E — D)
rps3 exon 2 P P 651 tTt — tAt (F = Y) P
(1606 bp)
rps13 (351 bp) P 349 at > cGGAAAt P P
creates 34 bp 3’ extension
rml8 (1968 bp) P 890 ct — cCTACGt P P

1342 cCACGGAGa — ca

rrn26 (3552 bp) P 398 cc = cGGGCGe

2882 at — aTCATTt
1898 cg — cGTTAGg

Altered nucleotides are in capital letters, flanking nucleotides in lowercase. Numbers indicate nucleotide position of change,
relative to the start site of the coding region (protein-coding genes) or mature RNA (rRNA genes). For protein-coding genes, the
codon containing the change is given. Letters within parentheses are single-letter amino acid codes. “P” indicates that the gene is
present in identical form. The number of base pairs in each coding region (whole gene or exon) is given.

(HaNDA et al. 1996) and the previously designated orfX
(now mttB/ tatC) (BONNARD and GRIENENBERGER 1995;
BoaGscH et al. 1998), orf25 (now aip4), and orfB (now
atp8) (HEAZLEwWOOD et al. 2003). However, only 54 of the
105 such ORFs found in the NB mitochondrial genome
complexity (CLIFTON et al. 2004) were present as open
reading frames in all of the other genomes (supplemen-
tal Table 1). Fifty ORFs from the NB genome are missing
in at least one of the other four maize mitochondrial
genomes (supplemental Table 2), and many ORFs were
identified in the other genomes that were not open
reading frames in NB (supplemental Table 3). Just one

of the ORFs, 0rf99-a, is also present as an ORF in the rice
mitochondrial genome (NoOTsU et al. 2002), but it is not
present as an ORF in the wheat mitochondrial genome
(OGIHARA et al. 2005) or any other plant mitochondrial
genome. Most of the mitochondrial ORF sequences
were notfound to be expressed as abundant stable RNAs
in Arabidopsis (GIEGE et al. 1998) or NB maize (MEYER
2004). Thus few, if any, of the unknown ORFs are likely to
be functional.

Chimeric ORFs: Rearrangement of the mitochon-
drial DNA can join pieces of genes, ORFs, or noncoding
sequences to produce novel, chimeric open reading
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TABLE 4

Chimeric ORFs (=70 codons) present in the five maize mitochondrial genomes

Genome

NB NA CMS-C CMS-S CMS-T Gene fragments present

orf73 — — — — 28 bp atp9

orf75 orf75 — orf75 orf75 29 bp atp9

orf70 orf70 orf70 orf70 orf70 42 bp nad7 exon 4

— — — orf72 — 153 bp nad2 pseudo-exon 1

orf73-a — — — — 219 bp nad2 pseudo-exon 4

orf73-b — — — — 51 bp nad2 pseudo-exon 4

orf86 orf86 orf86 orf86 — 67 bp atpb

orf90 — orf90 orf90 orf90 31 bp 7ps3 exon 1

orf89 orf89 orf89 orf89 orf89 28 bp plastid rn23

orf197 — — orf221 — 573 bp nad2 pseudo-exon 4

orfl91“ — orf191“ orf191“ orf191“ 30 bp 7ps3 exon 1

— orf130-b’ — — — 30 bp rps3 exon 1

orfl59-a orfl59-a orf163-b orf163-b orfl59-a 264 bp ps3 (exon 1 + 190 bp of intron 1); 209 bp 1ps12

orfl01-c orfl01-c orfl01-c orfl01-c — 26 bp rps3 exon 2

orf186 orf186 orf186 orf186 — 80 bp cox2 exon 1; 28 bp rps2B

— orfl179-b — — orfl79-b 21, 43 bp cox2 exon 1

orf248 orf248 orf246 — orf248 26, 24, 23, 29 bp atp6-CMS-C; 21 bp 7ps3 exon 2

orf248 orf248 orf246’ orf189 orf248 26, 24 bp atp6-CMS-C

orf396 orf364 orf410 orf462 — 112 bp atp6-NB*

- orf105-h — — orf105-h 47 bp atp9

orfl47-b orfl47-b orfl47-b orfl47-b orf190 24 bp atp4; 39 bp atp9; 19 bp coxl

orfl49-a orfl49-a orfl49-a orfl134-b orfl49-a 35 bp cp trnR

— — — — orfl118-b 31 bp cp trnR*

8 4 4 6 4 Chimeric ORFs 70-99 codons

9 10 8 9 8 Chimeric ORFs =100 codons

296 360 388 279 280 Total ORFs 70-99 codons

105 116 103 107 95 Total ORFs =100 codons

2.7% 1.1% 1.0% 2.2% 1.4% Chimeric ORFs 70-99 codons as percentage of all
ORFs 70-99 codons

8.6% 8.6% 7.8% 8.4% 8.4% Chimeric ORFs =100 codons as percentage of all

ORFs =100 codons

OREFs of 70-99 codons are in the top portion of the list, and ORFs of =100 codons are in the bottom portion of the list. Iden-
tified CMS-related ORFs (T-urf13, orf355, orf77) and ORFs within sequences of plastid origin (see MATERIALS AND METHODS) are
not included. ORF totals are for genome complexity. ORFs must have at least one gene fragment =26 bp, but additional fragments
of 16-25 bp are shown if present.

“The orf130-b sequence lies within the 0r/191 sequence and contains the same gene fragment, but is in the opposite orientation.

’Contains the fragments listed plus additional fragments listed in the line above. See Figure 2 for a graphic representation of
some of the chimeric ORFs or supplemental Table 1 at http:/www.genetics.org/supplemental/ for all of them.

“This atp6 version is also the version in NA, CMS-S, and CMS-T. This 112-bp segment is also found 7 bp upstream of the cox2 ATG
in all the genomes except CMS-C.

“Part of the fragment on the line above it.

frames. Chimeric ORFs have been implicated in CMS in
many taxa (reviewed by HANSON and BENTOLILA 2004);
in maize, they include T-urf13 in CMS-Tand orf355/ orf77
in CMS-S. Recently, a small ORF, orf79, was shown to be
the cause of CMS in Boro Il rice (WANG et al. 2006), and
orf77 is a candidate ORF in CMS-S (ZABALA et al. 1997).
Therefore, ORFs of at least 70 codons were character-
ized for chimerism using nucleotide BLAST (Table 4).
Only ORFs containing gene fragments of at least 26 bp
are included in Table 4. For such ORFs, gene fragments
of 16-25 bp are also shown. Some gene sequences are

parts of two chimeric ORFs; e.g., in the CMS-T genome,
35 bp of a plastid-derived ¢nR is present in orf149-a and
31 bp in orf118-b. The chimeric ORFs that have already
been associated with cytoplasmic male sterility in CMS-S
and CMS-T mitochondrial genomes are included in the
gene table (Table 2).

Eight to 10 chimeric ORFs of =100 codons (the
minimum size annotated; Table 4, supplemental Figure
2 at http://www.genetics.org/supplemental/) are pre-
sent within the genome complexities of each of the five
mitochondrial types, accounting for <10% of all ORFs
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of that size range in each genome (supplemental Tables
1-3). An additional 4-8 chimeric ORFs of 70-99 codons
were identified in each genome (Table 4).

Three main types of chimeric ORFs are present
(supplemental Figure 2 at http:/www.genetics.org/
supplemental/). The first type is the same length in
all the mitochondrial genomes in which it is found (e.g.,
the 186-amino-acid orf186). The second type has differ-
ent lengths in different cytotypes due to a changed start
orstop site (e.g., orf147/ orf190, which contains pieces of
three genes). The third type has both a different start or
stop and additional gene segments in some of the ORFs.
This type is represented by orf189 (CMS-S), or/246 (CMS-
C), and orf248 (NB, NA, CMS-T), which all have the same
start site and the first two gene segments; the two longer
versions have three additional gene segments.

CMS-associated sequences: Finding the genes respon-
sible for CMS has often been a tedious task, and attempts
to identify them by comparing a single CMS genome with
asingle fertile genome have not been generally successful
(HansoN and BenToLiLA 2004). However, by comparing
the complete sequences of multiple, closely related mito-
chondrial genomes, the list of chimeric ORFs that are
unique to a given CMS cytotype, and thus are candidates
for causing CMS, is reduced.

Using a 70-codon minimum size, only two chimeric
ORFs were found to be present uniquely in the CMS-T
genome. One of them, orf115, is T-urf13, the gene
known to cause T-type cytoplasmic male sterility (DEWEY
et al. 1986, 1987; WISE et al. 1987). It encodes a 13-kDa
membrane-spanning polypeptide, and oligomers of this
protein can depolarize the mitochondrion, leading to
cell death (RHOADS et al. 1994). In contrast, the other
OREF, 0r/118-b, is predicted to be a soluble protein with
no membrane-spanning domains (data not shown). Be-
cause CMS-associated genes usually contain membrane-
spanning domains, orf118-b was not considered to be a
candidate gene for T-type male sterility.

The only chimeric ORF =70 codons that was found
uniquely in the CMS-S genome sequence is orf77, which
is composed largely of sequences from a#p9 (ZABALA
et al. 1997). It lies on the same strand as, and is located
just 11 bp downstream from, or/355. orf355 is composed
of sequences from several genomic locations: the 5’
third is composed of sequences otherwise found only in
NB, the middle third only in NB and NA, and the final
third and most of orf77 only in NA and CMS-T. The latter
two-thirds are separated by 33 bp of unknown origin.
Because orf355 does not contain recognizable pieces of
known genes, it is not considered to be a chimeric ORF
by our definition. The cotranscribed orf355/ orf77 re-
gion has been suggested as the cause of CMS-S (ZABALA
et al. 1997). CMS-associated genes are often located very
near another gene or ORF (SCHNABLE and WISE 1998).
For example, T-urf13 is just 78 bp upstream of aip4.
As sequencing costs are further reduced and analytical
tools are improved, comparative sequencing of related

mitochondrial genomes may become the preferred first
step in the process of identifying other CMS-causing
genes.

In contrast to the relative ease of identifying candi-
date sterility-causing genes in CMS-T and CMS-S, no
chimeric ORF of at least 70 codons was found that was
both unique to CMS-C and did not overlap a known
gene. It may be that an even smaller chimeric ORF is
responsible for this sterility. Thus, the lower size cutoff
was reduced to 50 codons. CMS-C contains 752 ORFs of
50-69 codons, of which only 11 are chimeric (contain-
ing known-gene fragments of at least 26 bp; supplemen-
tal Table 4 at http:/www.genetics.org/supplemental/).
Three are unique to CMS-C, none of which is predicted
to have a membrane-spanning region. The smallest,
orf59-b, has only a short sequence from a9, predicting
an out-offrame 9-amino-acid segment. orf62 contains
three fragments, from 7ps3 and atp6, in the reverse ori-
entation relative to their original genes. Twenty-one
base pairs from 7ps3 exon 2 are followed by 29 and 23 bp
from atp6. The two afp6 segments are apparently derived
from a single segment that has undergone a 60-bp
deletion. orf61 is also unique to CMS-C, but it is closely
related to CMS-T orf54. Both contain two large gene
fragments: 56 bp from atp4 and ~70 bp from atpl. CMS-
C orf61 and orf62 are candidates for further analyses.

Another possibility is that CMS-C is caused by one or
more of the three rearranged functional genes—aitp6,
atp9, and cox2—identified by DEWEY et al. (1991). We
paid particular attention to the chimeric afp6 gene in
CMS-C because (1) itis present in a single copy and (2)
some CMS-associated ORFs are cotranscribed with afp
genes (HANSON and BENTOLILA 2004; WANG et al. 2006).
The CMS-C atp6 gene contains a 482-nucleotide leader
that has a completely different sequence from the 424-
nucleotide leader in the other four maize mitochon-
drial genomes. The extreme 5’ end of the C-atp6 leader
sequence is derived from the a#p9 gene, including the
first 39 bp of the coding region and all of its upstream
regulatory region (see supplemental Figure 3 at http://
www.genetics.org/supplemental /). The rest of the CMS-C
atpb leader sequence is not present anywhere in the
other maize mitochondrial genomes (the sequences of
“unknown origin” of DEwWEY et al. 1991). However, a
segment 93% identical to nucleotides 41-478 of the
C-atpb leader, plus the first 131 bp of the a#p6 core, is
found immediately upstream of the cox2 start codon in
Z. perennis (NEWTON el al. 1995). Although no other ho-
mologs were readily apparent in the nucleotide databases,
the predicted amino acid sequence of the “unknown
origin” region identified a{p6 leader sequences in the mi-
tochondrial genomes of tobacco, pepper, potato, petunia,
male-sterile radish, and Arabidopsis (BLAND et al. 1987;
LoESSL et al. 1987; MAKAROFF et al. 1989; MARIENFELD
et al. 1996; Lu and HansoN 1999; Kim and Kim 2006),
but not in other eudicots studied so far. The eudicot
leader sequences are highly diverged from the maize
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C-atpb leader, although the atpb core sequence is highly
conserved.

An atpb leader is associated with CMS in the Owen
type of CMS in sugar beet, where a 387-codon leader
precedes the core aipb sequence (YAMAMOTO et al. 2005).
After the gene is translated, the protein is processed to
yield the core ATP6 plus a 35-kDa membrane protein that
is associated with CMS. The sugar beet CMS-a#p6 leader
shares no sequence similarity with the maize CMS-C aipb
leader. Furthermore, the sugar beet CMS a6 leader
sequence is predicted to encode 17 transmembrane
segments, whereas the maize CMS-C apb leader (as well
as the loosely related a#p6 leaders from both male-sterile
and male-fertile eudicots) is predicted to have none. This
suggests that the distinctive afp6leader sequence in CMS-
C maize is probably not directly responsible for the male
sterility trait.

The upstream region of cox2 is rearranged (supplemen-
tal Figure 3 at http:/www.genetics.org/supplemental/).
In all five maize mitochondrial genomes, a region of
similarity to the atpb coding region lies upstream of the
cox2 start codon. In the non-CMS-C genomes, an in-frame
112-bp atpb core sequence (nucleotides 440-551) begins
7 bp upstream of the cox2 ATG. In CMS-C, the atp6 se-
quence starts at the same location, but continues upstream
for >5 kb, thereby including 118 bp of core and the entire
normal (e.g, NB) a6 leader sequence (from its start
codon to nucleotide 551). Nevertheless, the mature
COXII protein is the same size in all maize mitochondria,
leading to the proposal that the transcription start site for
the CMS-C cox2 gene may be within the translocated a#p6
coding region (DEWEY et al. 1991). The identity of COXII
in size and sequence to all other maize mitochondrial
COXII proteins argues against the protein being the cause
of CMS-C. However, if transcription in CMS-C starts at the
atp6 promoter and the truncated ap6 protein sequence is
post-translationally cleaved, the leader product may in-
terfere with normal ATP6 function.

We found that there are two distinct forms of the a#{9
gene in CMS-C. One of them, designated atp9-1, is the
same as is found in the other four genomes and thus is
expected to be a completely functional copy. The other
copy, designated atp9-2 and first described by DEWEY
et al. (1991), is also complete. However, relative to the
other four genomes, 113 bp upstream of its start codon,
rearrangements introduced a 199-bp segment that is
also present 611 bp upstream of the nad4L start codon
(supplemental Figure 3 at http:/www.genetics.org/
supplemental/).

Only one other major difference in a protein-coding
gene distinguishes CMS-C from the other maize cyto-
plasms. A 5-bp insertion immediately upstream of the
stop codon of rps13 changes the reading frame and leads
to a 13-amino-acid addition to the gene. It is not clear
how such a mutation might be related to CMS. Indeed, if
this change caused a malfunctioning ribosomal protein
to be made, one might expect to see a constitutively

defective growth phenotype (NEWTON et al. 1996) rather
than CMS.

Even after extensive sequence comparisons, we lack a
clear candidate gene for CMS-C. This illustrates that the
use of multiple genomes to identify CMS-associated
regions will not always be successful. Additional techni-
ques will be necessary to distinguish among candidates
or to confirm the designation of a CMS gene. These
include testing tissue-specific expression of candidate
CMS genes in the presence or absence of nuclear
restorer alleles, and experimentally inducing CMS fol-
lowing introduction of candidate CMS genes into male-
fertile plants (reviewed in HANSON and BENTOLILA
2004).

Plastid sequences in the mitochondrial genomes:
The discovery of plastid sequences in maize mitochon-
drial genomes was first reported by STERN and LONSDALE
(1982), and it is now known that sequences of plastid
origin are widespread among plant mitochondrial ge-
nomes. What is evident from our analysis is how fluid the
content of such exogenous sequences in the main mi-
tochondrial genome can be. Maize NB was reported to
have 25,281 bp of transferred plastid DNA (cpDNA:
CLIFTON et al. 2004), or 4.44% of the genome complexity.
The genomes reported here all contain substantially dif-
fering amounts. In the non-NB mtDNAs, sequences of
plastid origin account for between 2.98% (CMS-C) and
4.42% (CMS-T) of genome complexity (Table 5). If the
proportions of all five mtDNAs are calculated on the basis
of total genome size, so that plastid insertions on repeats
are included, the range is between 2.29 and 4.61% (NB).
The additional maize mitochondrial genome sequences
allowed the retrospective identification of four additional,
small cpDNA insertions in the NB genome, and thus the
amount and percentage of cpDNA presented here are
slightly larger than reported in CLIFTON et al. (2004). Of
the 45 regions of the plastid genome that are present in
atleast one of the maize mitochondrial genomes, 35 are
found in all of them. Most of the inserts are short: 78%
are <500 bp and 51% are <100 bp (supplemental Table
5 at http:/www.genetics.org/supplemental /).

Three major differences account for much of the
variation in cpDNA among the newly sequenced ge-
nomes. First, in NB mtDNA, a 12,592-bp segment from
the plastid inverted repeat accounts for almost half of its
total cpDNA (CLIFTON et al. 2004). CLIFTON et al. (2004)
hypothesized that this insert in NB maize was actually part
of a 23-kb insert that had been fragmented by normal
mitochondrial recombination, followed by the loss of
some of the resulting fragments. The other genomes have
much smaller versions of the 12.6-kb insert: NA, CMS-
S, and CMS-T have only 3206 bp and CMS-C has 1464
bp (supplemental Table 5 at http:/www.genetics.org/
supplemental/). The most parsimonious explanation is
that these genomes lost more DNA from a larger plastid
DNA segment. The second major difference is that NA,
CMS-S, and CMS-T (but not CMS-C) contain an additional



1184 J. O. Allen et al.

TABLE 5

Sequences of plastid or plasmid origin integrated into the maize mitochondrial genomes

Genome Total nucleotides cpDNA nt % of genome Plasmid nt % of genome
NB 569,630 (520,194) 26,239 (25,453) 4.61 (4.89) 12,102 (12,102) 2.12 (2.33)
NA 701,046 (537,180) 29,470 (20,854) 4.20 (3.88) 11,877 (11,377) 1.62 (2.12)
CMS-C 739,719 (506,760) 16,929 (15,084) 2.29 (2.98) 0 0
CMS-S 557,162 (512,175) 20,780 (20,433) 3.73 (3.99) 374 (374) 0.07 (0.07)
CMS-T 535,825 (509,912) 23,669 (22,423) 4.42 (4.40) 0 0

Numbers in parentheses do not include nucleotides in large repeats (>0.5 kb); i.e., they are genome com-

plexity numbers. Minimum sequence identity is 80%.

“The linearizing S1 and S2 plasmids are not included.

3756 bp of cpDNA from the middle of the large single
copy (LSC) region of the plastid genome that is not
presentin NB. Third, CMS-T is unique in having 2682 bp
from yet another part of the LSC region.

It appears that plastid DNA can be gained and lost
rapidly from the mtDNA. Whereas the maize mitochon-
drial genomes that we examined differ in complexity
(only one copy of each repeat is included) by a maxi-
mum of 6%, the amount of plastid DNA differs by up to
69%. However, the variation in plastid amount is due to
only 10 of the 45 segments of plastid origin (supple-
mental Table 5 athttp: /www.genetics.org/supplemental/).
In general, the variable segments are larger than the non-
variable ones, in keeping with the idea that large plastid
segments are acquired and then fragmented, after which
some of the fragments may be lost (CLIFTON et al. 2004).

All five of the maize mitochondrial genomes contain
the previously described 4.1-kb plastid DNA insert whose
unique organization and sequence suggested that re-
cent plastid DNA transfers have copy corrected part of
the insert (CLIFTON ef al. 2004).

Integrated plasmid sequences: Several linear and
circular plasmids are present in maize mitochondria,
and portions of some of them are found in the main
mitochondrial genomes (Table 5). The 6397-bp S1
(PAILLARD et al. 1985) and 5453-bp S2 (LEVINGS and
SEDEROFF 1983) linear plasmids are uniquely associated
with S-type cytoplasmic male sterility. Some of the male-
fertile South American RU cytoplasms have related
plasmids designated R1 and R2 (WEISSINGER e al.
1982). The 7.4-kb R1 plasmid contains 4.5 kb that are
nearly identical in sequence to the left end of SI,
whereas R2 appears to be identical to S2. Slightly >2%
of the NB and NA genome complexities are present as
integrated S/R-plasmid sequences (Table 5). The NB
mitochondrial genome possesses an integrated homo-
log of R1 (HoucHINS et al. 1986) that is missing 230 bp
from its left end and an R2 thatis missing 320 bp from its
right end. The NA genome has the same R2 segment,
but the integrated R1 is missing the right 603 bp.
Neither CMS-C nor CMS-T contains sequences homol-
ogous to the S or R plasmids >55 bp that are not highly
divergent.

The linear conformations of CMS-S that we observed
contain integrated complete copies of SI; their sequen-
ces are identical to the free plasmid sequences. We did
not detect integrated S2 plasmids. Previous data sug-
gested that integrated copies of S2 do exist (SCHARDL
et al. 1984, 1985).

S1and R1 carrya gene for a viral-like DNA polymerase
(S1 ORF3; KuzMmIN and LEVCHENKO 1987) and S2/R2
carries a gene for a viral-like RNA polymerase (S2 ORF1;
KuzMmIN et al. 1988). In other taxa, including Brassica
napus, Podospora anserina, and Claviceps purpurea (a phy-
topathogenic fungus), similar ORFs for DNA and RNA
polymerases are located on single mitochondrial plas-
mids (Orser and Tupzynskr 1989; HErRMANNS and
Osiewacz 1992; HANDA et al. 2002). It has been sug-
gested that the plasmid polymerase genes are used only
for plasmid maintenance and expression (OESER and
TubpzyNskr 1989). In contrast, the genes for the poly-
merases involved in maintaining and expressing the
normal set of genes in the main mitochondrial genome
are coded for in the nucleus (CHANG ef al. 1999).

Diverged copies of plasmid ORFs are the basis for the
largest ORFs in the five mitochondrial genomes. ORFs
that have >90% similarity to the plasmid polymerase
ORFs are present in two of the maize cytotypes (NB and
NA). The maize ORFs that are most closely related to
the S1-DNA polymerase (orf917, orf911, and orf734)
show similarities (~40% identical and 60% similar) to
several ORFs in the main mitochondrial genomes of
Beta vulgaris, Daucus carota, and Secale cereale. Most of the
non-maize ORFs contain 100- to 500-codon regions with
similarities to the S1-DNA polymerase. The maize ORFs
that are most closely related at the protein level to the
RNA polymerase of the S2 plasmid (orf/1159, orf653,
orf487, and orf417) also show similarity (~30% identity
and 50% similarity) to several ORFs in the main mito-
chondrial genomes of B. vulgaris and D. carota. Again,
most of the ORFs contain 100- to 500-codon regions
with similarities to the plasmid ORFs.

All five maize mitochondrial genomes also contain
other highly divergent (<80% sequence identity) copies
of R/S plasmid fragments that appear to have become
integrated at multiple times prior to the divergence of
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TABLE 6

Percentage of maize mitochondrial genome complexity that
is absent in other genomes

Reference genome

vs. NB NA  CMSC  CMSS  CMST
NB — 5.11 2.66 5.09 7.42
NA 197 — 0.80 0.48 3.11
CMS-C 497 626 — 5.94 6.73
CMSS  6.05  4.61 3.92 — 6.60
CMST 707 596 412 5.31 —

Small deletions (<200 bp) are not considered to be missing
segments. Percentages for the NA genome, which shares the
most complexity with each of the other genomes, are in
italics.

the genomes. None of the genomes contains integrated
portions that are >34 bp (>80% sequence identity)
from the short mitochondrial plasmids (2312-bp linear
plasmid in NB, CMS-C, and CMS-S; 2176-bp linear
plasmid in NA and CMS-T; 1913-bp circular plasmid in
all except CMS-S; and 1445-bp circular plasmid present
sporadically) (LUDWIG et al. 1985; BEDINGER et al. 1986;
SmrTH and PriNG 1987).

Genome conservation: Considering thatall the maize
mitochondrial genomes have similar genome complex-
ity, a comparative analysis was conducted to determine
the proportion of the sequences that each has in com-
mon with the others (Table 6). One of the most sur-
prising outcomes of our analyses is how rapidly sequence
segments are gained and lost. Even comparing the two
most similar genomes, NA is missing 1.97% of the se-
quences present in NB.

Each of the three cytoplasmic-male-sterile genomes is
missing substantial amounts of sequence that are pres-
ent in the male-fertile genomes. Over 7% of the NB
genome is not present in the CMS-T genome (Table 6),
and CMS genome pairs are missing from 3.92 to 6.73%
of each other. The NA genome might be considered the
most complete, in that it contains the greatest pro-
portion of each of the other genomes, including 99.20%
of the sequences present in CMS-C and 99.52% of those
in CMS-S.

Reciprocity is generally not seen in any comparison,
even between the two malefertile genomes; the NA
genome is missing 1.97% of the NB genome, but the NB
genome is missing 5.11% of the NA genome (Table 6).
The difference is more striking when comparing NA
with CMS-C: NA is missing only 0.80% of the CMS-C
genome, but CMS-C does not possess 6.26% of the NA
genome. Reciprocal differences were also seen in which
sequences are present in male-fertile vs. CMS sugar beet
mitochondrial genomes (SATOH et al. 2004).

Especially in the comparisons between the fertile and
CMS maize mitochondrial genomes, a large proportion

of the missing sequences are exogenous, originating
either from the plastid genome or from mitochondrial
plasmids. In fact, between the two most closely related
cytotypes, NB and NA, all but 313 bp of the difference is
the result of the presumed loss in the NA genome of a
9.4-kb segment of the 12.6-kb NB plastid insert. Even for
the 5% of the NB genome that is not present in CMS-C,
missing plastid and plasmid inserts together account for
97% of the difference. Thus, acquired exogenous se-
quences can play a major role in size and compositional
evolution of plant mitochondrial genome complexity
on a subspecific timescale. In fact, the genome with the
leastintegrated plastid and plasmid DNA, CMS-C, is also
the genome with the smallest complexity.

“Native” mitochondrial sequences can also be pres-
ent in only some genomes. For example, 75% of the
sequence that is present in NA but not present in NB
cannot be attributed to a difference in plastid or plas-
mid DNA. Among the five mitochondrial genomes, all
of the missing “native” DNA segments are <10 kb, and
most are <1 kb. Some of these missing mitochondrial
sequences may have been lost by simple stochastic
processes following looping out or double recombina-
tion events (see FAURON et al. 1995b).

Some of the sequences are found only in one of the
genomes and may be newly acquired. The unique se-
quences include a 313-bp segment in NB, 426- and 131-
bp segments in NA, and 288- and 442-bp segments in
CMS-C. CMS-T has 10 unique segments ranging from 359
to 3353 bp in length, comprising a total of 12,576 bp.
(Indels of <50 bp were not included.) None of these
unique sequences has matches in the public databases.
In addition, 9249 bp of the 12.6-kb plastid insertion in NB
mtDNA is not present in any of the other four genomes.

Genome rearrangement: Despite the phylogenetic
closeness of the five maize mitochondrial genomes
(DoEBLEY 1990), regions of synteny are generally short,
due to the abundant rearrangements among them.
There are six regions (not including repeats) of at least
15 kb that are syntenic in all five genomes, the largest of
which is 66 kb (“F” in Figure 2). When the genomes are
compared pairwise, the largest contiguous region is 161
kb, found in NB and NA (NB, 138,491-299,194; NA,
479,468-640,246). In the 10 pairwise genome compar-
isons, there are an additional seven common segments
of >100 kb (139-kb NAxC, 123-kb NBxNA, 114-kb
NBxNA, 110-kb NAxC, 109-kb NAxS, 109-kb NBxC,
and 100-kb NBxC). An additional 17 segments of >50
kb are present. The smallest syntenic segment observed
(above our arbitrary 25-bp lower limit) is 27 bp when NB
is compared to CMS-T. The next smallest is a 32-bp
segment in the four non-NB cytotypes relative to NB.

The numerous rearrangement points, repeats, and in-
sertions and deletions among the five maize mitochondrial
genomes are not evenly distributed across the genomes.
For instance, a large number of rearrangements oc-
curred near NB coordinate 140 kb, but almost none
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FIGUrE 2.—Multiple rearrangements lead to small syntenic regions. The NA, C, S, and T mitochondrial genomes are arranged
relative to the linearized NB map. NB gene positions are indicated by vertical lines colored as in Figure 1. Horizontal gray bars (A—
F) indicate regions of synteny (15-66 kb) among all five maize mitochondrial genomes. Colored boxes indicate regions that are
present in NB as repeats of >500 bp, using the color scheme of Figure 1. Some very closely spaced rearrangements may be even
closer than indicated due to line separation requirements for visibility.

occurred in the 80-kb interval preceding it (Figure 2).
No clear explanation for this hot spot has been dis-
cerned. Another region involving both rearrangement
and deletion occurs in the first 20 kb of the NB genome
and is shown in more detail in Figure 3 (see also
CLIFTON et al. 2004). These differences are almost ex-

clusively in the Rl-plasmid-homlogous region (coordi-
nates 6638-13,429). A comparison to the entire NB
genome is shown in supplemental Figure 4 at http:/
www.genetics.org/supplemental/.

Figure 1 clearly illustrates the differences in the order
of genes that result from rearrangement. Unlike plastid
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Frcure 3.—Conservation of maize mitochondrial genomic sequences. Multipip representation of the first 20 kb of the NB map.
The region is typical in that sequences are either present and highly conserved or absent. This region is unusual in that large
portions of the NB genome are not present in three of the genomes. Multipip (SCHWARTZ et al. 2000, 2003) aligns the sequences
of each taxon to the reference (NB), irrespective of the locations of those sequences in the other taxa, and plots them according to
the percentage of identity to the reference genome (vertical scale). The solid block indicates a gene, open blocks indicate ORFs,
and arrows indicate the direction of transcription.
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genomes, which always include ribosomal RNA genes
on their large inverted repeats, the duplications in maize
mtDNA occur throughout the genome, so that different
members from each of the functional groups of protein-
coding genes may be duplicated. There does not appear
to be a bias for which genes are present on duplications
in the maize mitochondrial genomes.

Relatively gene-rich and gene-poor regions can each
show evidence of numerous rearrangements. Except for
the leader sequence of a#p6 in CMS-C, the intercytotype
rearrangements do not delete parts of genes. Rear-
rangements that greatly affect gene function, such as
those of the NCS mutants (NEWTON et al. 2004), would
be expected to be strongly selected against. Two re-
arrangements occur within introns. In four of the
mitochondrial genomes, one end of the 17-kb repeat
lies within the 1905-bp intron 3 of nad2. In all the
genomes, one end of the 11.1-kb repeat (12.8 kb in
CMS-T) lies within the 1842-bp intron of rps3. In each
case, the normal gene is preserved, but supernumerary
exons are created on the duplicated segments.

Examination of the region within 1500 bp of the start
or end of a coding region revealed six upstream and six
downstream rearrangement sites (supplemental Table 6
at http:/www.genetics.org/supplemental /). Ten of these
12 rearrangements occur near the one cob, three cox,
and five atp genes. In the maize mitochondrial ge-
nomes, there are 51 genes in 59 transcriptional units
(because of transsplicing), and thus five-sixths of the
rearrangements near genes occur adjacent to fewer
than one-sixth of the transcriptional units. We have not
determined why the regions surrounding these genes
are more recombinationally active.

Relatively fewer rearrangements occur near genes
than in the genomes overall. Within 1.5 kb upstream
and downstream of coding regions (a total of ~725 kb in
all five genomes combined), the frequency of rearrange-
ments (1/60 kb) is about one-fifth of that at which they
occur in the genomes in total (198 rearrangements
in 2586 kb = 1/13 kb). However, the frequency of re-
arrangements near chimeric ORFs (8 rearrangements
in 108 kb = 1/13 kb) is no different from the overall
rearrangement frequency. This suggests that rearrange-
ments near genes are selected against or that regions
adjacent to most of the genes are not recombinationally
competent. In contrast, recombination in regions adja-
cent to chimeric ORFs appears not to be selected
against. This is a further argument that unidentified
chimeric ORFs are not functional.

Approximately half of the rearrangement sites have
fragment ends that overlap (double arrows in Figure 2);
i.e., the rearrangement sites are repeated sequences,
with sizes that range from a single nucleotide to >4500
bp. The overlaps containing very small numbers of
nucleotides were detected by aligning adjacent homol-
ogous segments onto the NB genome. These overlaps
are distinct from SDRs and SSRs. Among the 35 rear-

rangement sites that have overlapping fragments, only 4
include SDRs and none have SSRs, although three SDRs
and one SSR are immediately adjacent to the breakpoint,
and one of each type is within 20 bp of the breakpoint.

Some of the large duplications in one maize mito-
chondrial genome are composed of sequences that are
adjacent to deletions in another genome. For example,
sequences adjacent to one end of the recombinationally
active R5.3a repeat in NB and NA are absent in CMS-C,
CMS-S, and CMS-T (Figure 2). Rearrangements involv-
ing small repeats can lead to the loss of genomic se-
quences (SMALL et al. 1989; HANsoON and FOLKERTS 1992),
sometimes creating duplicate-deficient genomes, which
we did not observe. We were unable to definitively ex-
plain the repeat-based reorganizations in terms of the
proposed models. The rearrangements that do not ap-
pear to involve identified repeats may be the result of
chromosome breakage and rejoining.

Repeated sequences: The largest repeat within the
five maize mitochondrial genomes is 120 kb in NA
(Table 7, Figure 1); its two copies account for 34.1% of
the genome. This and the three other very large repeats
in CMS-C (105, 50, and 45 kb) are presentin onlyasingle
cytotype. Repeats <11 kb are present only sporadically.
In contrast, the 11.1-kb repeat (12.8 kb in CMS-T) is
present in all cytotypes, and the 17-kb repeat (R17) is
present in all but CMS-T (Table 7). Four of the smaller
repeats are present in three copies (R4.6 in NA, R5.7 in
CMS-C,R1.1in CMS-S, and R2.6 in CMS-T; Table 7), with
two of the three copies located within a larger repeat
(Figure 1). Each triplication occurs in only one genome.

Most of the duplicated regions are related to at least
one other repeat. The terminal 86 kb of the 105-kb
repeat (R105) in CMS-C is also the terminal 86 kb of the
120-kb repeat (R120) in NA (supplemental Figure 5
at http:/www.genetics.org/supplemental/). The other
terminus of R105 is composed of whatis the 15-kb repeat
(R15) in the NB genome. Only 4 kb of R105 is not part of
arepeat in another maize mitochondrial genome. This
sharing of repeated sequences is a common theme
among the genomes: (1) 258 kb (45%) of the 564 kb
of total genome complexity present in the five genomes
is part of arepeatin at least one genome; (2) of that 258
kb, 141 kb (55%) is present in >1 repeat; (3) only 2
repeats (R17 and R0.54) do not share sequences with
another of the 22 repeats; (4) 11 complete repeats con-
stitute parts of larger repeats; and (5) 7 repeats share a
terminus with one or more larger repeats.

Parsimony leads us to conclude that smaller repeats
were derived from larger repeats. In this scenario, a
large repeat was formed and then either (1) a segment
of one of the two copies was lost, shortening or dividing
it, or (2) arearrangementin one of the copies cleaved it,
creating two separate repeats, one pair of which re-
tained the back-to-back structure. A good example of
the latter is found in CMS-C, where one copy of each of
R50 and R45 are contiguous, but the second copies are
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TABLE 7

Large repeats (>05 kb) in maize mitochondrial genomes

Genomes
Repeats NB NA CMS-C CMS-S CMS-T
R120 — +, R4.6 —, R105, R50 — —
R105 — —, R15, R4.6, RO.6 +, R15 —, R4.2, RO.74 —
R50 —, R5.3a —, R5.3a +, Rb.7 —, R5.0, R1.1 —
R45 —, RO.7 —, RO.7 +, R0O.7 —, R5.0, RO.7 —, R5.2, RO.7
R17 + + + + —
R15 + —, R0O.6 — —, R4.2, RO.74 —
R12.8 —, R11 —, R11 —, R11 —, R11 +, R2.6
R11.1 + + + + —, R2.6
R5.7 — —, R5.3b +, 3X —, R5.3b —, R5.3b
R5.3a + + - —, R5.0, R1.1 -
R5.3b - + - + +
Rb5.2 - — — — +
R5.0 — — — +, R1.1 —
R4.6 — +, 3% — — —
R4.2 — — — + —
R2.6 — — — - +, 3%
R1.1 — - - +, 3X —
RO.74 — —, R0.60 — + —
R0.72 + + + + —
R0.69 — — — + —
R0.60 — + — - —
RO.54 + — — - —

Repeats (R) are indicated by numbers indicating lengths (in kilobases) as in Figure 1. +, complete repeats
present; —, complete repeats not present. Where smaller repeats are entirely contained within a larger repeat,
they are specified; italics indicate that only parts of the smaller repeats are present within the larger repeat.

“3X” indicates that sequences are present three times.

separated by hundreds of kilobases. The less parsimo-
nious scenario is that a region of the genome lying
immediately adjacent to an existing repeat also became
repeated, lengthening the existing repeat. In either
case, the larger a repeat, the more likely it is that its
sequence will include a region that is duplicated by a
separate event in another genome, or even the same
genome, in which case a triplication will be produced.
Ends of repeats tend to be shared, suggesting that re-
peat termini are more prone to duplication than other
sequences (supplemental Figure 5 at http:/www.genetics.
org/supplemental/).

The ends of large repeats (>0.5 kb) are also more
commonly associated with SDRs and SSRs. There are
only 37 unique repeat ends among the 22 repeats be-
cause of common ends (supplemental Figure 5). Nine
of the 37 unique ends contain members of SDR families;
6 of the SDRs are present many times in each of the
genomes. Four repeat ends contain SSRs.

The two copies of each of the largest repeats do not
appear to be randomly distributed. For each of the nine
repeats of =15 kb, the two copies lie within <10% of
genome complexity of each other (i.e., within ~50 kb of
each other, not including other intervening repeats;
Figure 1). For example, in the circularized CMS-C
genome, the R50 repeats are 8563 bp apart (1.14% of

genome size, 1.67% of genome complexity). The lone
exception is the 17-kb repeat (R17) in CMS-S.
Sequence evolution: Despite their differences in or-
ganization and DNA content, the five maize genomes
are very closely related at the nucleotide level. The most
similar genomes are NB and NA. There are only 92
nucleotide substitutions in the 559,015 ntin common in
the alignment of NB with NA, which corresponds to 1.65
substitutions/10,000 bp (Table 8). For CMS-C, the value
is 2.31 substitutions /10,000 bp, for CMS-T itis 4.32, and
for CMS-Sitis 5.36. The least similar genomes are CMS-S
and CMS-T, which have 7.04 nucleotide differences/
10,000 bp of their common sequence (supplemental
Table 7 at http:/www.genetics.org/supplemental /). The
relative levels of indels are roughly the same as they are
for substitutions, except that, whereas CMS-S has the
most substitutions relative to NB, NA, and CMS-C, CMS-
T has the most indels relative to those three genomes.
The nucleotide substitution frequency between the
mitochondrial genomes of the rice indica and japonica
subspecies is 1.93/10,000 bp (T1AN et al. 2006), which is
similar to that among the three most similar maize
mitochondrial genomes. On the other hand, the male-
fertile and cytoplasmic-male-sterile sugar beet mito-
chondrial genomes differed by 9.06/10,000 bp (SaTon
et al. 2004), which is more than the maximum for any
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TABLE 8

Nucleotide differences relative to the NB mitochondrial genome

Total genome Genes

Nucleotide Nucleotide No. of nucleotide Nucleotide
Genome Length” substitutions substitutions/10 kb Length’ substitutions substitutions/10 kb
NA 559,015 92 1.65 32,670 1 0.31
CMS-C 540,991 125 2.31 32,246 4 1.24
CMS-S 537,139 288 5.36 32,670 9 2.75
CMS-T 521,063 225 4.32 32,670 19 (9)° 5.82 (2.75)°
Rice 153,419 2842 185 29,501 401 136

“Nucleotides in common with NB for each of the genomes; genes are included, indels are excluded.
"Number of common nucleotides in single copies of all of the protein-coding genes.

“Numbers in parentheses exclude afp4 (see text).

maize pair (7.04 in CMS-S vs. CMS-T). Putting these
divergence levels into context will require the establish-
ment of reliable estimates of divergence time.

Within the maize mitochondrial genomes, sequences
are highly conserved, and coding regions of known
genes are approximately twice as conserved as non-
coding regions. In contrast, two types of sequences are
more variable: integrated plasmid sequences and short
dispersed repeats. The level of divergence among maize
genomes for ORFs showing similarity to S/R-plasmid
ORFs is greater than that for any functional gene com-
parison within higher plants. In fact, NB or/1159 alone
contains over one-third of all of the nucleotide sub-
stitutions in the 559,015 nucleotides in common be-
tween the NB and NA genomes.

Small repeats (<30 bp) also appear to be rapidly
diverging. In Multipip representations, many areas con-
taining “vertical scatter” occur (e.g, at 2 kb in Figure 3;
see also supplemental Figure 4 at http:/www.genetics.
org/supplemental/). Each cluster represents small, dis-
persed repeats that have varying levels of sequence iden-
tity. Their presumed degradation may be a step toward
the loss of the repeats since, despite these clusters, re-
peats <30 bp are less common in the NB maize mito-
chondrial genome (the reference genome in Figure 3
and supplemental Figure 4) than would be expected by
chance (CLIFTON et al. 2004).

Elimination of small repeats reduces the potential for
recombination. Small repeats appear to have been in-
volved in several of the events that led to major re-
arrangement of the maize mitochondrial genomes. The
participation of small repeats in recombination and
genome rearrangement was also found in the wheat
mitochondrial genome (OGIHARA el al. 2005). Small
repeats are known to be involved in the generation of
deleterious mutations, such as the NCS mutants in
maize. For example, NCS2 is the result of a rare re-
combination event between two imperfect 16-bp se-
quences within introns of nad4 and nad7 that led to the
creation of a nonfunctional, chimeric nad4/nad7 gene
(MARIENFELD and NEwWTON 1994).

Among the maize mitochondrial genomes, there is a
twofold range in the prevalence of indels (=200 bp)
relative to substitutions. The CMS-C and CMS-T genomes
have the highest ratio of indels to substitutions: each has
1.45 indels/substitution relative to NB (supplemental
Table 7 at http:/www.genetics.org/supplemental/). The
smallest ratio is 0.73 indel /substitution for NB vs. CMS-S.
The ratio of insertions to deletions also shows roughly
twofold variation (from 2.42 insertions:1 deletion in NA
compared with NB to 1.03 insertions:1 deletion in NA
relative to CMS-C). Since an insertion in a comparison
in one direction is a deletion in the comparison in the
opposite direction, we used the following hierarchy in
computing the 10 possible comparisons: NB was the first
genome used as reference (with respect to the four other
genomes); NA was then used as the reference for the
remaining three genomes (i.¢., not NB); then CMS-C was
used for the remaining two, and CMS-S was used for CMS-T.

In general, the frequency of indels in plant mitochon-
drial genomes is thought to be lower than the frequency
of substitutions (e.g., FREUDENSTEIN and CHASE 2001).
For example, the ratio of indels to substitutions is 0.26
for the mitochondrial genomes of the two male-fertile
rice subspecies indica and japonica (T1aN et al. 2006), the
closest relatives for which whole-genome data are avail-
able. The ratio for the two fertile maize mitochondrial
genomes (NB vs. NA) is three times the rice ratio, and
the ratios among the male-sterile maize genomes are five
times the rice ratio (supplemental Table 7 at http:/
www.genetics.org/supplemental/). However, in com-
parisons of the NB, CMS-C, and CMS-T genomes, indels
are in fact more common than substitutions. The cause
of this difference may be that maize substitution fre-
quencies are unusually low for grasses or that their indel
frequencies are particularly high.

In all five of the genomes, approximately half of the
indels have a length of five nucleotides (supplemental
Figure 6 at http:/www.genetics.org/supplemental/);
relative to NB, 41-57% of insertions and 29-44% of
deletions (i.e., 41-52% of indels) are 5 bp long. There is
no discernible sequence motif involved. The next-largest
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classes are 4-and 6-bp indels, each of which accounts for
~10% of the indels (5% of insertions and 5% of dele-
tions). Indels of 2 and 3 nucleotides are very rare, in
aggregate accounting for only 1.4% of all indels, as are
indels of >12 nucleotides. Relative to NB, the NA genome
does not have any indels of >12 bp, whereas the other
three genomes each have indels of at least 35 bp. The
largestin all comparisons is 36 bp in CMS-S relative to NB.

Length variation in small tandem repeats, including
SSRs, is a subset of the indels. In the genome complex-
ities, between 273 (NB) and 292 (NA) SSRs were found,
>97% of which have repeat units of =20 bp, and >93%
are of =10 bp (not shown). The length distribution of
the repeat units is similar to the indel distributions,
especially in NA and CMS-C, although 5-bp repeat units
account for only 17-24% of the SSR indel total, and 6-bp
repeats make up 14-19%.

The most similar genomes in terms of the number of
substitutions, indels, or common nucleotides are NB
and NA (the two male-fertile cytotypes). The most di-
vergent cytotypes are CMS-S and CMS-T. Thus, those two
male-sterile cytotypes are most different not from the
male-fertile cytotypes, but rather from each other. They
are also quite divergent from the fertile types. This is
consistent with the separate origins of the male-sterile
cytotypes from closely related fertile ancestors, followed
by the more recent divergence of the two fertile cytotypes.

The early divergence of CMS-S is supported by the
observation that a mitochondrial genome identical to
the maize CMS-S mitochondrial genome at the restriction-
length-polymorphism level has been observed in pop-
ulations of the teosinte Z. mays ssp. mexicana, from which
it may have introgressed into local maize populations
(WEISSINGER ¢t al. 1983; DoEBLEY and Sisco 1989). In-
terestingly, although the Latin American maize is male
sterile, the teosinte itself is not male sterile. Further-
more, introgressing the teosinte cytoplasm into maize
does not make the maize male sterile (ALLEN 2005). The
level of sequence divergence and the number of indels in
the CMS-T mitochondrial genome suggest that it di-
verged as long ago as did CMS-S. However, although the
CMS-T cytotype and T-type cytoplasmic male sterility
have been observed in Latin American maize land races
(WEISSINGER et al. 1983), the CMS-T cytoplasm has not
yet been reported in any teosinte accession.

Conclusions: Our analyses indicate that NB and NA
are the most closely related sequenced mitochondrial
genomes. Relative to NB and NA, the most closely
related genome is CMS-C, followed by CMS-S and CMS-T.
All of the genomes have the same set of 51 genes in their
main genomes, plus one carried on a linear plasmid.
Gene sequences are approximately twice as conserved as
nongenic sequences.

Comparative genomics was helpful at narrowing the
search for CMS-associated chimeric ORFs in two of the
three maize CMS genomes. Therefore, whole-genome
sequence comparisons among multiple cytotypes within

a species may be the preferable first step in looking for
CMS-associated genes in other systems, especially as se-
quencing costs continue to decline.

Rearrangements are very common in the maize mito-
chondrial genomes; the largest syntenic region among
the five genomes is only 66 kb long. Rearrangements
occur less frequently near genes (transcriptional units)
than in the genomes in general. In contrast, rearrange-
ments occur at the same frequency near unidentified
OREFs as they do in the genomes overall. None of the
unidentified ORFsis likely to be functional based on this
fact and their lack of conservation among maize and
other grass genomes.

Substantial size differences exist among the five maize
mitochondrial genomes, with the largest (CMS-C) being
38% larger than the smallest (CMS-T). Large repeats
(>0.5kb) are the main factor in the difference in overall
genome size; the largest genome complexity (NA) is only
6% larger than the smallest (CMS-C). However, large re-
peats do not account for size differences between the
mitochondrial genomes of maize and those of other plants.

Our comparative analyses of the maize mitochondrial
genomes shows that their DNA sequences are generally
either highly conserved or absent. As much as 7% of the
genome complexity of one maize mitochondrial ge-
nome is missing in another maize mitochondrial ge-
nome. DNA of exogenous origin is a major source of the
differences in the genome complexities. Despite the fact
that ~80% of the genome complexity has no known
function, the majority of the sequences missing in sev-
eral of the comparisons derive from integrated plastid or
plasmid sequences, each of which constitutes <56% of
the genome. Itis not clear if the plastid or plasmid DNA
is passively lost or if it is actively eliminated from the
main mitochondrial genomes. Nevertheless, one of the
most surprising outcomes of our comparative analyses is
how rapidly mitochondrial sequence segments are gained
and lost within a single subspecies.
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