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ABSTRACT

S-type cytoplasmic male sterility (CMS-S) in maize is associated with high levels of a 1.6-kb RNA in
mitochondria. This RNA contains two chimeric open reading frames (ORFs), orf355 and orf77. The
previously described nuclear restorer-of-fertility allele Rf3 causes the processing of all transcripts that contain
these chimeric ORFs. The Lancaster Surecrop-derived inbred line A619 carries a restorer thatis distinct from
Rf3 in that it selectively reduces only the CMS-S-specific 1.6-kb RNA. We have found that 10 additional
Lancaster lines carry a single restoring allele traceable to either of two inbred lines, C103 and Oh40B. The
C103 and Oh40B restorers are allelic to each other, but not to Rf3. Thus, this restoring allele, designated Rf9,
represents a second naturally occurring CMS-S restorer in maize. Rf9is a less effective restorer of fertility
than is Rf3; its expression is influenced by both inbred nuclear background and temperature. Rf9 acts
to reduce the amounts of orf355/orf77-containing linear mitochondrial subgenomes, which are generated
by recombination of circular subgenomes with CMS-S-specific linear plasmids. The 1.6-kb RNA, which is
transcribed only from linear ends, is correspondingly reduced.

ALE-sterile plants usually have normal growth and
female fertility but fail to shed functional pollen.
There are two types of male sterility: “genic,” caused by
alleles of single nuclear genes, and “cytoplasmic,” caused
by mutations in mitochondrial DNA (mtDNA). Cyto-
plasmic male sterility (CMS) is common in higher plants
(reviewed by CHASE 2007). It is usually caused by the ex-
pression of novel chimeric genes thatresultfrom mtDNA
rearrangements and that are particularly deleterious
during pollen development (reviewed by NEWTON et al.
2004; CHASE 2007). Three basic types of CMS have been
identified in maize and are designated CMS-C, CMS-T,
and CMS-S. Mitochondrial DNA rearrangements have
been found to correlate with these classifications. For each
maize CMS type, one or more particular nuclear gene(s),
termed “restorers of fertility,” that counteract the male-
sterile effect of the cytoplasm have been discovered.
Restorers of fertility can reduce the expression of CMS-
associated chimeric genes by a variety of mechanisms.
Plant mitochondrial genomes have complex organ-
izations due to the presence of actively recombining
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repeats. The S-type of CMS in maize has an especially
complex mitochondrial genome. The S genome can be
“linearized” by recombination with a pair of linear double-
stranded DNA plasmids (SCHARDL et al. 1984). These
plasmids are designated S1 (6.4 kb) and S2 (5.4 kb)
(PRING el al. 1977; reviewed by GABAY-LAUGHNAN el al.
1995) and are related to the R1 and R2 plasmids found in
some Latin American races of maize (WEISSINGER et al.
1982, 1983) and to the M1 and M2 plasmids found in
one teosinte accession (Zea luxurians var. Mazoti; GRACE
et al. 1994). The S1 and S2 plasmids possess 208-bp
terminal inverted repeats (TIRs), covalently bound to a
terminal protein (KEMBLE and THOMPSON 1982; LEVINGS
and SEDEROFF 1983; PAILLARD et al. 1985).

Within the CMS-S main mitochondrial genome, there
are two integrated TIR-containing repeats that are very
active in intragenomic recombination (see Figure 1A).
These TIR sequences also serve as the target sites for
homologous recombination between the free linear S
plasmids and the main mitochondrial chromosome
(LEVINGS et al. 1980; LONSDALE et al. 1984; SCHARDL et al.
1984). Flanking genomic regions upstream of the in-
tegrated TIR sequences have been designated o and ¢,
respectively, and the regions immediately downstream of
each repeat have been designated ¢’ and " (SCHARDL
et al. 1984; reviewed by GABAY-LAUGHNAN et al. 1995). The
common sequence contained within all four junctions (o—
o', 0-y’, y—’, and Y—c") has been called the “R repeat”
(ScHARDL et al. 1984; LONSDALE et al. 1988) because it
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TABLE 1

Sources of the inbred lines referred to in this study

Cultivar Family

Inbred lines

Lancaster Surecrop Pure Lancaster Surecrop

C103 family of Lancaster Surecrop

Oh40B family of Lancaster
Surecrop

Reid Yellow Dent Funk Yellow Dent
Indiana Station strain
Krug
Towa Stiff Stalk Synthetic
Troyer strain
Minnesota #13 —
Pride of Saline —
Boone County White —
Miscellaneous —

C103; C.I1.4-8% 1.2894 1.317% Oh40B

C123; H107; H108; H109; Mo17% Vab8

A619% H95% HIS8; H99% H107; H108; H109;
Hi82% LHS8" Oh43% Oh45" Oh545%
Pa83% Pa9l’ Pa869; Pa870; SD59; Va26’

38-11; 111 A; M14

W64A; W9
SK2; Mol7
B37; B73
Tre

CE1%5 W23
K55

Ky21°

C.I.21E5 M825; N6; Oh51A

An inbred line may derive from more than one source.

“This line derives from Richey Lancaster (selected from Lancaster Surecrop) (TROYER 1999).
’This line also contains some Reid Yellow Dent germplasm (GERDES e al. 1993).

“Inbred line of genotype Rf3/Rf3.

contains a portion of the R1 plasmid not presentin the S1
plasmid (HoucHiINs et al. 1986). The 4215-bp (4.2-kb) R
repeats have been sequenced (ZABALA et al. 1997; X1A0
et al. 2006; ALLEN et al. 2007). They contain the adjacent
chimeric open reading frames orf355 and orf77, which are
unique to CMS-S mitochondrial genomes.

The TIRs of the S plasmids recombine with homolo-
gous sequences in the 4.2-kb repeat, resulting in lineari-
zation of the main mitochondrial genome and creating
an S-plasmid-like terminal structure just upstream of
01355 /0rf77 (LEVINGS et al. 1980; SCHARDL et al. 1984).
The S-male-sterile phenotype is correlated with the ex-
pression of a 1.6-kb transcript that includes both orf355
and orf77 (ZABALA et al. 1997).

With rare exceptions, Rf3, a naturally occurring
nuclear restorer of fertility, fully restores CMS-S to ferti-
lity. The mode of CMS-S restoration is gametophytic
(BUCHERT 1961); i.e., restoring alleles act in the haploid
male gametophyte. Thus, in S cytoplasm a pollen grain
of the genotype Rf3is starch filled and functional while a
pollen grain carrying 7/3 collapses and is nonfunctional.
The Rf3restorer is present in the public inbred lines Tr,
Ky21, and C.I.21E and in the Pioneer Hi-Bred inbred
lines CEl, BH2, JG3, and JG5 (Duvick 1956, 1965;
BECKETT 1971). In genetic crosses and mapping studies,
the Rf3 alleles from the different inbred lines act as
alleles of a single locus. However, it is possible that these
lines carry tightly linked restoring alleles (Duvick 1957;
LAUGHNAN and GABAY 1978), as has been shown for the
gametophytic restorer Rf-1 of rice Boro II CMS (WANG
et al. 2006). The rf3locus has been mapped to the long
arm of chromosome 2 (2L; LAuGHNAN and GaBAY 1978;
Kamprs and CHASE 1997; GABAY-LAUGHNAN et al. 2004).

Rf3 does not alter the mtDNA organization but specif-
ically decreases the abundance of all of the transcripts
from the 4.2-kb repeat region (ZABALA et al. 1997).

In addition to the inbred lines of known Rf3/Rf3 geno-
type listed above, other inbred lines have been reported
to restore CMS-S to fertility. Among these is a series of
Lancaster Surecrop-derived inbred lines (BECKETT 1971;
GRACEN and GROGAN 1974; GABAY-LAUGHNAN and
LAuGHNAN 1994). In contrast to the complete restora-
tion of fertility by Rf3, partial fertility has been reported
in the CMS-S versions of some of these lines (BECKETT
1971; GrRacEN and GROGAN 1974; GABAY-LAUGHNAN
and LAUGHNAN 1994).

Here we report that the inbred line A619 carries a
single gene capable of gametophytically restoring CMS-S
to fertility and that this allele is a weak restorer, sensitive
to the environment. We have designated this locus res-
torer of fertility9 (rf9) and the restoring allele, Rf9. We
compare restoration of CMS-S by Rf9 with restoration
of CMS-S by Rf3 in F; progeny. We have also analyzed
the DNA organization of, and the transcripts from, the
CMS-S-associated region of the mitochondrial genome
in the presence of Rf9 and have discovered a novel mech-
anism by which a nuclear restorer gene affects CMS-S.

MATERIALS AND METHODS

Plant material: Table 1 lists the inbred lines referred to in
this study, the families to which they belong, and the cultivars
from which they are derived. The Lancaster Surecrop inbred
lines may be classified as pure Lancaster (first cycle), Oh40B-
derived, and/or C103-derived inbred lines. All of the second-
cycle and later Lancaster Surecrop inbred lines used in this
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study can be traced back to either one or both of two source
inbred lines, Oh40B and C103 (GerDES and Tracy 1993).
Additional inbred lines used in this study trace back to other
cultivars (Table 1). The pedigrees of all but four of the inbred
lines in Table 1—CE1, SK2, LH38 and M825—can be found in
GERDES et al. (1993). CE1 is a Pioneer inbred line whose pedi-
gree involves a mixture of Golden King, Golden Jewel, and
Minnesota 13 (M. ALBERTSEN, personal communication). SK2
is an old Pioneer-developed inbred line. It results from a cross
of two inbred lines that were both self-pollinated from the Krug
open-pollinated variety (D. Duvick, personal communica-
tion). LH38 derives from the cross A619 X L.L120 (ANONYMOUS
1987). M825 is a starchy version of R825. R825 is a shrunken2
line that was recovered from the Iowa sugaryl line 5125 (]J.
LAUGHNAN, personal communication).

Maize genetics nomenclature: In maize genetics nomencla-
ture (http:/www.maizegdb.org/maize_nomenclature.php),
loci are indicated in lowercase italics (e.g., the 73 locus).
Alleles at alocus are also indicated in italics, with the first letter
capitalized for dominant alleles (e.g, the Rf3 allele). Fertility
restoration of CMS-S is gametophytic (BuCHERT 1961); i.e.,
restorer-of-fertility alleles act in haploid pollen. Due to the
gametophytic mode of restoration in CMS-S, dominance of the
Rf3 allele cannot be directly assessed. However, Kamps et al.
(1996) demonstrated that Rf3is dominant to 7/3 through the
use of diploid pollen shed by tetraploid plants. Thus, Rf
denotes the restoring allele and rf the nonrestoring allele.
On the basis of the work presented below, we adopt the
designation Rf9for the restoring allele characterized in A619
although its dominance has not been determined.

The normal male-fertile cytoplasm of maize is given the
designation N, while S male-sterile cytoplasm is designated
CMS-S or, briefly, S. Since there have been numerous indepen-
dent “discoveries” of S-type cytoplasms, subgroups or subtypes
of CMS-S have been given unique letter designations (BECKETT
1971; Sisco et al. 1985; reviewed by GABAY-LAUGHNAN ef al.
1995). The subtypes of CMS-S used in this study are S, I, ML, R,
and VG. Male-sterile subtypes were originally given unique
designations because they derived from different sources and
their relationships were unknown (BECKETT 1971). These sub-
types were originally classified as belonging to the S group by
their restoration to fertility in certain inbred nuclear back-
grounds (BECKETT 1971). The classifications were later con-
firmed in studies involving mtDNA analyses as well as restorer-
of-fertility alleles (S1sco et al. 1985).

Test for the presence of restoring alleles: CMS-S male-
sterile plants were crossed with pollen from the Lancaster
Surecrop inbred lines being tested. The resulting plants are
male sterile if the inbred line being tested carries no restorers.
The resulting plants are male fertile if the line being tested
carries one or more restoring alleles. Due to the gametophytic
nature of CMS-S restoration (BuCHERT 1961), the presence of
one restoring allele results in Fy (Rf 7f) plants with 50%
collapsed (aborted) pollen while the presence of two unlinked
restorers results in an F; with only 25% collapsed pollen. The
majority of the Lancaster Surecrop inbred lines were recur-
rently crossed as pollen parents to a CMS-S nonrestoring in-
bred line at least five times before they were scored for Table 2.
H98 and L317 were each crossed four times while Oh40B was
crossed three times. C.1.4-8 and 1289 were scored in the F;.

Test for allelism of two restorers: If a CMS-S plant is
homozygous for a single restoring allele, 100% of the pollen is
starch filled and functional. Therefore, once it is determined
that two inbred lines each carries a single S-restoring allele, we
can determine whether the two restorers are allelic by pollen
examination of an F; plant carrying both restorers. If an F,
carries two allelic restorers from different sources, 100% of the
pollen is also starch filled. A CMS-S plant heterozygous for a

single restorer exhibits 50% collapsed (aborted) pollen. Note
that, in the case of an F; between two restorers in which one of
the two restorers fails to function, plants also exhibit 50%
pollen abortion. In contrast, a CMS-S plant heterozygous for
two unlinked restorers that are both expressed exhibits only
25% pollen abortion. The percentage of pollen abortion will
be <25% if the two restorers being tested are closely linked and
will approach 0% in the case of tightly linked restorer loci.
Pollen abortion was determined in the field by examining
pollen with a X40 pocket microscope. Fresh pollen from newly
exserted, undehisced anthers was dispensed onto a black
background (modified from PuiLLips 1994). Starch-filled
pollen grains appeared white, while aborted grains were
shriveled and yellow.

Analysis of fertility restoration in F; progeny: For the
determination of how well Rf9 restores fertility in F; progeny
(Table 3), CMS-S male-sterile inbred plants were crossed once
with pollen from the inbred line A619. In the case of the
nonrestoring inbred L317, A619 plants with CMS-VG mito-
chondria were crossed with pollen from the line. For the
determination of how well Rf3 restores fertility in F; hybrids
(Table 3), CMS-S male-sterile inbred plants were crossed with
pollen from the inbred lines of genotype Rf3/Rf3 (Tr and/or
CEl). Alternatively, the CMS-S versions of these restoring
inbreds were crossed with pollen from a nonrestoring inbred
line. In some cases, Mo17 Rf3-converted strains were used as a
source of Rf3 (also derived from CEI and/or Tr).

The degree of fertility in the resulting plants was ranked on
ascale of 1-6 using a modification of Beckett’s scale (BECKETT
1971). The ratings are as follows: (1) male sterile, no anthers
exserted; (2) sterile anthers exserted, usually less than half the
total number, no pollen shed; (3) sterile anthers exserted,
usually the entire number, no pollen shed; (4) partially fertile
anthers exserted, some pollen shed; (5) slightly subnormal
anthers, usually a mixture of fertile and sterile anthers, good
pollen; (6) normal anthers, fully fertile, excellent pollen. Thus
arating of 1-3 means that the plant is functionally male sterile
while a rating of 4-6 means that the plant sheds at least some
pollen and is thus functionally male fertile.

We initially ranked fertility restoration in the Midwest in July
and also in Hawaii in January. Due to our preliminary findings
(see RESULTS), restoration by Rf9 was later scored exclusively
in the winter nursery (Molokai, Hawaii).

Genetic tests to locate rf9: The waxyl (wxI)-marked re-
ciprocal translocation series was used in an attempt to map /9
to the chromosome arm. These translocation lines did not
carry restorer alleles for S cytoplasm. The use of wxI-marked
reciprocal translocations to ascertain the chromosome loca-
tion of restorer alleles was as previously described (LAUGHNAN
and GaBay 1978; LAUGHNAN and GABAY-LAUGHNAN 1994).
Briefly, CMS-S plants carrying an unplaced restorer allele are
crossed with nonrestoring pollen from plants carrying a wxI-
marked translocation. CMS-S plants heterozygous for a re-
storer exhibit 50% aborted pollen grains due to gametophytic
fertility restoration. Because maize plants heterozygous for a
reciprocal translocation also exhibit 50% pollen abortion
(PATTERSON 1994), CMS-S plants heterozygous for both a
restorer allele and a reciprocal translocation exhibit 75%
aborted pollen. Such plants are crossed as males onto wxI/wx1
tester plants. The proportion of waxy kernels on the resulting
ears is a function of the recombination between the restorer
and wxI. Chi-square values for independence of the restorer
and wxI alleles were calculated using Yates’ correction for
continuity (YATES 1934).

Isolation and gel blot analysis of mitochondrial DNA and
RNA: Mitochondria were isolated by differential centrifuga-
tion as described previously (NEwTON and Cok 1986; NEwTON
1994) from either ear shoots or emerging tassels prior to the
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time of pollen shedding. Mitochondria were treated with
proteinase K just prior to lysis with sarkosyl and mtDNA
extraction. In some cases, the samples were split into two
aliquots and one was not treated with proteinase K. mtDNA
restriction digestions, electrophoresis, and blotting onto
membrane (Hybond N+, Amersham) followed standard
procedures (SAMBROOK et al. 1989). RNAs were extracted from
mitochondria, electrophoresed, and blotted as described pre-
viously (Karrova et al. 2002). A 0.24- to 9.5-kb RNA ladder
(BRL) was used for molecular size standards. DNA and RNA
gel blots were hybridized with **P-labeled DNA probes or
riboprobes. Recombinant plasmids containing mtDNA frag-
ments in the pBluescript II KS— vector (Stratagene) were used
for riboprobe preparation (AUSUBEL et al. 1992). In some
experiments, 0rf355 for DNA probes was PCR amplified from
CMS-S mtDNA using the specific primers orf355F1 and
orf355R2 (TCAGTATAGAGTCGGGGTACACTC and CAATC
CACTCATCGCAGCAGGA). Probes were hybridized to DNA
gel blots at 65° and to RNA gel blots in 50% formamide at 45°,
followed by stringent washes.

Primer extensions of mitochondrial RNA: To determine
the 5’-ends of three RNAs originating within a TIR sequence,
mtRNA samples were reverse transcribed using the following
primers: EKPR5-5"-CAGTGTCTCTCGTGTGTAAGAG, annea-
ling to nucleotides (nt) 237-216 downstream from the TIR
start in the 4.2-kb R-repeat sequence and also to nt 116-95 of
the published M1 plasmid sequence (GRACE et al. 1994) and
EKPR16-5'-CTGTCAGTGGAGG-ATACTTC (nt 237-218 of
the published S2 plasmid sequence; LEVINGS and SEDEROFF
1983) corresponding to S2-orfl. Aliquots of 5-40 pwg mtRNA
were typically processed per standard protocols (AUSUBEL e al.
1992), except that the hybridization was performed for 1 hr
at 65° and for 1 hr more at gradually decreasing (65°-35°)
temperature in the following solution: 750 mm KCl, 50 mm
Tris-HCI, pH 7.8, 10 mm EDTA (RapPp and STERN 1992).
*P-end-labeled extended primers were electrophoresed
through 6% sequencing gels along with the sequencing
reactions carried out with the same primer for the corre-
sponding cloned mtDNA regions.

RESULTS

Identification of CMS-S restoring alleles in Lancaster
Surecrop germplasm: In addition to the seven inbred
lines known to be of genotype Rf3/Rf3, anumber of Lan-
caster Surecrop lines also carry CMS-S restorer alleles.
We screened a total of 25 Lancaster Surecrop inbreds to
determine those that restore CMS-S. Seven of these lines
have already been reported to partially restore S cytoplasm
while two have been shown to be maintainers of CMS-S;
thatis, they carry no S restorers (BECKETT 1971; GRACEN
and GROGAN 1974; GABAY-LAUGHNAN and LAUGHNAN
1994). In this study, 10 of the 25 Lancaster Surecrop in-
bred lines were shown to be maintainers of CMS-S. These
are the lines with a fertility rating of 1 in Table 2. Twelve
of the Lancaster Surecrop inbred lines tested restored
CMS-S to fertility. These are the lines with fertility ratings
of 4-6 in Table 2. Ten of these inbred lines carried a
single restoring allele, including C103 and C123. C123
traces its pedigree back to C103 (GErDES and TRrRACY
1993; see also Table 2), and C103 is assumed to be the
source of the restoring allele in these two lines. The re-
maining eight restoring inbred lines carrying a single

restorer are Oh40B and the seven inbred lines A619,
H95, H107, Hi32, LH38, Oh43, and Oh45 tracing their
pedigrees back to Oh40B (GErDES and Tracy 1993; see
also Table 2). Oh40B is assumed to be the source of the
restoring allele carried by each of these lines. Two
Lancaster Surecrop-derived lines, H99 and Vab8, pro-
duce plants with only 25% collapsed pollen in F; crosses
to S-male-sterile plants. Therefore, H99 and Vab8 each
carry two nonallelic restorers. From the pedigree of Vab8
(Table 2) it can be deduced that one of these restorers is
Rf3 from C.I.21E and the other restorer is from the
Lancaster Surecrop C103 line. The H99 pedigree is
more complicated. While one of the restorers comes
from either Oh43 or Oh45b, the source of the second
restorer cannot be determined.

The restorers carried by C103 and Oh40B are allelic
or tightly linked: As described above, either one of
the two pure Lancaster first-cycle inbred lines C103
or Oh40B was the source of the restorers identified in the
Lancaster Surecrop inbreds that were tested for S re-
storation (Table 2). Therefore, we made a series of crosses
to test allelism of the restorers carried by these two lines.
A version of C103 with S-type cytoplasm as the female
parent was crossed by pollen from both the Oh40B line
and the A619 inbred line. In addition, the CMS-S version
of C123 as the female parent was crossed by pollen from
the Oh40B line, and the CMS-S version of Oh43 was
crossed by pollen from the A619 line. All the resulting F,
plants produced pollen that was 95-100% starch filled.
Thus, the restorers carried by the two sources, Oh40B and
C103, appear to be allelic, although the possibility of
tightly linked loci cannot be ruled out. As mentioned
above, assuming allelism, we have named this gene
restorer of fertility9 (rf9).

Expression of Rf9 and Rf3 in various inbred nuclear-
cytoplasmic combinations: CMS-S has been discovered
in different maize varieties, and the independent sources
are referred to as “subtypes” (see MATERIALS AND METH-
oDs). Rf3is an excellent restorer of all subtypes of CMS-S
in nearly all F; progeny tested. Two exceptions are the
inbred lines M14 and N6. When subtype S in M14 or in
N6 is crossed by a source of Rf3, the F; progeny are not
restored to full fertility (see Table 3), although pollen is
usually shed. Because Rf3 does fully restore this subtype
in other nuclear backgrounds (Table 3), the nuclear,
rather than the cytoplasmic, genotype appears to be
responsible for the modifications in Rf3mediated fer-
tility restoration.

In contrast to restoration by Rf3, restoration by Rf9is
variable. S male-sterile inbred lines were crossed with pollen
from the Rf%carrying line A619. Twenty-three nuclear-
cytoplasmic combinations were crossed with inbred
Ab619 as the source of Rf9 (Table 3). Ten of these com-
binations were with Lancaster Surecrop inbred lines.
With the exception of H109 and 1317, the F, progeny
were male fertile. Most of the CMS-S lines restored by Rf9
are those classified as Lancaster Surecrop inbred lines



Novel Restorer for Maize CMS-S 95

TABLE 2

Pedigrees of 25 Lancaster Surecrop inbred lines and the restoration of CMS-S to fertility

Source of restorer(s),

Inbred line Pedigree” Fertility rating” if present
A619 [(A171 X Oh43) Oh43] 4-5 Oh40B
C103 Lancaster Surecrop (from Noah Hershey) 4 C103
C123 C102 X C103 4-5 C103
Cl14-8 Lancaster Surecrop 1 —
H95 Oh43 X C.I.90A 4 Oh40B
H98 Oh45 X Hy 1 —
H99 Illinois Synthetic 60C (USDA Blight Resistant 6° Oh40B + unknown
Double Double X B8, Ia55:1473, M14, Oh43,
Oh45, Oh51A, R160, and R168)
H107 [(H99 X H98) H99] 4-5 Oh40B
H108 [(Mol7 X H99) Mol17] 1 —
H109 [(Mol7 X H99) Mol7] 1 —
Hi32 [(Oh545 X MV source) Oh 545 (5)] 4 Oh40B
1289 Lancaster Surecrop 1 —
L317 Lancaster Surecrop 1 —
LH38 A619 X L120 4 Oh40B
Mol7 C.I.187-2 X C10 1
Oh40B Eightline composite of Lancaster Surecrop lines 5 Oh40B
Oh43 W8 X Oh40B 4-5 Oh40B
Oh45 W8 X Oh40B 4-5 Oh40B
Ohb45 [(M14 X C.I.187-2) Oh45 (2)] X [(Oh45T, X 1 —
Cash Synthetic) X ((M14 X C.I.187-2) X Oh45 (2)) X
Oh45A]
Pa9l (Wf9 X Oh40B) S, X [(38-11 X L317) 3811] S, 1 —
Pa869 75F-5 X Pa83 1 —
Pa870 75F-5 X Oh43 1 —
SD59 [(A619 X SD316W) A619] (white conversion of A619) 1 —
Va26 Oh43 X K155 1 —
Vab8 [C103 X T8 (2)] X [C.I21E X C103 (2)] 6° C103 + CI.21E

“All pedigrees from GERDES ¢t al. (1993), except LH38 (ANoNYMOUSs 1987).
’Fertility rating 1 equals sterile; rating 4-6 equals fertile (see MATERIALS AND METHODS)

“This inbred line carries two restorers.

(Table 3). Interestingly, the highest level of restoration
was seen for the Rf%restored F; hybrid of CMS-I1 SK2, a
non-Lancaster line.

Nuclear genotype is a factor in restoration by Rf9 (see
Table 3). For example, Rf9is a good restorer of subtype
S in Mo17 but does not restore subtype S in N6. Add-
itionally, Rf9is an excellent restorer of subtype I in SK2,
a good restorer of I in H98, but only a partial restorer of
I'in Kb5. Restoration by Rf9 of subtype ML in Ohb545 is
good, but restoration of ML in W64A and in W19 is not.
Thus, the inbred nuclear background is responsible for
the observed differences in the levels of restoration.

Expression of Rf9 under different temperatures and
photoperiods: In our studies, restoration of CMS-S by
Rf9was found to be sensitive to the environment. Over
years of observations, Rf9 has been a consistently better
restorer in Hawaii in January than it is in Illinois and
Missouri in July and August. On Molokai in January, the
average high temperature is 25.2°, the average low
temperature is 17.8° (http:/visitmolokai.com/molokai-
climate.html), and the daylength is ~11 hr. Under these

conditions, A619 CMS-VG plants are routinely male
fertile, with a fertility rating of 5 (see MATERIALS AND
METHODS). In contrast, such plants are usually male
sterile (fertility rating of 1-2) in July and August in
Champaign-Urbana, Illinois, and in Columbia, Mis-
souri. During this time, the day length is ~15 hr and
the temperatures commonly reach 30°-35°. Is Rf9 ther-
mosensitive or photoperiod sensitive or both?

The relatively mild summer of 2004 allowed us to
distinguish between temperature and photoperiod as
the cause of the observed fertility differences between
CMS-VG A619 plants grown in Hawaii and those grown
in the Midwest. In the summer of 2004, maximum
temperatures for June, July, and August were all below
average in Champaign-Urbana. Both early (April 28)
and later (May 24) sown seed of A619 CMS-VG pro-
duced plants that shed pollen, rating 5 on the fertility
scale. That summer there were only 5 days total—2 in
June, 3 in July, and none in August—with high temper-
atures of 32°-33° (All Illinois weather data are available at
http: /www.isws.illinois.edu/atmos/statecli/ cuweather/.)


http://visitmolokai.com/molokai-climate.html
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TABLE 3

Comparative restoration of CMS-S to fertility
in rf/Rf F; hybrids

Subtype of  Rf9fertility  Rf3 fertility

CMS-S rating” rating
Lancaster Surecrop
inbred lines
H98 I 5 6
ML 5 6
H109 VG 1-2 6
L317 S ND* 6
VG’ 1 NA4
Mol7 S 4-5 6
Ohb45 ML 4-5 6
Pa869 S 4-5 6
Pa870 S 4 6
SD59 ML 5 6
Va26 S 3-4 6
Non-Lancaster
inbred lines
B37 S 2-3 6
B73 R 3-4 6
1A S 2-4 6
Kb5 I 3-4 6
M14 S 2-3 4-6
M825 ML 2-3 6
N6 S 1-2 4-5
Ohb51A R 3-5 6
SK2 I 5-6 6
W23 VG 2-3 6
W64A ML 2-4 6
VG 2-3 ND*
W19 ML 3 6

“Source of Rf9 allele is inbred line A619.

"ND, not determined.

‘Inbred line L317 crossed as pollen parent onto CMS-VG
A619.

“NA, not applicable.

July 2004 was the fifth coolest July on record for maximum
temperatures. The average daily high temperature was
27.7°, ranging from 22.2° to 32.2°. The average low
temperature was 17.4°, ranging from 11.7° to 22.8°.

In contrast to 2004, the summer of 2005 in the Mid-
west was consistently hot. Temperatures for June, July,
and August were all above average. The A619 CMS-VG
plants (seed were sown May 24, 2005) in Champaign-
Urbana, Illinois, were male sterile, rating 1-2 at maturity
(late July—early August). The average high temperature
equaled or exceeded 30.0° for all of June, July, and the
first 13 days of August. The low temperatures averaged
17.6°in June, 18.6° for July, and 20.0° for the first 13 days
of August.

These data indicate that day length had no effect and
that temperature was the major factor affecting Rf9 re-
storation. Our data do not allow us to pinpoint the deve-
lopmental stage at which Rf9 is sensitive to the heat
because temperatures during the growing season in the

summers of 2004 and 2005 were either consistently
low or consistently high. Additionally, the temperature
effect is specific to the interaction of Rf9 with S-type
cytoplasm because the fertility of the inbred A619 line
itself (N cytoplasm, genotype Rf9/Rf9) is unaftected by
high temperatures. No corresponding environmental
differences have been observed in the case of Rf3
restoration of CMS-S.

The rf9 locus does not map near rf3: Since the /3
locus maps to the long arm of chromosome 2, and
because there is a cluster of additional CMS-S restorers,
as well as two restorers for CMS-T, in this region (GABAY-
LAauGHNAN and CHASE 2004), the restoring allele Rf9as
carried by the Lancaster Surecrop inbred line A619 was
tested for linkage to 2L. Using the translocation wxI
T2-9d, with breakpoints at 2L..83 and 9L.27, the data
for the rf9 locus were compared with the testcross
data obtained in the mapping of the rf3locus (GABAY-
LAUGHNAN et al. 2004).

Representative testcross data for the rf9 locus pro-
duced recombination values between the restorer and
wx1 locus ranging from 41.1% to 48.0% for six different
ears. In contrast, using the same wxl T2-9d transloca-
tion, recombination values between 7/3 (from four
inbred-line sources) and wx! ranged from 14.5% to
23.6% (GABAY-LAUGHNAN e/ al. 2004). The Rf9allele as
carried by the Lancaster Surecrop inbred lines C103,
C123, H95, Oh40B, Oh43, and Oh45 was also tested for
possible linkage to 2L.. The results were similar to those
obtained with the restorer from A619. Therefore, rf9
and rf3 are genetically distinct loci.

Attempts to place 7/9 onto other chromosome arms
have been unsuccessful thus far. Many F; combinations
between waxyl-marked translocations and A619 were
not fertile and, therefore, could not be tested. We now
understand why this is the case. As we have demon-
strated, the Rf9allele is temperature sensitive. Many of
the Rf9/translocation F,’s were grown in the Midwest
during relatively hot summers before we knew of the
temperature sensitivity of Rf9. In addition, we found that
some inbred lines inhibit the expression of Rf9. Two
such lines are the maize inbreds W23 and M14 (Table 3).
The majority of the wxI-marked translocation stocks are
maintained in W23, M14, and/or a W23/M14 F;. Thus,
attempts to map 7/9in Hawaii also failed.

Fertility restoration by Rf9 decreases linearization of
the main CMS-S mitochondrial genome: The 4.2-kb
(4215-bp) R repeat within the main CMS-S mitochon-
drial genome carries the sterility-associated orf355/orf77
region (Figure 1A). Sequences almost identical to the
TIR of the S plasmids reside near one end of the repeat
(reviewed by GABAY-LAUGHNAN et al. 1995). Recombi-
nation between the plasmid TIR and the homologous
regions within the main mitochondrial genome leads to
linearization as diagrammed in Figure 1A. Xhol cuts
outside of the S-specific repeat; therefore, digests with
this enzyme and hybridization with an orf355 probe
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FIGURE 1.—Most of the CMS-associated
orf355/orf77 sequences are located at linear
ends of CMS-S mitochondrial genomes.
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equally likely. A 1.6-kb orf355/0rf77 tran-
script (pink) is associated with the pres-
ence of the linear ends (ZABALA et al
1997). (B) Most of the CMS-S mtDNA is
in linearized form. Hybridization of an
orf355specific probe to a blot of Xhol-
digested CMS-S mtDNA; Xhol sites occur
outside of the repeats. Band labels to the
right indicate the orf355-containing frag-
ments corresponding to those dia-
grammed above. When recombination
occurs with a TIR of an S plasmid (either
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sions occur with approximately equal stoichiometries. Sizes of the Xhol fragments (indicated at left) were determined from
the published CMS-S sequence data (ALLEN et al. 2007). (C) Most of the copies of orf355 are at protein-bound linear ends of
CMS-S mitochondrial genomes. mtDNA was isolated either with proteinase K (left) or without proteinase K treatment (right).
Samples were digested either with BamHI, which cuts within the 4.2-kb repeat (B), or with Xhol (X), which cuts outside of the
repeat. The blot was hybridized with the orf355 probe. Asterisks indicate expected positions of the fragments at linear ends:
9.4 and 4.3 kb for Xhol and 1.8 kb for BamHI. The 1.8-kb BamHI band represents all copies of orf355/orf77 at linear ends.

allow us to distinguish each of the copies (Figure 1B).
Because the CMS-S mitochondrial genome has been
completely sequenced (GenBank accession no.
DQ490951; ALLEN et al. 2007), the sizes of the restriction
fragments can be accurately inferred. Linear ends near
orf355/orf77 appear to predominate in CMS-S mtDNA.
Linear ends from the CMS-S main mitochondrial
genome originating by recombination with the S plasmids
should be protected by the same TIR-associated protein(s)
that stabilize the ends of the S-plasmids. If terminal
proteins protecting the linear ends are not removed by
proteinase K treatment during the mtDNA isolations,
restriction fragments attached to the proteins are not
detected on following gel electrophoresis (KEMBLE and
TromrsoN 1982). Comparisons of CMS-S mtDNA sam-
ples that were treated with proteinase K (Figure 1C, left)

with those that were not treated with proteinase K
(Figure 1C, right) show us which fragments are located
at linear ends.

BamHI cuts within the 4.2-kb repeat after the orf355/
orf77sequences. Following digests of CMS-S mtDNA and
hybridization with an orf355-specific probe (Figure 1C,
lane B, left and right), 4.8- and 6.6-kb BamHI fragments
are detected, corresponding to the integrated o (coxI-
near) and ¢ (cox2near) copies, respectively. The termi-
nal BamHI 1.8-kb (1722-bp) fragment is seen only when
proteinase K was used during the mtDNA preparation
(Figure 1C, left). It includes both isoforms of the linear
ends (*o' and *’ in Figure 1B). Xhol cuts outside of the
S-specific repeat; therefore, digests with this enzyme
allow us to distinguish more versions of the 4.2-kb repeat
(Figure 1C, lane X, left and right). The 9.4-kb Xhol
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F1GURE 2.—The presence of Rf9 causes a reduction in the
linearized copies of the orf355/0orf77 sequences. mtDNAs from
ear shoots were digested with Xkol and gel blots were hybrid-
ized with an orf355-specific probe. VG and S are different sub-
types of CMS-S. Nuclear genotype B37 carries recessive alleles
for both rf3 and /9. A619 carries the dominant Rf9 restorer,
whereas Ky21 and Tr carry the dominant Rf3 restorer. (Lane
1) S-B37 X A619 (Rf9/1/9; rf3/rf3). (Lane 2) S-B37 X Ky21
(r/9/rf9; Rf3/rf3). (Lane 3) VG-A619 (Rf9/Rf9; r/3/rf3). (Lane
4) S-B37 X Tr (1f9/1f9 Rf3/rf3).

fragment (Figure 1C, left) corresponds to the protein-
bound ¥’ linear end (*{'), whereas the 4.3-kb fragment
corresponds to the ¢’ linear end (*o'). These bands are
not observed in the absence of proteinase K treatment
(Figure 1B). With proteinase K treatment, the 1.8-kb
BamHI and the 9.4- and 4.3-kb Xhol fragments are all
major bands (Figure 1B, left side). Thus, in the B37
nonrestoring nuclear background, most of the CMS-S
main mitochondrial genome is in linear form with the
ends protected by a terminal protein.

When CMS-S in the inbred B37 line is crossed by the
Rf3-containing inbred lines Ky21 and Tr, the ratios of
the linearized-to-integrated 4.2-kb S-specific repeats
remain high (Figure 2, lanes 2 and 4). In contrast, when
the CMS-S plants are crossed by the Rf%containing A619
inbred line, there is a decrease in linearized repeat
copies in the F; progeny (Figure 2, lane 1). This
decrease in linearized copies can be seen also for the
CMS:-S subtype VG after repeated backcrosses to A619
(Figure 2, lane 3).

Rf9 restores fertility by a different mechanism than
does Rf3: We compared the expression patterns of the
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FIGURE 3.—Rf9 mediates a specific reduction of the CMS-
associated 1.6-kb RNA. Analysis of mtRNAs isolated from pre-
emergent tassels of (left) SB37 (vf9/rf9 1f3/rf3) compared
with (middle) S-B37 X A619 (Rf9/rf9; rf3/rf3) and (right)
S-B37 X Ky21(rf9/rf9; Rf3/rf3). The blot was first hybridized
with the orf355specific DNA probe and then with a coxI
probe. A duplicate blot was probed with the S2 plasmid orfI
control probe.

orf355-0rf77 region of CMS-S plants in the absence and
presence of the Rf3 and RfY restorer genes (Figure 3).
Mitochondrial RNA was isolated from emerging tassels
(and thus enriched for microspore mitochondria) of
sterile plants carrying CMS-S cytoplasm in the B37
inbred nuclear background and from fertility-restored
F; hybrids with either A619 (Rf9) orKy21 (Rf3).In CMS-
S-sterile B37 plants, an or/355-specific probe hybridizes
to two major mitochondrial transcripts of 2.8-and 1.6 kb
(Figure 3, lane S; see also ZaBALA ¢t al. 1997). In F,
hybrids produced by crossing CMS-S in inbred B37 with
Ky21 (Rf3/rf3), all of the RNAs are severely reduced and
new bands, including a 2.1-kb RNA, appear (Figure 3,
+Rf3). In contrast, in the F, hybrids with A619 (Rf9/rf9),
a decrease in the level of the 1.6-kb transcriptis the only
difference observed (Figure 3, + Rf9). Transcripts from
coxI and the S2 plasmid are unaltered by the presence of
either restorer.

The presence of Rf3is correlated with cleavage of all
orf355/orf77-containing transcripts (ZABALA et al. 1997,
WEN and CHASE 1999; X1a0 et al. 2006). Our evidence
corroborates previous findings and further shows that
the site of cleavage occurs approximately two-thirds of
the way into the reading frame of 07355 (ear shoot data;
supporting information, Figure S1). The 5’ products of
the processing events could be degraded by a 3'-5'
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exonuclease. Faint hybridization signals at 2.1 kb
(Figure S1) and at ~1 kb (see WEN and CHASE 1999)
could be remnant 5’ cleavage products resulting from
the 2.8- and 1.6-kb RNAs, respectively. An abundant 0.6-
kb RNA (Figure S1) is the stable 3’ processing product
from both the 2.8-and 1.6-kb RNAs.

Expression of the 1.6-kb RNA is highest in CMS-S
microspores (WEN and CHASE 1999; X1a0 et al. 2006),
and high levels of this RNA can also be detected in
mitochondria from total tassels as they emerge from the
leaves (Figure 3). Levels of the 1.6-kb RNA are verylowin
other tissues, including ear shoots (Figure 4A). CMS-S
plants show no defects other than male sterility; there-
fore, low levels of the 1.6-kb RNA are compatible with
normal mitochondrial function.

Rf9 mediates a specific reduction of the CMS-associ-
ated 1.6-kb mRNA in contrast to Rf3, which causes a
reduction of all transcripts containing orf355 sequences
(Figure 3 and Figure 4A). Hybridizing mtRNA blots with
sequences upstream of the integrated versions of orf355/
orf77 shows that the 2.8-kb transcript originates in the s
region between the cox2 gene and the 4.2-kb repeat
(Figure 4B). Rf9 does not affect the levels of the 2.8-kb
RNA. The o region upstream of the other integrated copy
of the 4.2-kb repeat contains the coxl gene; hybridizing
probes from this region identify only coxl transcripts
(Figure 4C). Neither Rf9 nor Rf3 affects the cox] RNAs.

Mapping of the 5'-end of the CMS-specific tran-
script: Since the abundance of the CMS-S-associated
1.6-kb RNA is reduced by both the Rf3 and Rf9 nuclear
restorers, it is the apparent target for the downregula-
tion imposed by these alleles. Unlike Rf3, which abo-
lishes the overlapping 2.8- and 1.6-kb RNAs, the Rf9
restorer acts specifically to reduce the 1.6-kb RNA. This
transcript has a 5’-end located within the TIR of the
4.2-kb R-repeat sequences. The TIR of the R-repeat
recombines with an S1 or S2 plasmid TIR to linearize the
CMS-S genome (see Figure 1). Thus, the end of a
linearized version of the 4.2-kb repeat resembles the ends
of linear mitochondrial plasmids: the S, R, or M plasmids.

TrayNORrRand LEVINGS (1986) mapped the 5'-ends of
S-plasmid transcripts. All transcripts from intact TIRs of
both S-1 and S-2 initiate at nucleotide 32, including the
4.1-kb transcript from the S2 plasmid. We conducted
primer extension analyses to test the hypothesis that the
5'-end of the 1.6-kb RNA maps to the same nucleotide
location. We determined the 5'-end of the 1.6-kb RNA by
reverse transcription from a primer within the RI-
similar region of orf355 (Figure 5A). This region does
notexist on the S1 and S2 plasmids; therefore, in CMS-S,
the primer is specific for orf355-containing transcripts.
The same primer could be used for the extension of the
3.9-kb transcript (GRACE et al. 1994) from the R1-like M1
plasmid from Mazoti’s isolate of Z. luxurians (Figure 5B).
The 5’ part of this M1 transcriptis highly homologous to
the CMS-S-specific 1.6-kb RNA. In a control reaction, the
4.1-kb S2 transcript was extended with an S2-orfI-specific
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F1GUrE 4.—The 2.8-kb transcript originates in the {s region
flanking one copy of the 4.2-kb repeat. RNA gel blot analysis
of mitochondrial RNA isolated from ear shoots and preemer-
gent tassels. (A-C) Lane S, S-B37 (+/9/rf% r/3/rf3); lane + Rf9,
B37S X A619 (Rf9/rf%: r/3/r/3); and lane +Rf3, S-B37XKy21
(rf9/7f9; Rf3/rf3). The same blot was hybridized sequentially
with the orf355-specific probe (A), the {-specific probe (B),
and the o-specific probe coxl (C).

primer (Figure 5C). All three RNAs, the S2-orfI tran-
script, the M1 transcript, and the CMS-S-specific 1.6-kb
RNA, have identical 5'-termini that map to position 32 of
the TIR sequence. Thus, transcription appears to ini-
tiate at exactly the same nucleotide within the TIR both
for the CMS-associated R-repeat region and the linear
plasmids. This result suggests that transcription from
the TIR promoter may require a specific structural or-
ganization of the promoter-containing region, ie., a
linear TIR end. Our results are consistent with the
hypothesis that the CMS-S-specific 1.6-kb transcript
initiates only at the plasmid-like linear ends.

DISCUSSION

The “standard” CMS-S restorer, Rf3, maps to the long
arm of chromosome 2 (LAUGHNAN and GaBAy 1978;
Kamprs and CHASE 1997; GABAY-LAUGHNAN et al. 2004).
An unlinked S restorer, designated RfY, is present in
some Lancaster Surecrop-derived inbred lines, includ-
ing A619, the source of Rf9 for our genetic and
molecular studies. In this study, 25 Lancaster Surecrop
inbred lines were tested or retested for the presence of
the Rf9restoring allele. Twelve of them were determined
to carry at least one S restorer. Two of the lines carried
restoring alleles at two independent loci, whereas 10 of
them were proven to carry an S restoring allele at a single
locus. The inbreds C103 and Oh40B are the ultimate
progenitors of these 10 lines. Because we demonstrated
that the restorers carried by C103 and Oh40B are allelic
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orvery closelylinked, these 10 lines probablyall carry the
same restoring allele, Rf9.

The CMS-S F; progeny of crosses between nonrestor-
ing (1f/rf) inbred lines and the restorers Rf3 and Rf9
were compared. Rf3 was an excellent restorer in nearly
all Fy’s tested. In contrast to Rf3, Rf9restoration of CMS-
S was more complex. Rf9 was generally a good restorer
for CMS-S in Lancaster Surecrop lines; only two of the
Lancaster Surecrop F, progeny (CMS-S Rf9/rf9) shed no
pollen. Restoration was generally poorer and more
variable when Rf9 was introduced into non-Lancaster
lines carrying S-type cytoplasm. We demonstrated that
the observed differences are due to inbred nuclear
background and not CMS-S subtype.

A dominant or gametophytic inhibitor of Rf9 appears
tobe presentin 3 of 21 tested inbred lines but absent from
8 others. The remaining 10 lines analyzed exhibited vari-
able fertility, suggesting that modifiers may be present.
These proposed inhibitors and modifiers require fur-
ther analysis. It is possible for the CMS-S version of an
inbred line to carry the Rf9 (restoring) allele yet fail to
exhibit fertility due to the presence of an inhibitor. Thus,
a Lancaster Surecrop inbred line, whose CMS-S version
has a fertility rating of 1, may in fact be of the genotype
Rf9/Rf9.

CMS inhibitors are not without precedent. An in-
hibitor has recently been identified and mapped in the
maize CMS-C-Rf system (Hu et al. 2006). Rf4 and Rf5 are
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dominant genes, each of which is capable of restoring
CMS-C to fertility. Rf4 has the capability of restoring C
cytoplasm in all inbred backgrounds tested. Rf> is able
to restore only those inbred versions of CMS-C lacking
the dominant inhibitor Rf; i.e., Rf5 fails to restore CMS-
Cin the presence of Rf-I. This inhibitor does not affect
restoration of C cytoplasm by Rf4 (Hu et al. 2006).

In contrast to Rf3, Rf9was determined to be a thermo-
sensitive restorer of CMS-S. When the daily high temper-
atures during the growing period were consistently <28°,
CMS-S plants carrying Rf9 exhibited male fertility. When
the daily maximum temperatures were higher, regularly
>30°, plants of the same genotype were essentially male
sterile. Rf9 is the first reported thermosensitive restorer-
of-fertility allele for CMS. However, thermosensitive genic
male sterility has been observed in maize, rice, and wheat
(WANG et al. 1995; XING et al. 2003; TANG et al. 2006).

We compared the effects of Rf9 and Rf3 on the
organization and expression of the CMS-S-specific
mitochondrial region. The actions of these two differ-
ent nuclear restorer-of-fertility genes reduce the ex-
pression of the CMS-S-associated region by different
mechanisms. The previously described restorer, Rf3,
does indeed condition the cleavage of all orf355/0rf77-
containing transcripts (as initially suggested by ZABALA
et al. 1997). Thus, Rf3is similar to other known restorers
of fertility that act to reduce levels of RNA post-
transcriptionally (see CHASE 2007). In contrast, the
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Rf9restorer causes a specific reduction in the amount of
the CMS-associated 1.6-kb transcript by decreasing the
abundance of its linearized transcription template.

The Rf3allele induces RNA cleavage within the orf355
coding region (Figure S1) and causes accumulation of a
0.6-kb RNA, which is the 3’ processing product of both
the 2.8-and 1.6-kb transcripts. The 0.6-kb RNA contains
part of orf355 and all of the orf 77 sequences and could
be very stable due to a stem-loop structure at its 3"-end.
This 3’ stem-loop probably also accounts for the stability
of the 1.6-kb sterility-associated RNA (X140 et al. 2006).
X140 et al. (2006) described a different Rf3-induced cut
site within a potential stem-loop structure only 9 nt
from the 5’-end of the 1.6-kb RNA (X1a0 et al. 2006).
This could reflect a secondary action of Rf3 because it
can clearly affect multiple sites; WEN and CHASE (1999)
have shown that Rf3 also affects transcript patterns of
cytochrome b and ATPase subunit 6. Our data strongly
suggest that the primary cause of Rf3mediated restora-
tion is the processing event that occurs two-thirds of the
way into the orf355 region of the 1.6-kb transcript.

X1A0 et al. (2006) proposed that the 2.8-kb transcript
is cleaved to generate the 1.6-kb RNA. However, ZABALA
et al. (1997) have shown that cytoplasmic revertant plants
that have lost S plasmids have no 1.6-kb RNA, although
they still accumulate the 2.8-kb RNA. Thus, the 2.8-kb
transcript is not processed to the 1.6-kb RNA. The pro-
moter of the 2.8-kb RNA lies in the {s region that flanks
one copy of the integrated 4.2-kb R-repeat, and it shares
no sequence similarity (supporting information, Figure
S2) with the promoter for the 1.6-kb transcript. Our data
indicate that the 2.8- and 1.6-kb RNAs are transcribed
separately from different promoters.

The 1.6-kb RNA is produced only when either (or
both) of the 4.2-kb repeats is linearized by recombina-
tion with S plasmids, resulting in the acquisition of a
plasmid-like terminal structure just upstream of orf355.
The 5-end of the 1.6-kb transcript corresponds exactly to
the 5'-ends of TIR-initiated S-plasmid transcripts. These
observations strongly suggest that the 1.6-kb transcript s
initiated from the plasmid promoter within a linear TIR,
apparently by the same mechanism as transcripts of S
plasmids. We hypothesize that the S2-plasmid-encoded
RNA polymerase (ZABALA et al. 1987; KuzMIN et al. 1988)
is required for the expression of the CMS-specific
1.6-kb RNA. Terminal protein(s) bound to the TIR
5'-ends mightalso be required for transcription of these
RNAs.

The primary effect of Rf9 is to decrease the copy
number of linear mtDNA molecules containing orf355/
orf77 at their termini. These linearized subgenomes in
CMS-S mitochondria originate from recombination
between linear S plasmids and circular mtDNAs. Rf9
might act similarly to the bean CMS restorer Fr (HE et al.
1995; JaNska et al. 1998), downregulating the stoichi-
ometry of the specific “progenitor” circular subgenomes.
Rf9 might affect recombination directly; specific nu-

clear mutations and backgrounds have been reported to
alter mitochondrial recombination and, consequently,
mitochondrial genome organization (KuzMIN et al.
2005; ZAEGEL ef al. 2006; SHEDGE et al. 2007). Also, a
nuclear factor could affect the stability of the linearized
mitochondrial genomes.

In CMS-S male-sterile anthers, the developing pollen
grains abort during the starch-filling stage, and the
1.6-kb transcript is abundant from the prevacuolate
microspore stage until pollen collapse (WEN and CHASE
1999). Rf3 reduces the amount of the 1.6-kb transcript
much more effectively than does RfY, allowing for full
fertility. Rf9appears to reduce the amount of 1.6-kb RNA
in developing microspores to a level that allows for
pollen maturation only under optimal conditions. The
effect of modifiers could be explained if other nuclear
factors affect the stability of the RNA or the availability of
the template for its production. A threshold amount of a
deleterious product could account for the thermosensi-
tivity of fertility restoration with Rf9. Further studies are
needed to evaluate the possibilities.
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FIGURE S1.—Action of Rf3 in ear shoot samples. (A) Schematic of the transcribed portion of the R-repeat copy near cox2 (y on Figure
1). The region showing sequence similarity to the R1 plasmid is indicated. Restriction sites are indicated: Aec (A), BamHI (Ba), Neol (N),
Pstl (P),), Smal (S), Xhol (X). Numbers show the probes used. (B) The relative locations of the 2.8-kb mRINA (only transcribed from the
integrated y region) and the CMS-S-specific 1.6-kb mRNA (apparently only transcribed from linearized genome ends) are indicated. Also
indicated are the positions of the 2.1-kb and 0.6-kb mRNAs that result from Rf3-mediated cleavage. (C) Gel blot of mtRNA from Rf3-
restored CMS-S plants (S-B37 x Ky21) shows the 2.1-kb and 0.6-kb transcripts. The mtRNA used in this experiment was isolated from ear
shoots, which contain low amounts of the 1.6-kb mRNA, so the visible bands are mostly derived from the 2.8-kb transcript. Probes were
generated from the regions indicated by the numbers in part (A): Probe 1 spans the PstI-Neol restriction sites, covering the 5' end of 07/355;
Probe 2 covers the 3' end of 0r/355; Probe 3 starts to the right of a deletion between the 2.1- and 0.6-kb RNAs; and probe 4 is 26-nt
oligonucleotide probe within the region deleted from the RNAs. This oligonucleotide (EK19: CAGGTATAAGGTGTGGTGTGATATAG)
corresponds to nt 915-894 of the 1.6-kb RNA sequence. The use of probe 4 confirms that there is a gap between the 2.1-kb and 0.6-kb
RNAs. (D) Primer extension from the 0.6-kb RNA shows the location of the cleavage sites within 07/355 and the heterogeneity of the 5’
ends (¥) of the 0.6-kb RNA population. The stable 0.6-kb RNA resulting from Rf3-mediated processing includes the 3' end of 07/355 and
all of 01f77.
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FIGURE S2.—Mapping the 5' end of the 2.8-kb transcript.
Northern analysis (Figure 4) showed that the 2.8-kb transcript originates
only from the  region upstream of one of the two copies of the R-
repeat (Figure 1). Primer extension (PE) locates the end of the 2.8-kb
transcript 1097 nucleotides upstream from the beginning of the TIR
sequences using the primer 5’-GGTATCGACAGAGCTGAGC-3’.
The DNA sequence ladder (GATC) was generated using the same
primer on cloned DNA containing the  region.
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