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A Mitochondrial DNA Sequence Is Associated with
Abnormal Pollen Development in Cytoplasmic Male
Sterile Bean Plants

Carol Johns, Meiging Lu, Anna Lyznik, and Sally Mackenzie'
Department of Agronomy, Purdue University, West Lafayette, Indiana 47907

Cytoplasmic male sterility (CMS) in common bean is associated with the presence of a 3-kb unique mitochondrial se-
quence designated pvs. The pvs sequence encodes at least two open reading frames (297 and 720 bp in length) with
portions derived from the chloroplast genome. Fertility restoration by the nuclear restorer gene Fr results in the loss
of this transcriptionally active unique region. We examined the effect of CMS (pvs present) and fertility restoration by
Fr (pvs absent) on the pattern of pollen development in bean. In the CMS line, pollen aborted in the tetrad stage late
in microgametogenesis. Microspores maintained cytoplasmic connections throughout pollen development, indicating
aberrant or incomplete cytokinesis. Pollen-specific events associated with pollen abortion and fertility restoration imply
that a gametophytic factor or event may be involved in CMS. In situ hybridization experiments suggested that significant
reduction or complete loss of the mitochondrial sterility-associated sequence occurred in fertile pollen of F, popula-
tions segregating for fertility. These observations support a model of fertility restoration by the loss of a mitochondrial

DNA sequence prior to or during microsporogenesis/gametogenesis.

INTRODUCTION

Cytoplasmic male sterility (CMS) is a maternally inherited trait
that results in the inability of a plant to shed viable pollen. In
most plant CMS systems, this male sterile phenotype can be
masked by the presence of a nuclear fertility restorer geno-
type (for a review, see Hanson and Conde, 1985). CMS has
been reported in at least one line of common bean to date
(Bassett and Shuh, 1982). This sterility-inducing cytoplasm was
derived from a fertile accession line designated G08063 (Singh
et al.,, 1980). Line G08063 contains the sterility-inducing
cytoplasm but remains fertile due to the presence of a fertility
restoring nuclear genotype (Mackenzie, 1991). The cytoplas-
mic male sterile line is then derived by combining the G08063
cytoplasm with a nonrestoring nuclear genotype such as cv
Sprite (CMS-Sprite). An unusual feature of this CMS system
is the pattern in which normal pollen development is restored
by the introduction of a nuclear gene designated Fr.
Introduction of the fertility restorer gene Fr to this CMS line
results in loss of a portion of the mitochondrial genome in as-
sociation with restoration of pollen fertility (Mackenzie et al.,
1988b; Mackenzie and Chase, 1990). In this case, fertility resto-
ration is a nonsegregating condition (Mackenzie and Bassett,
1987), and loss of a part of the mitochondrial genome sug-
gests an association between this mitochondrial DNA region
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and pollen sterility. Restoration of fertility by Fr produces a con-
dition of semisterility in the F; generation (CMS line x Fr),
resulting in both parthenocarpic (seedless) and zygotic (seed-
containing) pods on a single plant and full fertility in F; plants.
This F, partial fertility implies that the process of restoration
by Fr requires at least two generations and is incomplete in
F, plants.

The association between a segment of the mitochondrial
genome of the CMS line and fertility restoration by Fr suggests
that the mitochondrial genome of accession line G08063 car-
ries sequences that cause pollen abortion. In combination with
particular nuclear genotypes, the sterility-inducing cytopiasm
in bean undergoes spontaneous reversion to fertility. This is
observed in the form of a single seed-bearing pod on an other-
wise male sterile plant. These seed can give rise to both male
sterile and fertile progeny. The frequency of reversion is in-
fluenced by nuclear genetic background (Mackenzie et al.,
1988b), and each of five reversion events tested to date results
in loss of the identical mitochondrial DNA region associated
with Fr fertility restoration. This association between structural
alterations and fertility restoration has led us to investigate
the organization of this region of the G08063 mitochondrial
genome.

Initial studies of the sterility-associated mitochondrial DNA
region suggested that loss of >25 kb occurs upon fertility resto-
ration (Mackenzie and Chase, 1990). This region carries at least
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one copy of the gene for the o subunit of mitochondrial ATPase
(atpA). The atpA gene demonstrates no association with sterility,
however. No atpA transcript differences are observed in as-
sociation with sterility (Mackenzie and Chase, 1990), and
antibodies against the atpA gene product cross-react with poly-
peptides of identical size in the CMS line (designated CMS-
Sprite), fertile G08063, and Sprite (normal cytoplasm) mito-
chondrial protein preparations when tested by protein gel blot
analysis (S. Mackenzie, unpublished results).

DNA gel blot analysis of the 25-kb Sstll mitochondrial seg-
ment lost upon restoration or reversion indicates that the
majority of this region is present elsewhere in the mitochon-
drial genome of G08063 (Mackenzie and Chase, 1990).
Approximately 1 kb downstream (3') to atpA is a 3-kb unique
sequence. That this unique 3-kb sequence is not repeated in
other regions of the mitochondrial genome is evident by the
lack of hybridization to the mitochondrial genome of fertile Fr-
restored lines (Mackenzie and Chase, 1990). This sequence
is not found in the mitochondrial genome of other common
bean lines (Mackenzie, 1991). The apparently complete loss
of this 3-kb region upon restoration and the absence of this
sequence from other common bean mitochondrial genomes
indicate that its presence may cause the CMS phenotype. In
this study, we have characterized the region encompassing
this unique 3-kb mitochondrial sequence, and we present evi-
dence that suggests its association with pollen abortion. We
also discuss the effects of the GO8063 cytoplasm on pollen
development.

RESULTS

Map and Sequence of the pvs Region

We have mapped the mitochondrial DNA region associated
with sterility. The map in Figure 1 contains the 3-kb unique
region, now designated pvs (Phaseolus vulgaris sterility se-
quence), comprised mainly of the 1.5-kb Sstl, 0.99-kb Sstl/Pstl,
and 0.5-kb Pstl/EcoRl fragments to the right of the map. These
three fragments do not hybridize elsewhere in the mitochon-
drial genome. The exact left and right boundaries of the unique
segment have not yet been determined. The approximate
boundaries of the pvs region were defined based on differen-
tial hybridization to CMS and revertant lines. The 0.6-kb Sstl
fragment and the 0.7-kb Pstl/Sstl fragment immediately 3’ to
alpA carry sequences that are present elsewhere in the mito-
chondrial genome on an 11.5-kb Pstl fragment. This region
is also present 3 to the intact copy of atpA in the soybean mi-
tochondrial genome (F. Chanut and R. Gesteland, personal
communication). The region 3' to the pvs sequence (not shown)
is carried elsewhere in the genome on a 7.2-kb Pstl fragment
(Mackenzie and Chase, 1990).

Sequence analysis of the pvs region revealed some se-
quence similarity to known organellar sequences. Figure 1
indicates regions of most significant sequence homology to
chloroplast or mitochondrial genes as well as the locations
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Figure 1. DNA Restriction Map of the Mitochondrial DNA Region En-
compassing pvs.

The pvs unique sequence consists of the 1.5-kb Sstl (s), 0.99-kb Sstl/Pstl
(p), and the 0.5-kb Pstl/EcoRlI (e) fragments. The boundaries of the
pvs region are not precisely defined; however, sequence analysis at
both ends of the pvs sequence has extended into sequences repeated
elsewhere within the mitochondrial genome. (I TJ = open reading
frames; # = homology to chloroplast alanine tRNA intron; CJ = ho-
mology to 3’ end of cox/l, = homology to 3’ end of cob.

and direction of two open reading frames (ORFs) within the
pvs region. The pvs DNA sequence is presented in Figure 2.
Sequence data were derived by sequencing both strands of
mitochondrial genomic clones using polymerase chain reac-
tion (PCR) amplifications to derive the sequence across
fragment junctions. Sequences of some regions were verified
using cDNA as the template for PCR amplification.

At least two ORFs were detected within the pvs region. The
first, designated pvsORF-1, is 297 bp in length and encodes
a putative polypeptide of 10.9 kD. The second, pvsORF-2, is
720 bp in length and encodes a putative polypeptide of 26.7
kD. The direction of transcription (Figure 1) was determined
using differential RNA blot hybridization with complementary
single-stranded pvs clones within M13mp18 and mp19 phage
vector (data not shown).

Origin of the pvs Sequence

We attempted to determine the origin of the pvs region by DNA
gel blot hybridization of bean genomic and chloroplast DNA.
Two large cytoplasmic double-stranded RNA molecules have
been identified in a number of bean lines (Wakarchuk and
Hamilton, 1985; Mackenzie et al., 1988a; S. Mackenzie, un-
published data). These RNAs were included in RNA gel blot
hybridization experiments. We observed no hybridization to
nuclear DNA (using film exposure periods of 10 to 14 days)
or to the cytoplasmic RNAs (data not shown) but strong hy-
bridization of chloroplast DNA, as demonstrated in Figure 3.
This hybridization was likely due to the presence of a small
(190 bp) region of homology (95.8%) within the pvs region to
a chloroplast tRNA2" intron sequence (Figure 2) (Takaiwa and
Sugiura, 1982). Beyond the unique pvs region, sequence anal-
ysis identified an 87-bp sequence homologous to the 3’ end
of mitochondrial cytochrome b subunit (cob) (Dawson et al.,
1984), and a 73-bp sequence homologous to the 3’ end of mi-
tochondrial cytochrome oxidase subunit Il (cox//) was carried



at the opposite end of the region encompassing pvs (Hensgen
et al., 1984). These regions are designated in Figures 1 and
2. The origin of the remainder of the pvs sequence has not
yet been determined. Database searches identified other small
segments that demonstrated sequence similarity with genes
of either mitochondrial or chloroplast origin (Figure 2), sug-
gesting that multiple recombination events may have occurred
within the region.

To test the possibility that the pvs sequence is common to
plant mitochondrial genomes, yet now lost from most common
bean lines, we attempted to hybridize the pvs sequence to DNA
gel blots of mitochondrial DNA from at least 12 plant species
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Figure 2. DNA Sequence of the pvs Region.

DNA sequence (3004 bp total) was derived using cloned DNA frag-
ments from the CMS-Sprite mitochondrial genome. Putative open
reading frames pvsORF-1 and pvsORF-2 are indicated with capital let-
ters and the predicted translation products. The regions of sequence
homology are underlined with the sequence direction indicated by ar-
rows (< >), and the percent sequence identity is included. Gene
designations, in the order that they appear, are as follows: ct ORF1708,
tobacco chloroplast ORF 1708 bases 93210-93225 (Shinozaki et al.,
1986); ct tRNA-ala intron, chloroplast alanine tRNA intron (Takaiwa and
Sugiura, 1982); maize mt 5-kb repeat, maize mitochondrial 5-kb re-
peat bases 7663-7675 (Houchins et al., 1986); ct psbD, chloroplast
photosystem Il D2 protein bases 9358-9374 (Hiratsuka et al., 1989);
maize mt 5-kb repeat, maize mitochondrial 5-kb repeat bases 1524-1550
(Houchins et al., 1986); maize mt 5-kb repeat, maize mitochondrial
5-kb repeat bases 4506-4544 (Houchins et al., 1986); mt cob 3', mito-
chondrial apocytochrome b bases 1064-1146 (Dawson et al., 1984).
The DNA sequence of the pvs region has been assigned GenBank
Accession No. M87062.
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Figure 3. Chloroplast DNA Homology within pvs.

Preparations of chloroplast and mitochondrial DNA were digested with
Pstl, blotted to nylon, and hybridized with a 32P-labeled insert derived
from a 1.5-kb Sstl clone within the pvs region (see Figure 1). Lane 1,
fertile revertant 83-1 (lacks pvs from mitochondrial genome) chloroplast
DNA,; lane 2, accession G08063 (carries pvs within mitochondrial ge-
nome) chloroplast DNA; lane 3, accession G08063 mitochondrial DNA;
lane 4, fertile Fr-restored line (CMS-Sprite x restorer R-351, BCsF,
population) mitochondrial DNA. Mitochondrial DNA contamination of
chloroplast preparations is visible (lane 2) with chloroplast DNA con-
tamination of mitochondrial preparations only slightly visible (lane 4).
The slight difference in fragment migration observed between lanes
1 and 2 was due to the difference in DNA quantities loaded.

representing grasses, cucurbits, solanaceous species, bras-
sica species, and legumes. We were unable to detect hybrid-
ization to any of the lines, indicating that the pvs sequence
is poorly conserved within the mitochondrial genome or is of
nonmitochondrial origin (data not shown).

We tested for the presence of intact copies of cob and coxl//
within the CMS-Sprite mitochondrial genome. This is because
the observation of homology to the cob 3' end adjacent to the
pvsORF-2 sequence and homology to the 3’ end of cox// up-
stream to pvsORF1 suggested that the interruption of these
essential mitochondrial genes might be the cause of sterility
rather than the pvs sequence itself. Figure 4A demonstrates
that two DNA bands were detected in EcoRI-digested and blot-
ted mitochondrial DNA from CMS-Sprite when probed with the
cob sequence. The pvs region is carried on a 3.1-kb EcoRl frag-
ment that is not detected in Figure 4A because of the small
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Figure 4. Evidence of an Additional Copy of cob within the G08063
Mitochondrial Genome.

(A) Total mitochondrial DNA from line CMS-Sprite digested with EcoRl,
blotted to nylon, and hybridized with the cloned cob sequence from
maize.

(B) PCR amplification products visualized on an ethidium bromide-
stained agarose gel. Lane 1, Pstl-digested . molecular weight mark-
ers; lane 2, PCR-amplified product using CMS-Sprite mitochondrial
DNA as template and oligonucleotide primers a and b specific for the
pvs region; lane 3, PCR-amplified product using fertile revertant 83-1
mitochondrial DNA as template and primers a and b specific for the
pvs region; lane 4, PCR-amplified product using CMS-Sprite mitochon-
drial DNA as template and primers a and ¢ specific for the intact copy
of cytochrome b. Identical results to lane 4 are obtained using rever-
tant 83-1 mitochondrial DNA as template (data not shown). Sequence
for primer c (5-ATGACTATAAGGAACCAAC-3') was derived from the
maize cob sequence (position 1-19) (Dawson et al., 1984). Sequences
for primer a (5" TGGAAT TCCTCT TCCAACT-3) (position 2967-2986) and
primer b (5-CCATGGTCCTCCCATCAAC-3') (position 2170-2189) were
derived from the pvs region (Figure 2). Reaction conditions were 94°C,
1 min; 55°C, 1 min; 72°C, 1.5 min.

size of the region with homology to cob (87 bp) and the short
film exposure period. The additional sites of hybridization
should carry at least one intact copy of the cob gene. To fur-
ther test this, PCR amplification was used. Oligonucleotide
primers were synthesized using the strategy illustrated in Figure
4B. A PCR product of fragment size identical to the predicted
intact copy of cob was distinguished from cob 3' sequence
present within the pvs region. Hybridization experiments using
blotted Pstl-digested mitochondrial DNA from normal Sprite

and G08063 hybridized with cox/l demonstrated that a sec-
ond copy of coxll is present within the mitochondrial genome
of line G08063. This second region of cox/l homology is lo-
cated on an 11-kb Pstl fragment present in both G08063 and
normal fertile Sprite (data not shown). This second site of hy-
bridization is expected to carry an intact copy of cox// based
on comigration of this DNA band in Sprite carrying a normal
cytoplasm as well as similarity in Pstl fragment size to that
reported for common bean by Nugent and Palmer (1991).

Transcripts within pvs

To determine whether pvsORF-1 and pvsORF-2 were cotran-
scribed, we used RNA gel blot analysis and S1 nuclease
protection experiments. in an earlier study, we determined that
the region encompassing the pvs sequence is transcribed, with
at least four transcripts, 7.0, 4.7, 3.3, and 2.8 kb in size, from
this region disappearing upon restoration of fertility by Fr
(Mackenzie and Chase, 1990). Figure 5A demonstrates that
the 7.0-kb transcript hybridized faintly within the atpA region,
indicating that the largest of the pvs transcripts initiates within

A B C

4.0-
3.8/

2.3-
7.0-
1.6-

Figure 5. Transcripts within the pvs Region.

(A) RNA gel blot analysis of CMS-Sprite (left lane) and revertant 83-1
(right lane) total mitochondrial RNA hybridized with a %2P-labeled
clone of atpA. The transcript present in CMS-Sprite and absent from
the revertant was derived from the pvs region. The transcripts present
at ~2.7 kb in both lanes are normal atpA transcripts.

(B) Total mitochondrial RNA from fertile GO8063 (left lane) and rever-
tant 83.1 (right lane) hybridized with pvsORF-2. The pvsORF-2 sequence
was derived by PCR amplification using primers 5-CACGGAAAT TGT-
GAGGCCTCAATGTGGTCA-3' (position 2097-2126) and 5-TAGTAA-
AGCTTGCCCCATTAGCGGGGATGC-3' (position 2877-2906) (Figure 2).
(C) S1 nuclease analysis of the pvs region. An M13 single-stranded
clone of 4.0-kb Pstl fragment encompassing most of the pvs region
(Figure 1) was incubated with total mitochondrial RNA from CMS-Sprite
(left lane) and revertant (right lane) lines and S1 nuclease treated. The
reaction was DNA gel blotted and probed with the 32P-labeled 4.0-kb
Pstl clone. Increased intensity of the 0.6- and 0.5-kb protected frag-
ments suggests that they result from protection of the 3’ ends of atpA
transcripts that initiate 5’ to the pvs region.
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Figure 6. Tapetal Development in Fertile Sprite and CMS-Sprite Lines.

(A) Tapetum in fertile Sprite (normal cytoplasm). Meiocytes are undergoing prophase | of meiosis.
(B) Tapetum in CMS-Sprite (G08063 cytoplasm). Meiocytes are undergoing early prophase | of meiosis.

(C) Tapetal degeneration in fertile Sprite at late microspore stage.
(D) Tapetal degeneration in CMS-Sprite at late microspore stage.
T, tapetum; M, meiocytes; arrow, tapetal degeneration.

or immediately 3'to the atpA gene. The intense bands around
2.7 kb represent normal atpA transcripts. S1 nuclease RNA
protection experiments, using the 4.0-kb Pstl clone encompass-
ing most of the pvs region (Figure 1), resulted in RNA protection
of the entire 4.0-kb fragment together with a number of smaller
protected fragments (Figure 5C). The radioactively labeled
probe used in this experiment was the 4.0-kb Pstl clone. RNA
protection of this entire 4.0-kb region, together with the obser-
vation of at least one transcript initiating 5’ to the pvs region

(Figure 5A), suggests that both pvsORF-1 and pvsORF-2 are
cotranscribed on at least one transcript. In addition to the 7.0-kb
transcript, we observed two smaller transcripts, 3.3 kb and
2.8 kb in size, associated with the pvsORF-1 region using RNA
gel blot analysis (data not shown) and at least one additional
transcript, ~1.5 kb in size, associated with the pvsORF-2 re-
gion (Figure 5B). RNA protection of these smaller transcripts
may account for the smaller protected fragments observed in
the S1 nuclease protection experiment. However, one smail
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protected fragment of 500 bp was observed using either RNA
from male sterile or fertile revertant lines (Figure 5C). This pro-
tected sequence mapped to the 0.7-kb Pstl/Sstl fragment
present in both male sterile and fertile lines and outside of the
pvs unique sequence (see map in Figure 1, data not shown).

Possible Association of Gametophytic Factors with
Abnormal Pollen Development in CMS Bean

We compared the pattern of pollen and anther development
in male sterile and fertile restored lines. This included com-
parison of the development of the tapetum in anthers of normal
fertile Sprite and CMS-Sprite plants. These two lines are ge-
netically isonuclear, suggesting that any differences observed
in tapetal development would be the result of cytoplasmic ef-
fects. Figure 6 shows that no differences in tapetal development
were observed at the light microscope level between these
two lines. In both fertile and male sterile lines, the tapetal cells
remained uninucleate throughout their development. They be-
gan to enlarge during meiosis, reached maximum development
just after the young microspores were released from tetrads,
and were nearly degenerated by the first microspore mitosis.

CMS-Sprite microspores underwent considerable post-
meiotic development. Most microspores developed a thick
pollen wall, became vacuolate, and underwent the first micro-
spore mitosis to become binucleate polien grains, as shown
in Figure 7A. The pollen grains within CMS-Sprite did not en-
gorge with starch and aborted late in pollen development. Prior
to meiosis, microspore development appeared identical in fer-
tile Sprite and CMS-Sprite. In fertile Sprite, the young micro-
spores were released from their tetrad configuration as the
callose broke down. This pattern of pollen development was
similar to that described by Albertsen and Palmer (1979) in soy-
bean. In CMS-Sprite, however, the microspores did not separate
following meiosis but remained as tetrads throughout micro-
gametogenesis.

We observed cytoplasmic connections between two or three
microspores in many, but not all, tetrads, as shown in Figure
7B. The fact that all tetrads did not demonstrate these con-
nections was likely due to different sectioning planes. Our
observations suggested that cytokinesis following meiosis was
often incomplete. Callose deposition during microsporogen-
esis appeared normal in CMS-Sprite. A normal callose wall
was observed around the pollen mother cells, meiocytes, and
tetrads (data not shown). Following meiosis, this callose wall
dissolved, but the microspores retained their tetrahedral con-
figuration. This appeared to be the result of the formation of
a continuous pollen wall around the entire tetrad (Figure 7B).

Fertility restoration by restorer gene Fr results in a semisterile
phenotype in F; progeny (Mackenzie and Bassett, 1987).
Semisterility is characterized by the presence of fully fertile,
sterile, and intermediate buds on a single plant, giving rise
to both seedless and seed-bearing pods at maturity. Figure
8A demonstrates that in these semisterile plants buds carried
both aborted and apparently viable pollen within a single an-
ther locule. Of particular interest was the observation of both

Figure 7. Microgametogenesis in CMS-Sprite.

(A) Binucleate pollen grain. Arrow indicates presence of two nuclei
within single pollen grain.

(B) Cytoplasmic connection between two microspores of a tetrad. Ar-
row indicates location of connection. A continuous developing wall is
visible at the periphery of the entire tetrad.

viable and aborted pollen within a single tetrad, as shown in
Figure 8B. This observation suggests a gametophytic, or pollen-
specific, factor in pollen abortion or fertility restoration.

Loss of the pvs Sequence during Development

Fertility restoration by Fr does not give rise to full fertility until
the F, generation. Within F, populations, a range in fertility



exists, detected as the relative number of parthenocarpic
versus seed pods per plant. Plants classified as fertile have
fewer than three parthenocarpic pods and a large number of
well-filled seed pods. The assumption that fertility restoration
is associated with loss of a portion of the mitochondrial ge-
nome would predict that fertile F, plants carry mitochondria
that have undergone this mitochondrial DNA alteration, with
the mitochondrial genome of male sterile F, segregants struc-
turally unchanged. Figure 9A indicates, however, that the

Figure 8. Pollen Viability in Semisterile F, Progeny (Frfr) (CMS-Sprite
x R-351 Restorer).

(A) Aborted and viable microspores (M) within an anther locule (L).
Arrow indicates the presence of aborted tetrad.
(B) Aborted (A) and viable (V) microspores within a single tetrad.

Abnormal Pollen Development in CMS Bean 441

A St St St F F F
7-2 kb' | — u [re———
6.0 kb-

-_—h ..

et

6.0 kb-

- -

4.0 kb' -

Figure 9. The Sterility-Associated Mitochondrial DNA Region Is Pres-
ent in F, Vegetative Tissue but Absent from F3 Vegetative Tissue in
CMS-Sprite x R-351 Restorer Populations.

(A) Mitochondrial DNA gel blots from three sterile (St) and three fer-
tile (F) F, plants from a segregating population. DNA was prepared
from green vegetative tissue, digested with Pstl, and the blot hybrid-
ized with a subclone (258-4) from the 6.0-kb Pstl fragment associated
with sterility (Mackenzie et al., 1988b).

(B) Mitochondrial DNA gel blot from green vegetative tissue of a fer-
tile F5 population (tissue bulked from four to five plants) derived from
CMS-Sprite x R-351 restorer (lane 1). Mitochondrial DNA from fertile
line GOB063 was included as a control (lane 2). The DNA was digested
with Pstl and the blot hybridized with a mitochondrial DNA cosmid
(16A4) that encompasses the mitochondrial sterility-associated region
(Mackenzie and Chase, 1990). Identical results were obtained using
DNA from three additional F3 populations (data not shown).

vegetative tissue of fertile F, plants did not lose the sterility-
associated sequence (present as a 6.0-kb Pstl fragment), al-
though stoichiometric differences of relevant mitochondrial
DNA fragments were evident in some plants. The 7.2-kb
band present in Figure 9A represents another region of the
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Figure 10. Control Experiments To Test in Situ Hybridization of Paraffin-Embedded and Sectioned Bud Tissues.
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mitochondrial genome containing homology to the region 3’
to the pvs sequence. Loss of the sterility-associated mitochon-
drial sequence, evident here as disappearance of a 6.0- and
a4.0-kb Pstl fragment from the genome (Mackenzie and Chase,
1990), was not observed until the F3 generation (Figure 9B).
To date, we have tested green vegetative tissue of plants from
four F3 populations, and in each case loss of the sterility-
associated region had occurred. Because full fertility was
achieved within the F, generation, yet mitochondria in green
vegetative tissue of fertile F, plants still carried the sterility-
associated mitochondrial DNA region, we suggest that the mi-
tochondrial genome change should be detectable during pollen
development.

We used in situ hybridization of paraffin-embedded bud tis-
sue to evaluate mitochondrial genome configuration in the pvs
region in pollen of fertile restored F, plants. Postmeiotic buds
were sectioned and hybridized with biotinylated DNA fragments
carrying sequences unique to the sterility-associated mitochon-
drial DNA region (see Figure 1). Figure 10 shows the results
of control hybridizations using tissue from fertile line G08063
and CMS-Sprite as positive controls and fertile Sprite as a
negative control. Fertile line G08063 is known to carry the pvs
region, a sterile cytoplasm, and a restorer nuclear genotype
(Fr2fFr2) (Mackenzie, 1991). CMS-Sprite carries the G08063
cytoplasm but the Sprite maintainer nuclear genotype. Fertile
Sprite contains a normal cytoplasm and therefore does not
contain the pvs region (Mackenzie and Chase, 1990). The posi-
tive signal is observed as a black speckling over the micro-
spore. This speckling is most pronounced in the G08063
(Figures 10C and 10D). Less pronounced signal is detected
in CMS-Sprite (Figure 10B) due to the late stage in develop-
ment and the onset of abortion. Figure 11 compares a positive
(G08063) and negative (fertile restored) signal at higher

(A) Fertile G08063 bud section hybridized with the biotinylated 0.99-
kb Pstl/Sstl pvs fragment. Positive hybridization signal is observed as
black speckling within pollen (arrow). x1000.

(B) Fertile F, plant (CMS-Sprite x R-351 restorer). Bud tissue was
hybridized with the biotinylated 0.99-kb Pstl/Sstl pvs fragment. This
Figure 11. Enhanced Magnification of Bud Sections To Demonstrate panel serves as a negative control, and no hybridization signal is de-
in Situ Hybridization Results. tected. x1000.

Figure 10. (continued).

(A) Fertile Sprite bud tissue hybridized with the 1.5-kb Sstl pvs fragment (see Figure 1) plus biotin. Fertile Sprite does not contain the pvs sequence
and serves as a negative control.

(B) CMS-Sprite bud tissue hybridized with the 1.5-kb Sstl fragment plus biotin. CMS-Sprite contains the pvs sequence and serves as a positive
control. Arrow indicates location of positive signal.

(C) Fertile GOB063 bud tissue hybridized with the 0.99-kb Pstl/Sstl pvs sequence (see Figure 1) plus biotin. Fertile GO8063 (Fr2Fr2) contains
the pvs region in fertile pollen and serves as a positive control with a second pvs probe. Arrow indicates location of positive signal.

(D) Fertile G08063 bud tissue hybridized with the 1.5-kb Sstl pvs fragment plus biotin. Arrow indicates example of positive signal.

(E) Fertile G08063 bud tissue hybridized with the 15-kb fragment and no biotin.

(F) Fertile G08063 bud tissue hybridized with a pHC79 nonspecific (nonhybridizing) subclone plus biotin.

(G) Fertile GO8063 bud tissue plus biotin but no DNA included in probe preparation.
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magnification. In the majority of experiments, background sig-
nal was minimal or not visible in negative controls using
G08063 bud tissues hybridized with probe prepared without
DNA, without biotin, or with nonspecific DNA (Figure 10). It
should be mentioned that some experiments did result in a
low level of observable background or nonspecific staining in
these control hybridizations. We have therefore selected con-
trol samples with this low level of background for illustration
purposes in Figures 10E, 10F, and 10G.

Using in situ hybridization, we observed hybridization to de-
veloping pollen from male sterile plants in a segregating F»
population derived from CMS-Sprite x Fr, as demonstrated
in Figure 12A. This indicates that the male sterile plants
segregating in the F, population retained the pvs sequence
throughout development. Pollen from fertile F, plants consis-
tently demonstrated no hybridization to our mitochondrial DNA
probe, as demonstrated in Figure 12D. Consequently, we con-
clude that the loss of the pvs region occurred prior to, or during,

Figure 12. In Situ Hybridization Experiments Using Buds from F, Plants (CMS-Sprite x R-351 Restorer) Segregating for Fertility.

(A) Male sterile F; plant. Bud tissue hybridized with a biotinylated 0.99-kb Pstl/Sstl pvs fragment (see Figure 1). Arrow indicates location of posi-

tive signal.

(B) Male sterile F, plant. Bud tissue hybridized with a biotinylated probe using nonhybridizing pHC79 DNA as control.
(C) Male sterile F, plant. Probe preparation included biotin but omitted DNA as control.
(D) Fertile F, plant. Bud tissue hybridized with biotinylated 0.99-kb Pstl/Sstl pvs fragment.



pollen development. Five sterile and five fertile plants were
tested (10 buds each). This does not imply that the mitochon-
drial DNA alteration is limited to the developing microspores.
This study evaluates pollen development apart from any
changes in the mitochondrial genome during megagameto-
genesis. Because we have developed these lines in a de-
terminate bush-type growth habit, our study does not allow
us to distinguish between gradual loss of the pvs sequence
over development and more rapid, stage-specific loss in pol-
len. We have included control hybridization results (Figures
12B and 12C) to demonstrate that the observed hybridization
was specific for the presence of the pvs sequence.

DISCUSSION

We have identified and sequenced a unique mitochondrial DNA
region carried within the accession line G08063 and associated
with cytoplasmic male sterility. The apparent absence from
other common bean lines suggests that line G08063 has un-
dergone a relatively recent mitochondrial alteration. Obser-
vations reported here indicate that portions of the pvs sequence
were derived from the chloroplast genome. The remainder of
this region is of unknown origin. The presence of chloroplast
sequence within the mitochondrial genome of bean is not
necessarily surprising; a number of cases of apparent chlo-
roplast DNA transfer to the plant mitochondrial genome have
been observed (Lonsdale, 1985; Schuster and Brennicke,
1988).

The alteration that has given rise to the G08063 mitochon-
drial configuration appeared to involve DNA insertion and,
perhaps, multiple recombinations within the region 3'to atpA.
This is also the case in CMS sunflower, where inversion and
DNA insertion 3' to atpA results in cotranscription of atpA with
a novel CMS-associated ORF of unknown origin (Kohter et al.,
1991). The similarities between these two CMS systems may
provide important information about the role of the region 3’
to atpA in mitochondrial genome stability.

The association of a mitochondrial sequence with CMS has
been described extensively in two plant systems, the TURF
2H3 region of maize T-cytoplasm (Dewey et al., 1986; Rottman
et al., 1987; Wise et al., 1987) and the pcf region in CMS petunia
(Young and Hanson, 1987). In both cases, male sterility-
associated mitochondrial ORFs were apparently derived from
multiple recombination events within a limited region. Further
analysis of these two highly rearranged regions indicates that
they reside in close proximity to a recombinationalily active
repeated sequence (Rottmann et al., 1987; Fauron et al., 1990;
Folkerts and Hanson, 1991). This association between a CMS-
associated mitochondrial sequence and a recombinationally
active mitochondrial repeat also exists in bean, where the pvs
sequence lies immediately adjacent to atpA, contained within
an 18-kb repeat (H. Janska, A. Lyznik, and S. Mackenzie, manu-
script in preparation). Further investigation of this feature in
these three CMS plant systems will likely provide information
relevant to the origin of these novel rearranged sequences.
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At least two ORFs have been identified within the pvs re-
gion. Because the transcripts from the region are present both
in CMS-Sprite and fertile accession G08063, we cannot yet
conclude that expression of pvs is associated with or causa-
tive in pollen sterility. It will be necessary to evaluate trans-
lational activity of the pvs sequence by developing antibody
against the putative products of pysORF1 and pvsORF2 to pur-
sue these questions. The identification of a second fertility
restorer system in bean, Fr2, that does not result in mitochon-
drial DNA loss (Mackenzie, 1991) allows us to compare
translational activity of the pvs ORFs in male sterile versus Fr2-
restored material.

Two interesting features were observed during the process
of cloning and sequence analysis of the pvs region. DNA clones
that contained the entire 0.5-kb Pstl/EcoRlI, 0.99-kb Pstl/Sstl,
and a portion of the 1.5-kb Sst! fragments (Figure 1) within ei-
ther pUC18 plasmid or M13 phage vectors were highly unstable
and susceptibie to rearrangement within Escherichia coli hosts
(strains TB-1 for pUC18 plasmid; JM107 or JM101 for M13 phage
vector). However, DNA clones that contained the 0.99-kb frag-
ment alone, or the 0.99-, 1.5, 0.7, and 0.6-kb fragments together,
were highly stable and demonstrated no evidence of rear-
rangement. An obvious difference between these two cloning
strategies is the interruption of pysORF-2 by those clones that
were stable. This clone instability might be an effect of the
pvsORF-2 intact sequence or expression within E. coli, although
this has not been determined. A second feature of pvsORF-2
is the presence of a hydrophobic domain at the amino termi-
nus of the predicted translation product, based on Chou and
Fasman (1978) hydropathy predictions (data not shown). This
suggests the possibility of a membrane spanning domain within
the predicted product.

Computer analysis of all possible ORFs indicated that, aside
from the two ORFs described here, all other possible ORFs
would require transcript editing to introduce either a stop or
a start codon. We have sequenced cDNA from only portions
of the pvs region (with no evidence of transcript editing ob-
served); consequently, we cannot rule out the possibility of
editing within the region. Analysis of the predicted translation
products from these additional incomplete ORFs revealed no
significant pattern of similarity to translation products in the
EMBL and GenBank databases.

In nearly all cases of CMS, with the exception of CMS-S
maize (Lee et al., 1980), microspore abortion is preceded by
abnormal tapetal development or premature tapetal breakdown
(Overman and Warmke, 1972; Horner and Rogers, 1974; Horner,
1977; Warmke and Lee, 1977; Lee et al., 1979; Bino, 1985). Light
microscope analysis of anther development in male sterile, par-
tially restored, and fully restored bean lines suggested that
pollen abortion in this CMS source was not the result of ab-
normal sporophytic (tapetal) development. Moreover, the
observation of both viable and inviable pollen within a single
locule suggested that sterility and fertility restoration might
involve gametophytic factors. The difference in pollen devel-
opment within a single locule might, however, indicate a limiting
sporophytically expressed component in pollen maturation.
This could involve a threshold effect in restoration, with only
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a proportion of the developing microspores allowed to con-
tinue normal development within the F; generation due to a
limiting factor necessary for pollen development.

The loss of a unique mitochondrial DNA sequence upon
restoration of pollen fertility provides a useful means to moni-
tor this mitochondrial change throughout plant development.
This mitochondrial genomic alteration apparently begins within
the F, generation (CMS-Sprite x Fr), resulting in partial pol-
len fertility. This condition of incomplete restoration in semi-
sterile plants is likely a result of heteroplasmy, or a mixture
of altered and unaltered mitochondria. Full fertility, as well as
detectable loss of the mitochondrial segment, was not achieved
until anthesis in the F, generation. Presence of the mitochon-
drial sterility-associated DNA region within green tissue of fertile
restored F, plants and absence of the sequence from restored
F, pollen suggest that the mitochondrial DNA loss must oc-
cur prior to or during the process of meiosis and microgameto-
genesis. The observation of semisterility in F, plants, as well
as a small proportion of F; plants, supports a model of grad-
ual mitochondrial change throughout plant development over
two generations. From our observations, we propose that the
presence of the pvs sequence within individual pollen resulted
in abnormal pollen development of those tetrads carrying the
pvs mitochondrial sequence. The action of nuclear gene Fr
in effecting mitochondrial DNA alteration was apparently not
limited to a single developmental stage and resulted in het-
eroplasmy or semisterility in the F; generation.

In situ hybridization techniques are not adequately sensi-
tive to detect sequences at very low copy number per cell. We
cannot conclude, therefore, that the loss of the pvs sequence
in F5 fertile pollen is complete. We have attempted to use PCR
amplification to test for heteroplasmy in F, pollen. Results
from our pollen PCR experiments were not included here be-
cause of the technical difficulty in devising appropriate control
experiments to exclude the possibility of contamination and
artifact due to inconsistent tissue preparation. Preliminary
results from these experiments suggested that a few fertile
F> buds contained pollen that carried the pvs sequence at a
level undetectable using in situ hybridization, but most did not.

We have observed spontaneous cytoplasmic reversion to
occur in CMS-Sprite in the form of a single seed-bearing pod
on an otherwise male sterile plant. The frequency of these
reversion events is influenced by nuclear genotype (Mackenzie
et al., 1988b). The seed taken from these revertant pods will
give rise to both male sterile and male fertile progeny, the male
fertile having undergone an apparently identical mitochondrial
DNA alteration to that of restoration by Fr (Mackenzie et al.,
1988b). The observation of both fertile and sterile progeny from
a single pod suggests that events that cause the loss of the
pvs sequence do not involve coordinated loss from both pol-
len and egg. The presence of pvs apparently affects only the
phenotype of the pollen. The mitochondrial population within
the egg cell determines fertility in the next generation.

From our studies of CMS bean, we conclude that the pvs
sequence unique to this cytoplasm likely includes DNA inser-
tion(s). Presence of the pvs sequence appears to cause

abnormal development of individual microspores. Introduction
of nuclear gene Frresults in restoration of fertility to only some
of the pollen within an anther locule, suggesting changes that
are gradual over development and, again, affect individual
microspores. Full restoration in a segregating F, population
(CMS-Sprite x Fr) results in loss of pvs from pollen of fertile
F, segregants and presence of pvs in male sterile F, segre-
gants. This genetic system will allow us to study the effect of
Fr on mitochondrial genome structure and the relative role of
nuclear genotype versus cytoplasmic sorting during plant de-
velopment in the process of fertility restoration of CMS bean.

METHODS

Plant Materials

Fertile accession line GO8063 was provided by Centro Internacional
de Agricultura Tropical (Cali, Colombia). The cytoplasmic male steril-
ity (CMS) Phaseolus vulgaris line used in this study (designated
CMS-Sprite) was derived from line G08063 (Singh et al., 1980) and
was backcrossed to Sprite snap bean, a sterility maintainer nuclear
genotype, over 15 generations. The Fr-restored populations, F,, Fa,
and F3, were derived from BCj; populations (CMS-Sprite x R-351)
using restorer line R-351 (Mackenzie and Bassett, 1987). Revertant
line 83-1 was selected as a spontaneous fertility reversion event from
CMS-Sprite and has been genetically characterized to be a stable cy-
toplasmic event, as previously described (Mackenzie et al., 1988b).

Mitochondrial DNA Clones

pK9ECOB (Maize cob) was supplied by Dr. C. S. Levings (North Caro-
lina State University, Raleigh, NC), and a sorghum cosmid carrying
cox!/ was supplied by Dr. D. R Pring (University of Florida, Gaines-
ville, FL). Clones for the pvs region were obtained as described
previously (Mackenzie and Chase, 1990).

Preparation of Mitochondrial DNA

Mitochondrial DNA was prepared as described previously (Mackenzie
et al., 1988b). The procedure of McNay et al. (1984) was used to iso-
late mitochondria. The procedure of Dellaporta et al. (1983) was then
used for mitochondrial lysis and mitochondrial DNA purification. Cetyl
trimethylammonium bromide was used to precipitate nucleic acids.
Most preparations used 7-day-old etiolated hypocotyl tissues. Mitochon-
drial preparations from F, and F; plants involved greenhouse grown
tissues from 25-day-old plants.

Preparation of Mitochondrial RNA

Mitochondria were prepared as above, without DNase or proteinase K.
The mitochondria were lysed in 6 M guanidinium thiocyanate (Maniatis
et al., 1982), and phenolichloroform was extracted. The nucleic acid
suspension was brought to 2.5 mL, combined with 1 g of CsCl, and
centrifuged for 12 hr at 32,000g over a 35-mL cushion of 6.7 M CsCl0.1



M Na,EDTA at 20°C in a rotor (model No. SW 40.1, Beckman Instru-
ments; Wise et al., 1987).

DNA/RNA Electrophoresis, Transfer, and Hybridization

DNA restriction endonuclease digestion, electrophoresis, blotting, and
hybridization were performed as described by McNay et al. (1984).
Mitochondrial RNA was denatured in glyoxyl, subjected to electropho-
resis through 0.6% agarose gels in 10 mM Na,HPO, (pH 7.0), and
transferred to nitroceliulose membranes (Thomas, 1980). Standard hy-
bridization and wash conditions were as described by Wise et al. (1987).

S1 Nuclease Protection

S1 nuclease RNA protection experiments were conducted using the
reaction conditions provided in Ausubel et al. (1988). Single-stranded
DNA was prepared from a 4.0-kb Pstl clone encompassing the pvs
region in M13 phage vector. The entire single-stranded uniabeled DNA
clone plus vector was used in the annealing with total mitochondrial
RNA (20 ng) overnight at 55°C. The annealed products were then
digested with 100 to 300 U/mL of S1 nuciease. Agarose gel electropho-
resis of the S1 digestion products was followed by DNA gel blot
hybridization. The same 4.0-kb Pstl DNA clone was then used as probe
to detect digestion products.

Chloroplast and Genomic DNA Preparation

Chloroplasts were prepared from 7- to 10-day-old greenhouse grown
seedlings. The seedlings were ground in a blender in 0.5 M sucrose,
5 mM Na,EDTA, 0.1% BSA, and 50 mM Tris, pH 7.5. The solution was
filtered and centrifuged 10 min at 800g. if the pellet was not signifi-
cant, the suspension was recentrifuged at 1000g. The pellets were
resuspended in 0.3 M sucrose, 0.05 M Tris, pH 7.5, and brought to 10
mM MgCl, and 20 pg/mL DNase. After 60 min of incubation at 4°C,
the suspension was centrifuged twice in 0.6 M sucrose, 20 mM
NaoEDTA, 10 mM Tris, pH 7.5, for 10 min at 2200g. The resulting pe!-
let was resuspended in 100 mM Tris, pH 80, 50 mM Na,EDTA,
100 mM NaCl, and 1% SDS and incubated 15 min at 65°C for lysis.
Chloroplast DNA preparation followed the procedure of Dellaporta et
al. (1983) using precipitation in cetyl trimethylammonium bromide for
further DNA purification. Preparation of genomic DNA followed the
same protocol described above with the exception that the pellets were
collected from centrifugation at 1240g after two centrifugations at 860g
to remove chloroplasts.

DNA Sequencing and Analysis

DNA fragments to be sequenced were cloned into M13 phage vector
according to the procedure provided by Bethesda Research Labora-
tories. Single-stranded DNA template was sequenced using the
procedure of Sanger (1981) using Sequenase Il (United States Bio-
chemical Corp.). Sequencing extension was facilitated using synthetic
DNA oligonucleotide primers synthesized by the Purdue University
Department of Biochemistry (West Lafayette, IN). Both strands of the
pvs region were sequenced. Sequence analysis included a sequence
and peptide homology search of GenBank, EMBL, VecBase, NBRF,
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and the Protein Sequence Databases available through the Genetics
Computer Group (University of Wisconsin, Madison, W1).

Flower Bud Preparation

Flower buds of all developmental stages were collected from green-
house grown plants of line G08063, CMS-Sprite, Sprite, an F, popu-
lation (CMS-Sprite x R-351 restorer line [Frfr]) segregating 1:1
semisterile/sterile, and the derived F; population segregating for fer-
tile, semisterile, and sterile progeny. All flower buds, whether used for
developmental studies or in situ hybridizations, were processed using
the method of Berlyn and Mischke (1976). Flower buds were fixed im-
mediately in either FAA for 24 hr or 4% paraformaldehyde/2.5%
glutaraldehyde in 0.2 M phosphate buffer, pH 7.2, overnight. A gentle
vacuum was applied, when necessary, for fixative penetration. Fol-
lowing fixation, buds fixed in FAA were rinsed three times in 70%
ethanol. Buds fixed in 4% paraformaldehyde/25% glutaraldehyde were
rinsed in three changes in 0.2 M phosphate buffer following fixation
and three changes of distilled water, and were moved through 25 and
50% ethanol. All buds were dehydrated in a graduated tertiary butyl
alcohol series and infiltrated with paraffin over a period of 3 days. Flower
buds used for the developmental study were sectioned longitudinally
at 14 um, mounted as serial sections with Fink's (1987) adhesive, stained
with Mayer's hemalum, dehydrated, and mounted in Permount. Cal-
lose deposition during microsporogenesis was examined in sectioned
flower buds stained with aniline blue {Jensen, 1962) and observed with
fluorescence microscopy.

In Situ Hybridization

Flower buds processed for in situ hybridization were sectioned lon-
gitudinally at 8 to 10 pm and affixed to glass slides with Fink's adhesive.
All slides processed for hybridizations were pretreated, hybridized, and
washed according to the method outlined by Brigati et al. (1983) for
paraffin-embedded tissue. The slides were incubated in a Strep-
tavidin-alkaline phosphate complex and washed as directed by
Boehringer Mannheim. The color was developed enzymatically with
BCIP/NBT as directed by Bethesda Research Laboratories. The slides
were then dehydrated and mounted in Permount.

The biotinylated (biotin-14-dATP) DNA probes used in the in situ
hybridizations were prepared using random priming. The templates
used were purified inserts derived from either a 0.99-kb Sstl/Pstl or
a 1.5-kb Sstl subclone of the unique sterility-associated mitochondrial
sequence described in Mackenzie and Chase (1990). The three nega-
tive control probes were also prepared using random priming and
included (1) the same mitochondrial 0.99-kb or 1.5-kb mitochondrial
DNA segments without biotin (dATP added); (2) biotin-14-dATP added,
DNA template omitted; and (3) a nonspecific template (1.0-kb segment
of cosmid vector pHC79) with biotin-14-dATP added. All random primed
reactions were spun through sephadex G50 and dot blotted to nylon
to test incorporation of biotin.

Microscopy and Photography

All slides were observed with a photomicroscope (model Vanox;
Olympus Corporation of America, New Hyde Park, NY) with bright-
field or Nomarski optics. Photomicrographs were taken using either
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black and white (Technical Pan 2415; Kodak) or color (EPY-135; Ko-
dak) film.
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