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Abstract: Stability of the mitochondrial genome is controlled by nu-
clear loci. In plants, nuclear genes suppress mitochondrial DNA re-
arrangements during development. One nuclear gene involved in this 
process is Msh1. Msh1 appears to be involved in the suppression of ille-
gitimate recombination in plant mitochondria. To test the hypothesis that 
Msh1 disruption leads to the type of mitochondrial DNA rearrange-
ments associated with naturally occurring cytoplasmic male sterility in 
plants, a transgenic approach for RNAi was used to modulate expression 
of Msh1 in tobacco and tomato. In both species, these experiments re-
sulted in reproducible mitochondrial DNA rearrangements and a condi-
tion of male (pollen) sterility. The male sterility was, in each case, herita-
ble, associated with normal female fertility, and apparently maternal in its 
inheritance. Segregation of the transgene did not reverse the male ster-
ile phenotype, producing stable, nontransgenic male sterility. The repro-
ducible transgenic induction of mitochondrial rearrangements in plants 
is unprecedented, providing a means to develop novel cytoplasmic male 
sterile lines for release as non-GMO or transgenic materials. 

Keywords: MutS homolog, nonhomologous recombination, RNA inter-
ference, tobacco, tomato

Abbreviations: SSS, substoichiometric shifting; CMS, cytoplasmic male 
sterility.

Cytoplasmic male sterility (CMS) is a widespread trait among 
both wild and domesticated plant species, manifested as the 

inability of an otherwise phenotypically normal plant to shed vi-
able pollen. The male sterile trait arises with rearrangements of 
the mitochondrial genome and demonstrates a maternal inheri-
tance pattern (1). From an agricultural perspective, this form of 
male sterility is valuable to the hybrid seed industry as a means 
of generating cross-pollinated seed without the need for labor-
intensive hand emasculations (2) and as a strategy for prevent-
ing pollen escape in transgenic crops. In natural populations, 
CMS is thought to participate in the gynodioecious mating strat-
egy of several plant species (3, 4). 

The CMS trait is associated with a variety of mitochondrial 
DNA rearrangements, and no two CMS mutations described to 
date have been identical. In general, these mutations arise from 
low frequency, illegitimate recombination, or nonhomologous 
end joining activity within the mitochondrial genome, each giv-
ing rise to an expressed ORF comprised of chimeric sequences 
(1, 5). Plant mitochondrial genomes are known to undergo abun-
dant recombination activity. However, there is evidence to sug-
gest that CMS mutations might not arise de novo in a mitochon-
drial population at the time male sterility occurs, but rather may 
already be present at low copy number before their specific am-
plification (6, 7). 

Plant mitochondrial genomes are distinctive in their highly 
variable size and multipartite structures relative to the smaller, 
more compact circular genomes of mammalian mitochondria. 
This redundant, multipartite organization can presumably re-

sult in heterogeneous mitochondrial populations (heteroplasmy) 
within the plant (8). Although predominant DNA configurations 
may be retained throughout plant development at approximately 
equimolar levels cell to cell, certain mitochondrial DNA forms 
are maintained at unusually low levels, estimated in one study 
at one copy per every 100–200 cells (6). These substoichiometric 
mitochondrial DNA forms can be up- or down-regulated in rela-
tive copy number within one plant generation, a process termed 
substoichiometric shifting (SSS) (9). Whether this modulation in-
volves de novo recombination is not known. CMS mutations are 
sometimes contained in regions of the mitochondrial genome reg-
ulated by the SSS process (2). When present in high copy num-
ber, the mutation confers pollen sterility, but when shifted to low 
copy number, the plant reverts to male fertility. 

Several years ago, it was shown that the mitochondrial SSS 
process is controlled by nuclear genes (10). More recently, a nu-
clear gene in Arabidopsis was cloned that directly influences mito-
chondrial SSS (11). The gene, designated Msh1, encodes a homo-
log of the Escherichia coli mismatch repair component MutS at its 
N terminus and contains a carboxyl-terminal domain homolog of 
a GIY-YIG-type homing endonuclease essential to MSH1 function 
(12). Msh1 loci display a high degree of amino acid sequence ho-
mology across plant families (12), but no Msh1 homolog has been 
identified in mammalian genomes to date. A single copy of the 
Msh1 gene is present in the Arabidopsis genome, and its protein 
targets to both mitochondria and plastids (11, 13). Disruption of 
the Arabidopsis Msh1 locus results in green-white leaf variegation 
and amplification of a particular mitochondrial DNA configura-
tion (14). Subsequent introduction of the wild-type Msh1 allele via 
pollination does not appear to reverse the phenotype. 

The Msh1-associated SSS process observed in Arabidopsis 
does not result in male sterility of the plant, indicating that not 
all SSS events necessarily give rise to a CMS phenotype. How-
ever, evidence suggests that a wide range of plant species har-
bor CMS mutations or the potential for such mutations within 
their mitochondrial genomes. In this study, expression of Msh1 
was suppressed in tobacco and tomato by using an RNAi strat-
egy to test the feasibility of transgenic induction of CMS. These 
experiments were designed to test the hypotheses that substoi-
chiometric DNA forms within the mitochondrial genome can be 
selectively amplified by disruption of Msh1 expression, and that 
this selective amplification can give rise to CMS. 

Results

Suppressed Msh1 Expression in Tobacco and Tomato by RNAi. 
The level of expression of Msh1 appears to be extremely low in 
plants, with markedly amplified expression levels in flower bud 
tissues (V. Shedge and S.A.M., unpublished data). This obser-
vation complicates the confirmation of reduced Msh1 transcript 
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levels in RNAi transgenic lines. Therefore, two independent 
transformation experiments each were implemented in tobacco 
and tomato, with 28–35 independent transformants per experi-
ment, as well as careful phenotypic analysis over several subse-
quent generations to confirm heritability. In the case of tobacco, 
the two experiments used Nicotiana tabacum, cv. Xanthi. In to-
mato, experiments were carried out in two different cultivars of 
Solanum lycopersicum, the first cv. Moneymaker and the second 
cv. Rutgers. The RNAi construction was designed to target a se-
quence that is conserved between the tomato and tobacco Msh1 
sequences (reference 12 and data not shown). For tomato, a vec-
tor containing the UidA (GUS) reporter gene minus the RNAi 
construction was introduced as a negative experimental control. 
In tobacco, an independent transgene, the Pseudomonas syrin-
gae HopU1 Type III effector transgene, was introduced to Xan-
thi, and the regenerated population of 10 independent trans-
formants was monitored for the appearance of a male sterility 
phenotype as negative control. These controls were developed 
from arbitrarily selected transgenic constructions to test for the 
occurrence of male sterility under our plant transformation and 
plant regeneration conditions. Table 1 presents data from both 
transgenic tobacco and tomato experiments. 

In both tobacco experiments, a small number of semisterile 
plants were obtained in the T0 generation (Table 1). The observed 
tobacco male sterile phenotype was characterized by (2-week) de-
layed flowering, anthers that often appeared devoid of pollen (al-
though some male sterile plants produced abundant inviable pol-
len), occasional petaloid anthers, and fully or partially collapsed 

seed capsules (Figure 1). The pollen shed on male sterile plants 
was determined to be inviable based on unsuccessful test crosses 
to wild-type Xanthi. By the T2 generation, extremely subtle leaf 
variegation was also evident on a few leaves in ≈10% of the plants 
(Figure 1 D). Individual semisterile T0 plants from experiment 1 
(plant no. 23) and experiment 2 (plant nos. 2, 6, 7, and 12) were se-
lected for test cross and/or progeny testing. Male sterility was de-
tected in an increasing proportion of the population for each gen-
eration. This observation suggests that multiple generations are 
needed to complete the cytoplasmic sorting required to shift the 
mitochondrial DNA population to the altered configuration. The 
male sterility phenotype was not reversed in progeny produced 
with wild-type pollen (Table 1 and data not shown). Successful 
pollination of the male sterile progeny produced normal seed set 
and indicated that the selected plants were female fertile. By the 
T2 generation of the tobacco population 23-32, 75% of progeny 
showed partial or full male sterility. 

A separate transgenic tobacco population of 10 independent 
transformants, containing the P. syringae HopU1 Type III effec-
tor transgene (16), was developed in parallel and used as a nega-
tive control to assess the frequency of male sterility conditioned 
by our tissue culture, selection, and regeneration procedures. 
No evidence of male sterility was observed in this control popu-
lation (data not shown). 

Quantitative real-time (RT)-PCR analysis of several selected to-
bacco and tomato transformants demonstrated variation in Msh1 
transcript suppression levels (Figure 2). To further confirm that 
the CMS phenotype and mitochondrial DNA rearrangements ob-

Table 1. Evaluation of transgenic plant populations for male sterility and leaf variegation (in parentheses)

                                                                            Self progeny                                                  Test cross* results

Population                 No. of plants    Fertile        Semisterile   Male sterile   No. of plants     Fertile      Semisterile   Male sterile

Tobacco, Xanthi
	 Exp. 1 T0

† 	 28	  26 	 2	  0
	 Exp. 2 T0 	 28 	 23	  5	  0
	 Exp. 1 T1, plant 23 	 50 	 33 	 16	  1	  48	  38 	 8 	 2
	 Exp. 2 T1
	    Plant 2 					     20 	 16	  3	  1
	    Plant 6 					     20 	 10 	 8	  2
	    Plant 7 					     19 	 12	  5 	 2
	    Plant 12					     29 	 9	  8 	 3
	 Exp. 1 T2
	    Plant 23-5 					     50 	 3 	 24	  23
	    Plant 23-32 					     40 	 10 	 16 	 14
	 Plant 23-32 × Xanthi 					     40 	 10 	 16 	 14
	 Xanthi × plant 23-32					     54 	 45 	 7 	 2

Tomato
	 Moneymaker T0 	 31 	 26 	 5 (5) 	 0
	 Rutgers T0 	 35 	 32	  3 (3)	  0
	 Rutgers T1
	    Plant 17	  20 (14) 	 18 (12)	  2 (2)	  0
	    Plant 20 	 15 (11) 	 12 (8) 	 3 (3)	  0
	 Rutgers T2
	    Plant 17-12 					     10 (7) 	 0 	 6 (4) 	 4 (3)
	    Plant 20-4 					     18 (16) 	 6 (4) 		  12 (12)‡

Semisterility in tobacco is defined as dramatic reduction or absence of visible pollen on the anthers of some plants, greatly reduced capsule size, and reduced 
seed set. Full male sterility is the absence of visible pollen on some plants and fully collapsed seed capsules with no seed set. In tomato, semisterility is de-
fined as reduced pollen shed and poor (5–10% of normal) seed set in fruit. Full male sterility is characterized by high rates of flower drop, delayed fruit set, 
and seed set at 1–2% of normal.

* Test cross progeny derive from pollination with wild-type pollen.
† T0 plants are confirmed transformants.
‡ This population was analyzed for leaf variegation and sterility-associated mitochondrial shifting only, with plants in the Fertile column demonstrating no mito-

chondrial shift and plants in the Male sterile column demonstrating evidence of mitochondrial SSS.
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served in tobacco were the consequence of the transgene, we se-
lected the male sterile T1 plant 23-32 from experiment 1 for recip-
rocal crossing to wild-type Xanthi. Although the selected plant 
appeared fully sterile (set little or no selfed seed), crosses with its 
pollen produced ≈80 seed from 10 crossed Xanthi flowers. Results 
shown in Table 1 indicate that progeny from Xanthi pollinated by 
plant 23-32 produced two fully male sterile and seven semisterile 
plants in a population of 54 plants. This frequency of male sterility 
induction is comparable to that observed in our original T1 popu-
lations to provide compelling evidence of transgenically induced 
CMS. The reciprocal of this cross (23-32 × Xanthi) produced 14 
fully male sterile and 16 partially sterile plants of 40 plants, con-
sistent with maternal inheritance of the male sterility trait. 

In tomato, some of the transformants of both cultivars dem-
onstrated striking white-green leaf variegation resembling that 
observed in msh1 mutants of Arabidopsis (Figure 3 B). The MSH1 
protein has been shown to be dual targeted to both mitochon-
dria and plastids in tomato (12), likely accounting for the plastid 
phenotype; MSH1 protein targeting behavior in tobacco has not 
yet been tested. Two of the Rutgers T1 male sterile plants, des-
ignated T17-12 and T20-4, have been test crossed and progeny-
tested, to date, for more detailed segregation and phenotypic 
analysis. Male sterility in tomato was observed as delayed flow-
ering, increased flower drop, deformed anthers, and dramati-
cally reduced selfed fruit and seed set, although parthenocarpic 
(seedless) fruit set was evident (Figure 3 and data not shown). 
As was the case in tobacco, the male sterility trait increased in 
intensity and in plant numbers each generation, with nearly 
100% of the T2 generation appearing fully or partially male ster-
ile. In no case was partial or full male sterility observed in a pop-
ulation of 12 independent transformants for the uidA (GUS) 
transgene (data not shown). All male sterile tomato and tobacco 
plants used for analysis were tested and found to contain a sin-
gle copy of the transgene (data not shown). 

Transgenically Induced Male Sterility Is Associated with Mi-
tochondrial DNA Rearrangements. In tobacco transformants, 
mitochondrial DNA rearrangement was evident in male sterile 
progeny by the T2 generation (Figure 1 A). The rearrangement 
was observed by restriction endonuclease analysis of purified 
tobacco mitochondrial DNA fractionated by gel electrophoresis. 
The observed tobacco mitochondrial DNA rearrangement was 
stably inherited to the T3 generation. 

Mitochondrial DNA rearrangement was also evident in tomato, 
with apparently identical mitochondrial DNA changes evident in 
both Rutgers and Moneymaker transformants (Figure 3 A and F). 
The DNA rearrangement identified in Rutgers did not show per-
fect cosegregation with leaf variegation, but did cosegregate with 
the sterility phenotype (fertile segregants lacked the mitochondrial 
rearrangements as shown in Figure 3 F). This lack of perfect corre-
lation with variegation may be due, at last in part, to incomplete 
penetrance of the variegation phenotype. 

The Male Sterility and SSS Phenotype Showed Maternal In-
heritance in Subsequent Generations. To test the inheritance 
of mitochondrial rearrangements and the male sterility pheno-
type, test crosses were performed, pollinating male sterile trans-
genic lines with pollen from the wild type in both tomato and to-
bacco. In both cases, segregation for the transgene was observed, 
while the vast majority of progeny remained male sterile (Table 
2). These observations demonstrate the maternal inheritance pat-
tern of the male sterility phenotype and mitochondrial rearrange-
ments and suggest that it should be feasible to retain stable CMS, 
once induced, in the absence of the transgene. Additional genera-
tions of testing will be needed to confirm this assumption. 

Figure 1. Evidence of transgenically induced CMS in tobacco. (A) Prepared 
mitochondrial DNA from Xanthi [wild-type (wt)], T2 male sterile plant 23-5-
39, and T3 male sterile plant 23-32-4-17, digested with PstI and SstII and frac-
tionated by 0.6% agarose gel electrophoresis. Upper polymorphic band, 6.5 
kb; lower band, 5.5 kb (designated by arrows). (B) Seed capsules from Xan-
thi (wt) and the semisterile progeny plant no. 4 from Xanthi × P-23-32 (ss). 
In this case the transgene was transmitted through pollen to effect the ste-
rility phenotype. The small size of the capsule is associated with dramatically 
reduced seed set, but plants classified as semisterile with small capsules do 
produce very small amounts of viable, selfed seed. Fully male sterile plants 
produce fully collapsed, detached capsules. (C) Fully collapsed, detached seed 
capsule characteristic of male sterile tobacco plants. (D) Evidence of subtle 
leaf variegation in a tobacco transformant. Variegation was not evident until 
the T2 generation, was infrequent, and was not restricted to fully male sterile 
plants. (E) Detached anthers from Xanthi (wt), the Xanthi semisterile trans-
genic T0 plant no. 23 (ss), and a petaloid anther (pa). Several but not all of 
the tobacco male sterile and semisterile plants were characterized by the 
production of extremely small amounts of visible pollen. (F) Detached flo-
ral branches from Xanthi (wt) and the semisterile progeny plant no. 4 from 
Xanthi × P-23-32 (ss), in which the transgene was transmitted through pol-
len. Semisterility is characterized by both collapsed capsules that immedi-
ately detach (arrow) and small capsules that produce minute amounts of 
seed (see B). Fully male sterile plants produce only collapsed capsules that 
immediately detach. 

Figure 2. Assay for reduced Msh1 transcript levels in transgenic tomato (A) 
and tobacco (B) lines. Shown are quantitative RT-PCR amplifications with 
Msh1-specific primers, giving a fragment of 629 bp, versus an 18S internal 
control amplification, giving a fragment of 315 bp. RNA was prepared from 
young leaves of tomato lines T17-12 (Rutgers transgenic), MM-12 (Money-
maker transgenic), and Rutgers (wild type) and from tobacco lines 23-5, 23-
32, and Xanthi (wild type). Results shown are from two independent experi-
ments using different numbers of PCR cycles because of the low abundance 
of MSH1 transcript. M designates molecular weight marker lanes. 
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Discussion

Male sterility phenotypes in both tomato and tobacco de-
rived, in each case, from two independent transformation ex-
periments. In both species, male sterility was heritable, increas-
ing in phenotype intensity and in non-Mendelian proportions 
of the population in subsequent generations. This observation 
is consistent with expectations of nuclear-controlled mitochon-
drial SSS and subsequent cytoplasmic sorting. The observations 
of apparently identical mitochondrial rearrangements in Mon-
eymaker and Rutgers RNAi lines, and what appears to be one 
type of rearrangement in the tobacco transformants, are con-
sistent with SSS activity to amplify mitochondrial sterility se-
quences that were already present within the genome. It is im-
portant to note that the observed mitochondrial polymorphisms 
are not necessarily the CMS-causing rearrangements, but only 
evidence of mitochondrial SSS activity. 

The experiments found evidence of mitochondrial DNA rear-
rangement and a leaf variegation phenotype similar to that ob-
served in msh1 mutants of Arabidopsis. Not all male sterile plants 
showed variegation, but they all appeared to be female fertile, and 
the sterility and SSS phenotypes were not reversed by segregation 
of the transgene or pollination with wild-type pollen in experi-
ments conducted to date. However, we did observe fully or par-
tially male fertile progeny deriving from a male sterile plant in T1 
populations. Although the proportion of the population demon-
strating partial male fertility declined in T2 and T3 generations, we 

still observed a percentage of the population by T3 that showed 
some level of pollen viability. We interpret this pattern to reflect a 
multigeneration, cytoplasmic sorting process. The observation of 
markedly lower male fertility in each subsequent generation sug-
gests that it should be feasible to reach 100% male sterility. 

We observed no evidence of partial or full male sterility aris-
ing in tomato or tobacco plants transformed with unrelated, ar-
bitrarily selected transgenes. More importantly, however, these 
transformation experiments were conducted within the Univer-
sity of Nebraska Center for Biotechnology Plant Transforma-
tion Center where tomato (Rutgers and Moneymaker) and to-
bacco (Xanthi) transformations are conducted on a routine basis 
with a wide variety of transgene constructions, and male ste-
rility is not observed with the transformation and regeneration 
procedures that were used for this study (T. Clemente, personal 
communication). 

The observations presented, taken together, provide evi-
dence of transgenic induction of CMS as a consequence of Msh1 
suppression. Although additional testing will be necessary, we 
predict that the transgenically induced mitochondrial rearrange-
ment is not reversible, similar to the effect of msh1 mutation in 
Arabidopsis. If this is the case, segregation of the transgene once 
male sterility is achieved should permit retention of the stably 
altered cytoplasm and could allow the release of novel CMS ma-
terials generated by using this strategy as nontransgenic lines. 
Although transgenic traits are gaining acceptance by the agricul-
tural community worldwide, the ability to develop novel CMS 
crop lines that can be released without the transgene would be 
of value in many important export crops. 

Past strategies for the transgenic induction of male steril-
ity in crops have met with mixed success. We suggest that four 
features will be key to successful deployment of a male steril-
ity system for hybrid seed production: cytoplasmic inheritance 
to facilitate the recovery of 100% male sterile plants each breed-
ing cycle, an efficient genetic strategy for fertility restoration in 
F1 populations, ready transferability of the system to most major 
crop species, and the ability to release the hybrid in a nontrans-
genic form. To date, no method has been reported that meets all 
of these goals. Recently, an interesting strategy for CMS induc-
tion was reported by using chloroplast transformation and over-
expression of a gene for β-ketothiolase in tobacco (17). However, 
difficulties with chloroplast transformation in most major crops, 
the persistent requirement of a highly expressed transgene, and 
the unavailability of a strategy for efficient fertility restoration 
could complicate its implementation (18). 

Figure 3. The male sterility phenotype observed in transgenic tomato lines. 
(A) DNA gel blot hybridization analysis of total genomic DNA from Rutgers 
(wt) and Rutgers male sterile (ms) T0 transgenic line 17 digested with PstI/
SalI. The mitochondrial DNA probe, derived from A. thaliana BAC clone T5E7, 
encompasses eight mitochondrial genes and/or ORFs. Evidence of DNA poly-
morphism in the male sterile line is shown by an arrowhead. (B) Some leaves 
from a transgenic Rutgers T1 semisterile plant display a green-white variega-
tion pattern that appears to be associated with the mitochondrial DNA re-
arrangement shown in A. (C) The male sterility phenotype is associated with 
bud drop, the premature senescence of flowers after their opening. (D) The 
male sterile Rutgers transgenic plants produce parthenocarpic fruit or fruit 
containing a small number of seeds upon self-pollination (Self). Pollination of 
these plants with wild-type Rutgers pollen produces normal seed set (Cross). 
(E) Anther morphology is modified in the male sterile transgenic plants (ms) 
relative to those from wild-type Rutgers (wt). (F) DNA gel blot analysis of 
T1 transgenic tomato plants. The male sterile selections, T17-12, T17-15, and 
T20-4, are partially sterile and variegated and contain a single copy of the 
transgene. The male fertile selections, T17-17 and T20-5, are nonvariegated 
and lack the transgene. Rutgers-GUS is a control transformant that con-
tains the uidA transgene. Total genomic DNA was double-digested with PstI 
and SstII and hybridized with a DNA probe that encompasses mitochondrial 
genes atp9, nad1, nad5, and rps13. 

Table 2. Segregation of the transgene and male sterility in male ster-
ile plants after pollination by wild type

                                 No. of 
Population                  plants             Fertile           Semisterile    Male sterile

Tobacco, Xanthi
	 Exp. 1, T3
		  Plant	 20 (9) 	 3 (0) 	 15 (8) 	 2 (1)
	 23-32-4	
		  Plant	 20 (10) 	 1 (0) 	 12 (4) 	 7 (6)
	 23-32-26
		  Plant	 20 (13) 	 2 (0) 	 14 (10) 	 4 (3)
	 23-32-32
Tomato
	 Rutgers T3 
		  Plant  	 24 (0) 	 6 (0) 	 12 (0) 	 6 (0)
	 17-12-5
		  Plant	 18 (12) 	 4 (2) 	 5 (2) 	 9 (8)
	 17-12-15

Numbers in parentheses represent plants containing the transgene.
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The extent to which the transgenic approach described in this 
report will be useful in other crops should be tested in soybean, 
millet, and maize. For those crops in which transformation is cur-
rently infeasible, selection of Msh1 mutants may provide an ef-
fective, alternative approach. The accompanying leaf variegation 
phenotype served as a useful early generation phenotypic marker 
for the purposes of our study; this variegation was reduced or dis-
appeared completely in more advanced generations. 

CMS has been reported previously in both tobacco and to-
mato. Sources studied in tobacco have resulted from interspe-
cific hybridization (19) and from in vitro culture (20). In tomato, 
CMS was also observed as a consequence of interspecific hybrid-
ization (21). Both cell culture and alloplasmy routinely give rise 
to mitochondrial DNA rearrangement and SSS activity and may 
involve reduced Msh1 expression. 

The development of hybrids using CMS in some crops requires 
not only a stable, nonreverting source of male sterility, but also the 
identification of a nuclear genotype that reversibly suppresses the 
male sterility trait. Nuclear fertility restorer genes have been the 
focus of intense investigation over the past few years, with five 
recently cloned restorer loci shown to contain pentatricopeptide 
repeats (2, 22–26). Pentatricopeptide repeat proteins, numbering 
over 400 in Arabidopsis, are thought to be involved in transcript 
processing events within the mitochondrial and plastid genomes 
and, in the case of fertility restoration, likely direct processing of 
CMS-associated transcripts (27). The means by which CMS was 
induced in this study, implementing illegitimate recombination 
that is known to occur naturally in plant mitochondria, should 
lend itself to the identification of natural restorers already pres-
ent within the species, most likely in undomesticated materials. It 
will now be feasible to screen various tobacco and tomato geno-
types as pollinators for their ability to effect fertility restoration to 
the newly derived CMS mutants. In those crops grown for vege-
tative products rather than seed, including carrot, onion, or sugar 
beet, the system we have described should be of benefit without 
any added requirement of a restorer. 

Materials and Methods
RNAi Construction and Transformation Procedure. A segment en-
coding amino acids 651–870 of the MSH1 protein was derived from a 
tomato EST sequence (12) by using the primer sequences TOM-CD1F 
(5′-CGCAGGTATCACGAGGCAAGTGCTAAGG-3′) and TOM-CD1R 
(5′-ATCCCCAAACAGCCAATTTCGTCCAGG-3′) and cloned in for-
ward and reverse orientation, separated by an intron sequence. The 
base vector, pUCRNAi-intron, which harbors the second intron of the 
Arabidopsis small nuclear riboprotein (At4g02840), was provided by H. 
Cerutti (University of Nebraska–Lincoln). The CaMV 35S promoter 
and transcription terminator regulate expression of the construction 
and the neomycin phosphotransferase II (npt II) reporter gene, and the 
insert is flanked by right border and left border integration sequences. 
Agrobacterium tumefaciens stain C58C1/pMP90 (28) was used for trans-
formation in tobacco (29) and tomato (30). 
Quantitative RT-PCR Assay of Msh1 Transcript Levels in Transfor-
mants. Total RNA from young leaves was isolated by using TRIzol 
(Sigma, St. Louis, MO), as recommended by the manufacturer and 
then treated with DNA-free DNase (Ambion, Austin, TX) to remove 
any contaminating DNA. Prepared RNA (1 μg) was used to synthe-
size cDNA by using the Ambion RETROscript First Strand Synthesis 
kit for RT-PCR. Quantitative RT-PCR was done by using the Ambion 
QuantumRNA 18S Internal Standard kit. For these experiments, a 1:9 
primer:competimer ratio was used with 59°C annealing temperature 
and 24 PCR cycles. Primers designed from the tomato Msh1 cDNA se-
quence were TomMSF3 (5′-cctacttgggtggcaactgggttgaaagtt-3′) and Tom-
MSR3 (5′-tctttgcatctgtcttgaatgtgatagc-3′). 
Detection of Mitochondrial DNA Polymorphisms. Tobacco mitochon-
drial DNA preparations (31) and tomato total genomic DNA prepara-
tions (10–15 μg) were fractionated by agarose gel electrophoresis (0.6% 

agarose in 1× TBE buffer at 50 V/cm) and blotted to Hybond-N (GE 
Healthcare, Little Chalfont, U.K.) for DNA gel blot hybridization. The 
probe used for tomato was Arabidopsis thaliana BAC clone T5E7 and a 
PCR-amplified tobacco mitochondrial fragment that spans the region 
containing genes atp9, nad1, nad5, and rps13. Probes were 32P-labeled by 
using random priming (15) for autoradiographic exposure. 
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