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Abstract Mitochondrial (mt) DNA variation for six
petaloid cytoplasmic male-sterile (CMS) and three
fertile maintainer lines of carrot was assessed to estab-
lish genetic relationships. Total DNA was digested with
restriction enzymes and probed with six homologous
mtDNA cosmid probes. The six CMS accessions de-
rived from wild carrot, four from Guelph, Ontario, one
from Orleans, Massachusetts, and one from Madison,
Wisconsin, were more closely related with each other
(F"0.91) than with fertile maintainer lines derived
from cultivated germplasm (F"0.62). The fertile main-
tainer lines were likewise found to be more similar to
each other (F"0.78) than to the sterile lines. Three
sterile lines, originating from wild carrot populations
within 1 km of each other in Guelph, Ontario, were
most closely related (F"0.96). The high degree of
similarity among the six petaloid CMS lines which
originated from individual wild carrot plants, some
from geographically diverse regions, suggests that the
cytoplasm responsible for this trait was imported to, or
else evolved, only once in North America.
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Introduction

Cytoplasmic male sterility (CMS) in carrot is mani-
fested as petaloidy, where stamens are transformed into
petal or leaf-like structures which lack pollen-forming

tissue (Thompson 1961; Kitagawa et al. 1994). Thomp-
son first described cytoplasmic inheritance of petaloidy
in carrot lines initiated from a male-sterile wild carrot
plant found near Orleans, Massachusetts, in 1953.
Named the Cornell cytoplasm, it has been used to
produce the majority of hybrid carrots in the United
States (Goldman 1996). A second source of CMS, the
Wisconsin cytoplasm, was derived from a petaloid
male-sterile wild carrot plant found growing near
Madison, Wisconsin, in 1970 (Morelock et al. 1996). In
1991, petaloid carrot plants from wild populations in
and near Guelph, Ontario, were collected and sterility
exhibited cytoplasmic inheritance (Wolyn and Chahal
1998). Petaloid male-sterile wild carrots have also been
observed in southeastern Sweden (McCollum 1966).

Mutations in the plant mitochondrial (mt) genome
are associated with CMS in several species (reviewed by
Vedel et al. 1994) although the molecular mechanisms
involved are not completely understood. Restriction-
enzyme analysis of plant mtDNA shows that mt
genomes are large, complex, and highly variable be-
tween species. The mt genome is able to undergo rapid
structural evolution through recombination across re-
peated sequences, resulting in a mixture of, or else
altered, genome arrangements (reviewed in Bonen and
Brown 1993). Therefore most mtDNA restriction frag-
ment length polymorphisms result from genome re-
arrangements rather than from point mutations (Wolfe
et al. 1987), which limits their usefulness in strict
phylogenetic analyses. Polymorphisms are useful, how-
ever, for grouping closely related genomes such as
different strains of the same species (Palmer 1992).

Studying the diversity of mitochondrial DNA organ-
ization among petaloid CMS carrot lines from
geographically distinct wild populations could help
determine if these lines were derived from a common
ancestor, or if they evolved independently. If all
petaloids arose from a common ancestor, the molecular
events responsible for this phenotype may be rare
occurrences.



Table 1 Carrot lines used for mitochondrial DNA analysis

Cytoplasm Nuclear genotype Designation Origin Source

Petaloid CMS lines:
Cornell W259 W259A Wild carrot near Orleans, Dr. W. H. Gabelman,

Massachusetts, USA University of Wisconsin
(Thompson 1961)

Wisconsin 2566 2566S Wild carrot near Madison, Dr. P. W. Simon,
Wisconsin, USA USDA/University of Wisconsin
(Morelock et al. 1996)

Guelph-101 W259 (BC2) Guelph-101 Wild carrot in and around Dr. D. J. Wolyn,
Guelph, Ontario, Canada University of Guelph

Guelph-302 W259 (BC2) Guelph-302
Guelph-202 Wild Guelph-202
Guelph-301 Wild Guelph-301

Fertile maintainer lines:
— W259 W259B Cultivated carrot Dr. W. H. Gabelman
— W33 W33B Cultivated carrot Dr. W. H. Gabelman
— 2566 2566M Cultivated carrot Dr. P. W. Simon

The objective of the present study was to character-
ize the mt restriction fragment patterns of six petaloid
CMS accessions originating from wild carrot plants
and three fertile maintainer lines from cultivated carrot
in order to define phylogenetic relationships. A high
degree of similarity was observed among the six sterile
lines, suggesting a common progenitor.

Materials and methods

Plant materials

Six petaloid CMS carrot lines, originating independently from wild
carrot populations, and three fertile maintainer breeding lines were
studied (Table 1). The Cornell and Wisconsin sources of CMS were
inbred breeding lines. Two petaloid Guelph accessions (Guelph-101,
-302) had been backcrossed twice to the W259B fertile maintainer
line. For the other two Guelph lines (Guelph-202, -301) petaloid
progeny from the original sterile plants in the wild carrot popula-
tions were analysed. In subsequent crosses of these petaloid acces-
sions to maintainer lines for the Cornell cytoplasm, only sterile
progeny were produced.

Plant culture

Plants were grown from seed at the Cambridge Research Station,
Cambridge, Ontario, from May to August. Carrots were uprooted,
vernalized for 10 weeks at 4°C, and planted in pots in a greenhouse
at Guelph, Ontario. Plants were grown at 18°C/15°C (day/night)
with a 16-h photoperiod until flower stalks appeared, when temper-
atures were raised to 22°C/18°C. Leaves from the flowering stalks
were collected, frozen with liquid N

2
and stored at !80°C. Two

plants of each genotype were sampled with the exception of Guelph-
202 and W33B where only one plant was assayed.

Probe sources and preparation

Heterologous probes for mt genes atpA (Makaroff et al. 1990), atp6
(Dewey et al. 1985a), atp9 (Dewey et al. 1985b), cob (Boer et al. 1985),
and nad1a (Chapdelaine and Bonen 1991) were used to screen
a carrot mtDNA cosmid library from A. Chahal (Chahal et al. 1998).

Membrane disks containing immobilized DNA from bacterial colo-
nies were prepared following the procedure of Sambrook et al.
(1989). Probe labelling and hybridization were conducted according
to The DIG System User’s Guide for Filter Hybridization (Boehrin-
ger Mannheim 1993). Selected cosmids were mapped for BamHI
restriction sites using partial digestion (FLASH non-radioactive
gene mapping kit, Stratagene 1994). A total of six cosmids identified
with the heterologous mt genes were used as probes in Southern
blots of carrot DNA.

DNA isolation, digestion and Southern hybridization

Total DNA was isolated from 5 g of frozen leaf tissue according to
Dellaporta et al. (1983), and quantified by spectrophotometry. DNA
digestion with BamHI or HindIII and gel electrophoresis (10 lg/
lane, 0.6% agarose) were conducted according to standard protocols
(Sambrook et al. 1989). Blotting of DNA gels was performed using
a PosiBlot Pressure Blotter according to the manufacturer’s instruc-
tions (Stratagene 1990). Southern hybridization and detection were
carried out according to The DIG System User’s Guide for Filter
Hybridization (Boehringer Mannheim 1993).

Data analysis

The proportion of shared fragments (F) was calculated according to
the formula F"2n

XY
/(n

X
#n

Y
) (Nei and Li 1979), in which n

X
and

n
Y

are the numbers of restriction fragments in lines X and Y,
respectively, whereas n

XY
is the number of fragments shared by the

two lines. RESTSITE, a phylogenetic program that sorts raw restric-
tion data (Miller 1991), was used to calculate the F value shared
between each pair or group of individuals. A (1-F) distance matrix
was constructed and used in the NEIGHBOR and DRAWTREE
programs from the PHYLIP package (Felsenstein 1993) to plot an
unrooted phylogenetic tree.

Results

Mitochondrial genome variability among carrot
accessions

Carrot accessions differed for the mtDNA restriction
fragments observed after hybridizing BamHI- or
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Table 2 Proportion of shared hybridizing fragments (F) between petaloid CMS (W259A, 2566S, Guelph-101, -202, -301, -302) and fertile
(W259B, 2566M, W33B) carrot lines

Line 2566S Guelph-101 Guelph-202 Guelph-301 Guelph-302 W259B 2566M W33B

W259A 0.90 0.90 0.84 0.90 0.90 0.63 0.62 0.59
2566S 0.88 0.86 0.89 0.89 0.61 0.61 0.57
Guelph-101 0.87 0.95 0.96 0.63 0.63 0.64
Guelph-202 0.92 0.88 0.59 0.59 0.67
Guelph-301 0.98 0.63 0.63 0.62
Guelph-302 0.64 0.64 0.64
W259B 0.74 0.70
2566M 0.92

Fig. 1 Relationships among mitochondrial genomes of fertile
(W259B, 2566 M, W33B) and CMS (W259A, 2566S, Guelph-101,
-202, -301, -302) carrot lines, based on Li and Nei’s (1979) estimate of
genetic divergence

HindIII-digested total DNA with six homologous
mtDNA probes (data not shown). The six petaloid and
three fertile lines not only had distinguishing restriction
fragments, but also shared many fragments of identical
sizes, ranging from 1.2 to 22 kb. The number of frag-
ments for an individual plant/enzyme/probe combina-
tion varied from 6 to 17; more fragments were observed
in HindIII than BamHI digests due to the greater A/T
than G/C content of the mt genome (Ward et al. 1981)
and the HindIII recognition sequence. In total, over
3000 bands were analysed from the 24 Southern blots.
Although each carrot accession was characterized by
a distinct mt genome organisation, the sterile and fertile
lines were more similar within, rather than between,
groups.

Genetic relationship based on mtDNA analysis

Based on the proportion of shared fragments (F-values)
the highest similarity among lines was observed for
Guelph-301 and Guelph-302 while the lowest was
between W33B and 2566S (Table 2). The F values
among steriles (F"0.84—0.98) and among fertiles
(F"0.70—0.92) were consistently higher than the
values observed between sterile and fertile accessions
(F"0.57—0.67).

Genetic relationships were found to be associated
with geographic origin and phenotype when F-values
within and between the groups ‘‘Cornell sterile’’
(W259A), ‘‘Wisconsin sterile’’ (2566S), ‘‘Guelph sterile’’
(Guelph-101, -202, -301, -302) and ‘‘fertile maintainer’’
(W259B, 2566M, W33B) were calculated. The Guelph
sterile accessions showed a high within-group sim-
ilarity (F"0.94). Comparisons between Cornell and
Wisconsin (F"0.90), Cornell and Guelph (F"0.89)
and Wisconsin and Guelph (F"0.88) sterile accessions
revealed that the genetic distances were approximately
equal among these three groups. The proportions of
shared fragments among sterile groups were signifi-
cantly higher than those found when these lines (Cor-
nell, Wisconsin and Guelph) were compared to the
fertile maintainer group (F"0.61, 0.60 and 0.63 re-
spectively). Within the fertile maintainer group, lines

were more closely related to each other (F"0.78) than
to sterile accessions. Further grouping of the carrot
lines into two categories, sterile and fertile, resulted in
the following F-values: within sterile, 0.91; within fer-
tile, 0.78; and between sterile and fertile, 0.62.

Dendrogram based on mtDNA diversity

When F-values from Table 2 were used as measures of
similarity to generate a dendrogram, sterile and fertile
lines were clearly divided on the tree (Fig. 1). Five
major branches separated the nine carrot accessions
Three Guelph sterile accessions (Guelph-101, -301,
-302) were grouped together near a branch terminus,
while the fourth was on a separate branch (Guelph-
202). A third branch contained the Cornell and Wis-
consin sterile accessions. The fertile maintainer W259B
was by itself on a fourth branch and the remaining
fertiles (2566M, W33B) were grouped together on the
final branch.

Discussion

In this investigation, carrot mt genome organization
was related to plant geographic origin and sterile vs
fertile phenotype. Petaloid CMS lines originating from
wild plants found in and around Guelph, Ontario,
within 10 km of each other, shared a high proportion of
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mtDNA restriction fragments with each other
(F"0.94). Three of these lines (Guelph-101, -301, -302)
originated from plants found within 1 km of each other
(F"0.96), while the fourth (Guelph-202) was found
10 km away. Plants from petaloid CMS lines origin-
ating from wild plants found near Orleans, Mass-
achusetts, (W259A) and Madison, Wisconsin, (2566S)
also shared a high proportion of fragments with each
other (F"0.90) and with the Guelph steriles (F"0.88,
0.89). The three geographic locations from which CMS
plants were isolated, Guelph, Ontario, Madison, Wis-
consin, and Orleans, Massachusetts, span 1500 km, yet
the proportions of shared hybridizing fragments
among lines from these areas were nearly identical. The
high similarity among mtDNAs of the sterile accessions
from these locations suggests that petaloid CMS was
imported to, or else evolved, only once in North Amer-
ica, and then spread across the continent; the small
differences among accessions most likely resulted from
specific sequence rearrangements over time in each
geographical area. An alternative explanation for the
low diversity observed among petaloid accessions
could be that the petaloid CMS trait arose indepen-
dently in different populations, but evolutionary forces
only allowed the observed type of genome arrangement
to exist in the presence of CMS. Since the different
sterile lines can be maintained and restored to fertility
by the same genotypes/genes (Wolyn and Chahal 1998)
a common origin for the petaloids is most plausible.

These findings agree with previous studies, which
compared the mtDNAs of petaloid CMS, brown anther
CMS and fertile lines. A unique mtDNA organisation
was observed between lines with distinct CMS
phenotypes and between petaloid and fertile lines
(Fpetaloid/brown anther"0.79, Fpetaloid/fertile"0.60; Ronfort
et al. 1995). Comparisons of carrot lines within the
two sterile phenotypic classes indicated high similarit-
ies (F"0.91 for two petaloid lines, F"0.98 for two
brown anther lines; Pingitore et al. 1989).

Within-group similarity was less among fertile
(F"0.78) than among sterile lines (F"0.91), and fer-
tile-plant mt genomes were more similar to each other
than to any of the sterile plants (F"0.62). These differ-
ences are not unexpected considering the origins of the
groups. CMS lines were selected from wild carrot based
on phenotype, while fertile maintainers were selected
from cultivated carrot lines based on their ability to
maintain male-sterile inbreds. The mtDNA diversity
observed between and within cultivars of carrot led
other investigators to hypothesize that ancestral plants
transmitted divergent mt genomes to present-day cul-
tivars (Ichikawa et al. 1989; Steinborn et al. 1992). The
differences observed between fertile maintainer lines
(Pingitore et al. 1989; this study) could reflect the popu-
lation of genomes in the open-pollinated cultivars from
which they were initiated.

The highly variable nature of mtDNA in plants has
been useful in determining relationships at very low

taxonomic levels. Further comparisons of petaloid
CMS carrot mtDNAs in North America and around
the world will help in understanding the origins of this
important trait.
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