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Summary. A high frequency of paternal plastid trans-
mission occurred in progeny from crosses among normal
green alfalfa plants. Plastid transmission was analyzed by
hybridization of radiolabeled alfalfa plastid DNA
(cpDNA) probes to Southern blots of restriction digests
of the progeny DNA. Each probe revealed a specific
polymorphism differentiating the parental plastid
genomes. Of 212 progeny, 34 were heteroplastidic, with
their cpDNAs ranging from predominantly paternal to
predominantly maternal. Regrowth of shoots from het-
eroplasmic plants following removal of top growth re-
vealed the persistence of mixed plastids in a given plant.
However, different shoots within a green heteroplasmic
plant exhibited paternal, maternal, or mixed cpDNAs.
Evidence of maternal nuclear genomic influence on the
frequency of paternal plastid transmission was observed
in some reciprocal crosses. A few tetraploid F, progeny
were obtained from tetraploid (2n=4x=32) Medicago
sativa ssp. sativa x diploid (2n=2x=16) M. sativa ssp.
falcata crosses, and resulted from unreduced gametes.
Here more than the maternal genome alone apparently
functioned in controlling plastid transmission. Consider-
ing all crosses, only 5 of 212 progeny cpDNAs lacked
evidence of a definitive paternal plastid fragment.
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Introduction

Lilienfeld (1962) first reported biparental chloroplast in-
heritance in the genus Medicago in a study of nuclear-cy-
toplasmic incompatibility. Pronounced reciprocal differ-
ences in plastid behavior were noted in crosses between
two races of Medicago truncatula Gaertn. Heteroplasmy
occurred in some hybrid embryos. Somatic segregation
of the plastids during development frequently occurred.

Biparental inheritance was reported in alfalfa
(Medicago sativa ssp. sativa) following studies with plas-
tid-encoded mutants for chlorophyll deficiency (Smith
et al. 1986) and plastid DNA (cpDNA) polymorphisms
(Lee et al. 1988). Higher transmission rates of yellow-
green and albino plastids via the pollen parent, as op-
posed to the seed parent, strongly suggested biparental
chloroplast inheritance in alfalfa (Smith et al. 1986). Lee
et al. (1988) confirmed this by demonstrating both het-
eroplasmicity and biparental plastid transmission in al-
falfa, using cpDNA restriction fragment analysis and
electron microscopy. Evidence came from three F, plants
of crosses between a paternal parent possessing a plastid-
encoded chlorophyll deficiency mutant and a normal
green maternal parent.

The potential of alfalfa for biparental plastid inheri-
tance was confirmed by Corriveau and Coleman (1988),
who detected plastid nucleoids in the pollen generative
cells. Disappearance of plastid nucleoids from the gener-
ative cells may be responsible for maternal plastid inher-
itance in several higher plant species (Miyamura et al.
1987).

Heteroplasmy has been reported also in alfalfa with
normal green chloroplasts, and presumably resulted
from pollen plastid transmission. Rose et al. (1986) con-
cluded that plastid sorting-out during vegetative propa-
gation must have converted two protoplast donor plants
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to homoplasmy, presumably before protoplast isolation.
Johnson and Palmer (1989) clearly demonstrated hetero-
plasmy in several Medicago species by restriction frag-
ment analysis. Five of 10 randomly selected plants, ana-
lyzed from populations of three subspecies of M. sativa
exhibiting cpDNA heterogeneity, were heteroplasmic.

It is easy to find cpDNA polymorphisms in alfalfa,
even within a single accession, and restriction maps of
mutants are available (L. B. Johnson and J. D. Palmer,
unpublished results). Thus, plastid transmission frequen-
cies can be determined in reciprocal crosses, without con-
cern for possible differences in competitiveness of plas-
tids encoding their own chlorophyll deficiency. We report
here high paternal and low maternal plastid transmission
in several aifalfa genotypes. The maternal nuclear ge-
nome, and possibly the paternal nuclear and/or plastid
genome(s) as well, apparently affected plastid transmis-
sion frequencies in these crosses.

Materials and methods
Parental plants and sexual crosses

Crosses were made using two subspecies (ssp.) of Medicago
sativa L. The four plants of M. sativa ssp. sativa (2n=4x=232)
used were: RS-K2C, a ramet of a plant (Johnson and Palmer
1989) selected from Regen S (Bingham et al. 1975); and MS-H,
MS-1, and MS-K, plants selected from P.1. 26590 obtained from
the USDA Regional Plant Introduction Station, Pullman/WA.
Two diploid 2n=2x=16) M. sativa ssp. falcata plants used
were: FA selected from P.1. 234815 and AN sclected from ‘Anik’
(Pankiw and Siemens 1976). All plants were cloned by ramets
before crossing, in order to increase chances of plastid ho-
mozygosity. Parental plants were grown at 25°C either in
growth chambers (16-h photoperiod) or in a greenhouse with
supplemental lighting at night, in order to induce flowering in
the winter. Most reciprocal crosses were made between plants at
the same ploidy level. A schematic representation of these
crosses is shown in Fig. 1. Since all of the parents were self-fer-
tile, most were emasculated by suction (Viands et al. 1988). Part
of reciprocal cross no. 6 was made by alternately tripping flow-
ers of paternal and maternal parents with a toothpick, counting
on the competitive advantage of heterologous pollen in alfalfa.

Planting and identification of hybrid plants

Seeds were harvested, scarified with sandpaper, and germinated
in darkness on wet filter paper in petri plates at 21 °C. Seedlings
were planted individually in either 5 x 5 or 7 x 7 cm plastic pots.
Plants from reciprocal crosses 2, 3, 4, and most plants of 1 were
grown in growth chambers (16-h photoperiod and 130 umol
m~ 2 s™ ! light intensity at 25°C) for 4 weeks before extraction.
The slow-growing diploid hybrids of reciprocal cross 5 were
similarly maintained for 8 weeks. Plants from reciprocal crosses
6,7, 8, and 9 and the remaining plants of reciprocal cross 1 were
grown in the greenhouse with supplemental lighting, and were
cut back several times before DNA extraction.

Four of five plants that showed only maternal cpDNA and
about half of the plants in reciprocal crosses 1 -3 were tested in
order to determine, by isozyme analysis, whether they were
hybrids. Hybrid origins could be confirmed by either isozyme or
cpDNA restriction patterns. Hybrid plants from diploid-te-
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Fig. 1. A schematic representation of all sexual crosses made for
evaluating paternal plastid transmission. Circles represent te-
traploid parents (Medicago sativa ssp. sativa), squares represent
diploid parents (M. sativa ssp. falcata). The arrows represent
crosses, Tails start from the pollen parents. Heads point to the
maternal parents. The crosses are numbered on or under the
arrows. See ‘Materials and methods’ for an explanation of the
plant genotypes

traploid crosses 6 through 9 exhibited variegated flowers (hybrid
phenotype) and faster seedling growth than did diploid seedlings
produced by selfing. Tetraploidy was established for six of these
diploid x tetraploid progeny using procedures of Snow (1963).
High fertility following seifing makes it unlikely that any of the
others were triploid, and necessitates the involvement of unre-
duced gametes (Pfeiffer and Bingham 1983) in their production.

Isozyme analysis

Alfalfa leaves (0.1-0.2 gm) were collected separately in mi-
crofuge tubes and ground in liguid nitrogen. An equal volume
of protein isolation buffer (100 mM TRIS, pH 8.5, 5mM
MgCl, -6 H,0, 2 mM EDTA, 1% v/v 2-mercaptoethanol) was
added to each microfuge tube before centrifuging at 15,000 x g
at 4°C for 10 min. Supernatants were transferred into new mi-
crofuge tubes containing 20 ul of loading buffer (0.1% bro-
mophenol blue, 0.1% xylene cyanol, 50% glycerol in isolation
buffer). Protein extracts (50 ul) were loaded in high pH discon-
tinuous vertical polyacrylamide gels (Hames 1981). Elec-
trophoresis was in either 10% acrylamide gels for leucine
aminopeptidases, or 7.5% acrylamide gels for esterases. Separa-
tions were terminated, respectively, when the xylene cyanol dye
or the bromophenol blue dye reached the end of the gel. Gel-
staining techniques were modified from Quiros (1981). Leucine
aminopeptidase gels were equilibrated in 200 ml of cold 0.2 M
TRIS-HCI (pH 5.8) for 30 min and transferred to 100 mi1 of the
same buffer, containing freshly combined fast blue B salt
(50 mg) and L-leucine B-naphthylamide (50 mg, dissolved in
1 ml methanol). Staining was in the dark at 37°C for 1 h. Es-
terase staining was in 50 ml of 0.2 M TRIS-HCI (pH 7.1) con-
taining freshly combined fast blue BB (75 mg) and a-naphthyl
acetate (50 mg, dissolved in 5 ml acetone). Staining was at 21°C
for 30 min.



DNA extraction and Southern hybridization

Chloroplast DNAs of parents and a few hybrid plants were
isolated from 10—30 gm of leaf tissue with the sucrose density
gradient technique of Palmer (1986), with one modification:
ethanol precipitation replaced dialysis. Total DNAs of single
hybrid plants or their F; progeny were isolated from 200-
300 mg leaf or root tissues (Rogers and Bendich 1985) after a
48-h dark treatment. Random leaf samples were collected from
large plants, but all trifoliolate leaves were harvested from
seedlings. When required, DNA was quantified either spec-
trophotometrically or by comparison on test gels containing
known standards. DNA samples were digested by the restriction
endonucleases BamHI, HindIII, Pstl, or Xbal (Promega,
Madison/WTI), following the manufacturer’s instructions. Frag-
ments were separated in 0.7% horizontal agarose gels (HindIIT,
Pstl, Xbal) or 1.1% gels (BamHI) after Maniatis et al. (1982).
Gels were stained in ethidium bromide and examined under
ultraviolet light. Alkaline transfer of depurinated DNA to mem-
branes (Zeta-Probe, Bio-Rad, Richmond/CA; or Zetabind,
AMF CUNO, Meriden/CT) was performed as published (Reed
and Mann 1985). When a strong signal was needed, 1 M NaCl
was used in the transfer buffer. Cloned alfalfa cpDNA frag-
ments (Palmer et al. 1987) were used as probes to identify mater-
nal and paternal cpDNA origin (Rose et al. 1986; Johnson and
Palmer 1989; Lee etal. 1989), and were labeled with [a->?P]
dCTP, either by nick translation (Maniatis et al. 1982) or with
an oligolabeling kit (Pharmacia, Piscataway/NJ). Unincorpo-
rated nucleotides were removed with a Sephadex G-50 spun
column (Maniatis et al. [982). Prehybridization and hybridiza-
tion followed Zeta-Probe manufacturer’s recommendations, but
with 10% dextran sulphate added, for at least 6 h. Filters were
washed in solutions of increasing stringency up to 0.1 x SSC
(SSC is 150 mM NaCl and 15 mM sodium citrate) and 1% SDS
(sodium dodecy! sulfate) at 65°C for 30 min. Filters were ex-
posed to X-ray film at ~80°C for 4-96 h. DuPont Lightning
Plus intensifying screens were used when needed.

Results

Fragment length polymorphisms unique to each parental
cpDNA were looked for in individual plants (Table 1).
The BamHI polymorphisms shown in Table 1 are due to
insertion/deletion events, while the polymorphisms with
the other enzymes shown result from restriction site mu-
tations (L. B. Johnson and J. D. Palmer, unpublished
results). BamHI restriction analysis was generally used
where possible, in order to eliminate possible confusion
of mixed cpDNAs with incomplete digestion. Exceptions
were crosses 2 and 5, which were tested by Xbal and PstI,
respectively, the inter-subspecific crosses in which either
BamHI, HindIII, or both, were used, and 12 plants from
cross no. 1 in which both BamHI and Xbal were used.
A total of 212 hybrid progeny were analyzed for the
parental source of their cpDNA. Plastid transmission
was classified as paternal (P), biparental (BP), or mater-
nal (M). Considering all crosses, only five hybrid plants
showed no evidence of paternal cpDNA, while 82% of
the plants had no detectable maternal cpDNA (Table 2).
Isozyme analysis of four of the five hybrids (the fifth did
not survive after DNA extraction) with only maternally
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Table 1. Restriction fragment length polymorphisms (in kb)
used to distinguish parental cpDNAs following restriction en-
zyme digestion and hybridization with alfalfa cpDNA frag-
ments

Parents Restriction enzyme/fragment?
BamHI® HindIlI% PstI¢/18  Xbal?/6.2
12.5 12.5
MS-K 2.00 10.0 18.0 7.8, 0.5
MS-I 2.00 10.0 18.0 7.8,0.5
MS-H 1.90 10.0 18.0 7.8, 0.5
RS-K2C 1.85 10.0 18.0 8.3
AN 1.75 60,40 100,80 83
FA 1.70 6.0,40 18.0 8.3

2 Cloned alfalfa cpDNA probes (6.2-, 12.5-, and 18-kb Pstl
fragments) provided by J. D.. Palmer (Indiana University,
Bloomington). A restriction map is published (Palmer et al.
1987). Note that the 12.5-kb Pstl fragment was initially estimat-
ed at 12.7 kb (Johnson and Palmer 1989)

® These polymorphisms occur within the hypervariable region
reported and mapped by Johnson and Palmer (1989). Sizes esti-
mated to nearest 0.05 kb. Apparently correspond to polymor-
phisms seen by Lee et al. (1989)

¢ L.B. Johnson and J. D. Palmer (unpublished results) observed
Medicago sativa ssp. sativa and M. sativa ssp. falcata cpDNA
differences here

4 Polymorphisms first observed here by Rose et al. (1986). See
Johnson and Palmer (1989) for a restriction map

derived plastids likewise showed that all were hybrids
and not the result of self-fertilization (data not shown).
The extent of plastid mixing in the 34 hybrid heteropla-
tidic (BP) plants averaged 59% paternal based on esti-
mates of banding intensity, and ranged from predomi-
nantly paternal to predominantly maternal. The sensi-
tivity for detection of a minor parental cpDNA popula-
tion varied among autoradiograms. However, less than
1% of a minor cpDNA was detected in an in vitro mix-
ture of two different cpDNAs (data not shown), a limit
similar to the 0.1% value of Scowcroft and Larkin
(1981).

Heteroplasmy was observed in hybrid plants from 13
of the 16 crosses (Table 2). Examples are shown in Fig. 2.
The top growth of several heteroplastidic plants was re-
moved and allowed to regrow from the crown after the
first cpDNA analysis. The new shoots were analyzed in
groups of two or one. Results of analysis of one hetero-
plastidic plant are shown in Fig. 2A and B. Homoplas-
tidic maternal, homoplastidic paternal, and heteroplas-
tidic shoots arose from the same crown. Analysis of
regrowth from a few heteroplastidic plants showed slight
changes in cpDNA ratios, presumably as a result of
sorting-out (Fig. 2D). However, progeny from cross
no. 1 showed no change in the number of paternal, bi-
parental, and maternal plants, when extracts from a later
cutting were compared with initial extracts. Bulk cpDNA
analysis of progeny from five selfed hybrid plants, three



52

Table 2. Single and reciprocal crosses used for evaluating cpDNA transmission of different alfalfa genotypes

Cross no. @ parent & parent Plants/class Total Transmission (%/class)
analyzed

p® BP® Me P BP M
i-a RS-K2C MS-K 28 7 2 37 76 19 5
1-b MS-K RS-X2C 45 4 1 50 90 8 2
2-a RS-K2C MS-H 10 3 0 13 77 23 0
2-b MS-H RS-K2C 10 2 1 13 77 15 8
3-a MS-H MS-K 16 4 0 20 80 20 0
3-b MS-K MS-H 27 1 1 29 93 3 3
4-a RS-K2C MS-1 5 0 0 5 100 0 0
4-b MS-I RS-K2C 4 1 0 5 80 20 0
5-a AN FA 12 2 0 14 86 14 0
5-b FA AN 7 1 0 8 87 13 0
6-a RS-K2C FA 3 5 0 8 37 63 0
6-b FA RS-K2C 2 2 0 4 50 50 0
7-a MS-K AN 1 1 0 2 50 50 0
7-b AN MS-K 1 0 0 1 100 0 0
& MS-H AN 1 1 0 2 50 50 0
9 AN RS-K2C 1 0 0 1 100 0 0
Total 173 34 5 212 82 16 2
* Paternal
® Biparental
° Maternal

of them heteroplastidic and two homoplastidic paternal,
all exhibited expected restriction patterns (not shown).
Also, roots from eight homoplastidic plants from differ-
ent reciprocal crosses all contained the same plastid type
as did their shoots (not shown).

Table 2 breaks down cpDNA transmission into pa-
ternal (P), biparental (BP), and maternal (M) classes for
all crosses, as summarized by frequency of plants/class
and percentage of plants. Frequencies of M were very
low, making comparisons difficult. Because the percent-
age of M is small, the percentages of P and BP comple-
ment each other. The frequency of progeny exhibiting
only P ranged from 37% to 100% with different crosses,
and the 100% values occurred only where few plants
were analyzed.

The percentage of P plants was compared among all
combinations of the three-plant reciprocal crossing
scheme (reciprocal crosses 1, 2, and 3), where more plants
were analyzed (Table 2). Higher percentages of paternal
transmission were noted in crosses 1-b and 3-b, where the
MS-K plant was used as a female parent (90% and 93%),
than when it was used as a male parent in crosses 1-a and
3-a (76% and 80%). With RS-K2C and MS-H, the per-
centage of paternal transmission was 77% in cither direc-
tion.

Differences were apparent also when comparisons
were made between intra-subspecific and inter-sub-
specific crosses (Table 3). Intra-subspecific reciprocal
crosses were more alike in overall paternal transmission
(84%—86% P) than were inter-subspecific reciprocal

crosses (42% —67% P). Small sample sizes, in part due to
the low success rate of interploidy crosses through unre-
duced gametes, made comparisons within an individual
interploidy reciprocal cross meaningless. Thus, data were
pooled. When total inter-subspecific crosses were com-
pared, female (58% BP) and male (67% P) tetraploid
parents transmitted their plastids at a higher rate than
did female (33% BP) and male (42% P) diploid parents.
Paternal plastid transmission followed two patterns. In-
tra-subspecific crosses showed a high percentage of P and
low percentage of BP in the progeny. Inter-subspecific
crosses exhibited a relatively low percentage of P and
a high percentage of BP in the hybrids.

Discussion

Our cpDNA analyses clearly establish the role of pollen
transmission of plastids in the initiation of heteroplasmy
(Fig. 2 A—-D), a phenomenon noted in randomly selected
green Medicago plants by Johnson and Palmer (1989). As
might be expected, plastids in heteroplastidic plants can
sort out, resulting in homoplastidic tissues (Fig. 2B).
Eight homoplastidic plants possessing paternal plastids
were analyzed. All showed the same plastid type in both
root and shoot. Clearly, the high frequency of paternal
homoplasmy is not the result of any preferential sorting-
out in the embryo during early cell divisions that give rise
to root:shoot differentiation.

Maternal nuclear control of plastid transmission fre-
quency seerms apparent in our three-plant reciprocal
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Fig. 2A-D. Autoradiograms showing cpDNA transmission in alfalfa sexual crosses, and conversion of heteroplasmy to homoplasmy
during vegetative propagation. A BamHI-digested DNAs from leaves of four hybrid seedlings of RS-K2C x MS-K, separaied in a
1.1% agarose gel and hybridized to the 12.5-kb alfalfa cpDNA probe. Hybrids in /anes 1, 3, and 4 show a 2.00-kb fragment from
the MS-K paternal plastids, while the heteroplastidic hybrid in lane 2 has both paternal and maternal (1.85 kb) plastid fragments.
B BamHI-digested DNA, of regrowth shoots from the hybrid in lane 2 above, separated in a 1.1% agarose gel and hybridized to the
12.5-kb alfalfa cpDNA probe. Leaves from three different sectors, each containing one or two shoots regrown from the crown, were
separately analyzed for their plastid source. Sectors in /anes 2 and 3 show maternal and paternal plastids, respectively. The sectors
in lane 1 exhibit both plastids. C Xbal-digested DNA extracted from six RS-K2C x MS-H hybrids, separated in a 0.7% agarose gel
and hybridized to the 6.2-kb alfalfa cpDNA probe. Lane 2 contains a heteroplastidic plant with 7.8 and 8.3 kb fragments. All other
lanes have plants with only paternal plastids, as shown by the presence of 7.8-kb fragments. D HindIII-digested DNA from two plants
from a FA x RS-K2C cross at two consecutive harvests, separated in a 0.7% agarose gel and hybridized to the 12.5-kb alfalfa cpDNA
probe. The maternal FA ¢cpDNA contains an additional restriction site, producing 6.0- and 4.0-kb fragments instead of a 10-kb
fragment. Lanes 1 and 2 contain extracts from a heteroplastidic hybrid, and show decreased maternal cpDNA and increased paternal
cpDNA in the later extract (Jane 2). Only paternal cpDNA was detected in extracts of the hybrid plant represented in /anes 3 and 4

Table 3. Summary of plastid iransmission in crosses within and between iwo Medicago sativa subspecies

Parents Plants/class Total Transmission (%/class)
analyzed
P=  BP® M¢ P BP M

Total reciprocal crosses within ssp. sativa 145 22 5 172 84 13 3
Total reciprocal crosses within ssp. falcata 19 3 0 22 86 14 0
Q sativa x & falcata 5 7 0 12 42 58 0

Q falcatax 3 sativa 4 2 0 6 67 33 0
Total 173 34 5 212 82 16 2

a, b, ¢

Same as in Table 2

crossing scheme (crosses 1, 2, and 3 in Fig. 1, and
Table 1), where three parents are each reciprocally
crossed with the other two. Crosses 1-b and 3-b involving
MS-K as the maternal parent show a higher paternal
plastid transmission than do the other four crosses,
where MS-H or RS-K2C are the maternal parents. The
percentage of plants showing biparental transmission is
correspondingly reduced. Maternal nuclear regulation
appears to explain these data. Regulation by paternal or
maternal plastids is not involved in this difference, since
the same plastids, when transmitted to other nuclear
backgrounds, are all equally successful. A plastid which
solely regulates its own high transmission rate should
increase its transmission frequency in either direction in
a reciprocal cross, which was not the case here. Howevet,
plastid influences on their own transmission are well doc-
umented in other species such as Oenothera (Chiu et al.

1988). For our material, the hybrid nuclear genotype also
would not appear to be a major factor, again because of
differences in plastid transmission frequency within a
reciprocal cross. It appears that MS-K, when used as a
female parent, transmitted its plastids at a lower rate
than did either MS-H or MS-K as maternal parents.
The maternal parent contributes much toward con-
trolling biparental chloroplast inheritance in Pelargo-
nium. A Pr gene in the female nucleus predominantly
controls plastid inheritance patterns, presumably’
through its effect on plastid replication (Kirk and Tilney-
Bassett 1978; Tilney-Bassett and Birky 1981; Tilney-Bas-
sett and Abdel-Wahab 1982). Two different distribution
frequencies of maternal, biparental, or paternal plastid
transmission result with different female parents of
Pelargonium (Tilney-Bassett and Birky 1981). The first
has a high maternal, intermediate biparental. and low
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paternal transmission. The second has a high frequency
of both maternal and paternal transmission, but bi-
parental plastid transmission is generally low (Tilney-
Bassett and Birky 1981). Both patterns are different than
in alfalfa, where paternal transmission is high and mater-
nal, low.

Two observations are of interest in the inter-sub-
specific crosses (Table 3). First, our tetraploid M. sativa
ssp. sativa plants, used as either male or female parents,
transmitted their plastids at a higher rate than did the
diploid M. sativa ssp. falcata genotypes. Plastid load may
contribute to the efficiency of plastid transmission (Kirk
and Tilney-Bassett 1978; Birky 1983). Plastid number in
diploid cells, which are typically smaller, should be lower
than that in larger tetraploid cells (Molin et al. 1982;
Pyke and Leech 1987). However, our hybrid plants pro-
duced by these crosses were all tetraploids, indicating
fertilization by unreduced gametes, which are of similar
size (Pfeiffer and Bingham 1983) and presumably equal
proplastid number to tetraploid gametes. This suggests
that more than plastid load is involved.

Second, in both inter-subspecific reciprocal crosses, a
higher percentage BP and a lower percentage P occurred
relative to the intra-subspecific crosses. Genetic differ-
ences between the two subspecies may influence plastid
transmission frequencies in crosses between them. These
subspecies, while sexually compatible, are considered by
some to be distinct species (Lesins and Lesins 1979). The
genetic control of plastid transmission in these crosses is
difficult to evaluate, in part because of pooling of cross-
ing data necessitated by the small sample size. However,
it appears that factors other than the maternal nuclear
genotype contribute to the control of plastid transmis-
sion. For example, plant RS-K2C was used as a female
parent in four different crosses. Paternal plastid trans-
mission ranged from 37% to 100%. Differences are ap-
parent even though sample size for some of these crosses
was small (Table2). Presumably, paternal nuclear and/or
plastid factor(s) also are involved. For whatever reason,
a high frequency of heteroplastidic plants results.

Smith et al. (1986) evaluated transmission frequen-
cies with chlorophyll-deficient plastid mutants in recipro-
cal crosses. Their transmission frequencies are difficult to
compare with ours, because of differences in the parental
material and the scoring procedure, although they also
saw a high frequency of paternal transmission. Recovery
of the chlorophyll deficiency used in either parent in the
progeny was an indicator of chloroplast transmission by
that parent. However, in our data this is equivalent to the
summation of biparental transmission frequency, and
paternal or maternal frequency, depending on the direc-
tion of the cross.

Extracts from several alfalfa plants were tested with
two restriction enzymes for evidence of cpDNA recombi-
nation. As might be expected (Chiu and Sears 1985),

none was found when 12 hybrid plants of cross 1 (RS-
K2C x MSK) were compared following separate diges-
tions with BamHI and Xbal. The two sites are located
almost opposite each other on the circular alfalfa plastid
genome (Johnson and Palmer 1989) and the parent
cpDNAs differ at both sites. To our knowledge, recombi-
nation between two cpDNAs from higher plants has
been demonstrated only in somatic hybrids derived from
tissue culture (Medgyesy etal. 1985; Thanh and
Medgyesy 1989). A much more extensive study would be
required to detect recombination in our material, and
should probably concentrate on progeny derived from
selfing heteroplastidic plants.

Biparental plastid inheritance has been demonstrated
by various DNA restriction techniques in conifers (Neale
and Sederoff 1989; Szmidt etal. 1987, Wagner et al.
1987), the genus Pelargonium (Metzlaff et al. 1981), and
alfalfa (Lee et al. 1988). The use of cpDNA as a marker
for plastid inheritance, when combined with controlled
crosses, allows a more meaningful estimation of the fre-
quency of transmission than does the use of chlorophyll
deficiency mutants, which may be transmitted at a com-
petitive disadvantage. In Pelargonium, green plastids
were transmitted at a higher rate than were mutant plas-
tids (Tilney-Bassett and Birky 1981; Tilney-Bassett and
Abdel-Wahab 1982). Two chloroplast mutants of
Oenothera exhibited reduced transmission from the fe-
male parent relative to a third mutant, which was trans-
mitted similarly to the wild type (Chiu et al. 1988).

There are other advantages as well for using cpDNA
restriction fragment length polymorphisms for plastid
transmission studies. A relatively large number of recip-
rocal crosses can be analyzed with high sensitivity for
detection of a minor plastid component in a tissue.
Crosses are not limited to genotypes that differ in plastid-
encoded chlorophyll deficiency mutants. Both chloro-
plast and leucoplast analyses are possible. Aberrant
transmission ratios due to seedling death resulting from
chlorophyll deficiency mutants are eliminated. Induction
and reversion of plastid mutations by nuclear mutator
genes are common, at least in some species, and may
interfere with plastid inheritance studies when chloro-
phyll deficiency markers are used (Gillham 1978; Cornu
and Dulicu 1988).

Extraction of total plant DNA, followed by Southern
hybridization, allows analysis of small seedlings and is
much more sensitive than is ethidium bromide cpDNA
staining. Comparative studies of plastid transmission in-
volving both chlorophyll deficiency and cpDNA restric-
tion pattern markers are not available.

We are unaware of other studies where plastid trans-
mission frequency and vegetative segregation have been
evaluated by cpDNA restriction analysis with green tis-
sues rather than with plastid-encoded chlorophyll defi-
ciency mutants. The high plastid paternal transmission



observed with alfalfa, similar in some ways to Pelargo-
nium, suggests the potential of this species for studies on
the regulation of plastid transmission through the pollen.
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