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Abstract Restriction fragment analysis was used to study
the inheritance of chloroplast DNA (cpDNA) in F; prog-
eny from crosses between Lens culinaris ssp. orientalis
and L. culinaris ssp. culinaris. Twenty-five combinations
of 11 restriction enzymes and three heterologous probes
from Petunia hybrida cpDNA were used to screen six ac-
cessions of L.c. culinaris and one accession of L. ¢. orien-
talis for restriction fragment length polymorphisms
(RFLPs). No variation in cpDNA was observed within the
subspecies L. ¢. culinaris, but the L. c. orientalis accession
was unambiguously distinguished from all six L. ¢. culin-
aris accessions by two RFLPs. Of ten F, progeny from L.
c. orientalis X L. c. culinaris crosses, nine had only mater-
nal cpDNA restriction fragments but one F; plant inher-
ited cpDNA fragments from both parents. Nuclear DNA
inheritance was biparental in all ten F, progeny.
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Introduction

The most common mode of plastid inheritance in angio-
sperms is uniparental-maternal, although there is evidence
for the inheritance of paternal plastids in many species, in-
cluding several of the Leguminosae (Smith 1989; Harris
and Ingram 1991). Analysis of restriction fragment length
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polymorphisms (RFLPs) now provides a powerful tool to
examine the inheritance of chloroplast (cp) DNA. In the
Fabaceae (formerly Leguminosae: Papilionaceae), both
maternal and paternal modes of chloroplast inheritance
have been reported (Corriveau and Coleman 1988; Smith
1989; Harris and Ingram 1991). RFLP analysis has shown
only maternal cpDNA inheritance in Glycine (Hatfield et
al. 1985) and Pisum sativum (Polans et al. 1990), but bi-
parental or even predominantly paternal cpDNA inheri-
tance in Medicago sativa (Lee et al. 1988; Schumann and
Hancock 1989; Masoud et al. 1990).

Lentil (Lens culinaris Medik.), a member of Fabaceae,
is an important food legume in India, the Middle East and
North Africa because of its high nutritional quality and
drought resistance (Simpson and Conner-Ogorzaly 1986).
The species is subdivided into three cross-compatible sub-
species (Ladizinsky et al. 1984): ssp. culinaris (cultivated),
ssp. orientalis {(wild) and ssp. odemensis (wild). Restric-
tion fragment length variation has been reported for
cpDNA in Lens (Muench et al. 1991), but as yet this vari-
ability has not been used to examine the inheritance of
cpDNA. On the basis of cytological evidence from fluo-
rochrome epifluorescence microscopy, Corriveau and
Coleman (1988) suggested that plastid inheritance is ma-
ternal in L. culinaris.

In the study presented here, RFLP analysis was used to
examine the cpDNA inheritance in F; progeny from
crosses between the Lens culinaris subspecies L. c. orien-
talis and L. c. culinaris. Cloned fragments from Petunia
hybrida cpDNA were used as probes for detecting lentil
cpDNA fragments. The results demonstrate the possibility
of cpDNA inheritance from both parents in addition to the
predominant uniparental-maternal inheritance pattern.

Materials and methods
Lentil cultivars and controlled crosses

Six accessions of Lens culinaris ssp. culinaris and one accession of
L. culinaris ssp. orientalis were studied. The varieties ‘Laird’ and
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‘Eston’, and the Syrian accessions ‘ILL-5588" and ‘ILL-5684" (orig-
inally from the International Center for Agricultural Research in the
Dry Areas, Aleppo, Syria) of L. ¢. culinaris were obtained as three
single-seed descent lines from Dr. A.E. Slinkard of the University of
Saskatchewan, and the L. c. culinaris varieties ‘Brewer’ and
‘Redchief’ and the L. ¢. orientalis accession ‘1.O4" were obtained
from Dr. F.J. Muehlbauer of the USDA/ARS Grain Legume Program,
Washington State University. Plants were grown in pots in a con-
trolled growth chamber with a 16-h photoperiod and day/night tem-
peratures of 20°/15°C.

Intersubspecific crosses of L.c. orientalis X L. ¢. culinaris were
made by emasculation and hand pollination, and F; plants were
grown as described above. A total of seven plants from an ‘LO4’ x
‘Laird’ parent 1 cross, one plant from an ‘LO4’ x ‘Laird’ parent 2
cross and two plants from an ‘LO4’ X ‘Eston’ cross were obtained
and analyzed. No reciprocal crosses were obtained because of insuf-
ficient pollen from ‘LO4’.

DNA extraction, digestion, electrophoresis, and Southern blotting

Total cellular DNA was isolated from 0.5 to 2.0 g of fresh leaf tis-
sue from individual parental and F, plants by a modification of a
CTAB method of Doyle and Doyle (1987). For comparison, purified
cpDNA was extracted from a single sample of ‘Eston’ leaf tissue by
the method of Bookjans et al. (1984). Total cellular DNA samples
(5-10 ng) were digested with 15-20 units of the restriction enzymes
Aval, BamHI, Bcll, Bglll, Clal, Dral, EcoRI, EcoRV, Hindlll, Xbal,
or Xhol for 5 h. RNA was removed by treating with 1 ug RNAase at
37°C for 1 h. Approximately 1.0 g of cpDNA was digested with 50
units of Dral.

Total DNA restriction fragments were separated on 20 X 20 cm
0.8% (in TBE buffer) agarose gels containing ethidium bromide by
electrophoresis at 1.5-1.75 V/cm for about 18 h in TBE buffer (Ma-
niatis et al. 1982), whereas purified cpDNA fragments were separ-
ated on a 1% agarose gel. DNA fragments were transferred to nylon
membranes (Gene Screen Plus, DuPont Canada, Mississauga, Onta-
rio) or Hybond-N+ (Amersham Canada, Oakville, Ontario) using the
alkaline transfer method of Chomczynski and Qasba (1984).

cpDNA and nuclear DNA probes

Three Pstl fragments of Petunia hybrida cpDNA (Palmer et al. 1983)
were used as hybridization probes for lentil cpDNA fragments: P3,
a 21-kb fragment from the large single copy (LSC) region including
part of the rbcL gene, P6, a 15.3-kb Ps¢I fragment from LSC region;
and P10, a 9.0-kb Ps# fragment from the LSC region including part
of the pshA gene. Southern blots of DNA fragments from the seven
accessions of lentil were screened using the P6 and P10 probes with
all 11 restriction endonucleases and the P3 probe with Bg/II, EcoRI
and EcoRV. Two informative RFLPs, revealed by the Dral-P6 and
HindlI-P10 enzyme-probe combinations, were used to examine the
inheritance of cpDNA in the intersubpecific crosses of L. culinaris.
The Dral restriction digest of purified cpDNA from ‘Eston’ was al-
so hybridized to Petunia cpDNA probe P6. To examine nuclear gene
inheritance, a 0.64-kb lentil cDNA clone CMHS52 (Havey and Muehl-
bauer 1989) was used to probe the same blot of Dral digests of the
parents and progeny DNA as was used for cpDNA analysis with the
P6 probe.

Probe preparation, hybridization, washing, and autoradiography

Petunia cpDNA or lentil cDNA probes were prepared by radiolabel-
ling the fragments with o-[*?P]-dCTP by random priming. Prehy-
bridizations for 6-8 h and hybridizations for a minimum of 16 h were
conducted at 60°C (Rajora and Dancik 1992) with or without 10 mg
denatured salmon/herring sperm DNA. Hybridized blots were
washed (Rajora and Dancik 1992) and then exposed to X-ray films

with intensifying screens for 3-48 h (cpDNA) or 8 days (nuclear
DNA) at -70°C.

Results
cpDNA restriction fragment variation

A total of 103 restriction fragments was revealed by 25
combinations of 11 restriction enzymes and three cpDNA
probes. All accessions of the same L. culinaris subspecies,
including the different plants of one accession, shared the
same cpDNA fragments. Two RFLPs unambiguously dis-
tinguished L. culinaris ssp. culinaris from L. culinaris ssp.
orientalis. Hybridization of the P6 cpDNA probe to blots
of Dral digests revealed a 1.3-kb fragment in all L. ¢. cu-
linaris accessions examined, including the ‘Laird’ and
‘Eston’ varieties (Fig. 1A: lanes 2-4), but a 1.0-kb frag-
ment in the L. c. orientalis accession ‘LO4’ (Fig. 1A: lane
). Hybridization of this probe to a blot of a Dral-digested
purified cpDNA of ‘Eston’ showed that the hybridizing
fragments (Fig. 2: lane 2) corresponded to the cpDNA frag-
ments visible on the ethidium bromide-stained gel (Fig. 2:
lane 1) and were the same as those seen in the equivalent
blot of total DNA samples (Fig. 1A: lane 4). This supports
the chloroplastic origin of the hybridizing bands. Dral di-
gestion of cpDNA from ‘Eston’ produced at least 26 vis-
ible restriction fragments, ranging in size from 0.7 to 15.8
kb (Fig. 2: lane 1). A summation of the fragment sizes in-
dicated a chloroplast genome size of approximately 125
kb, which is in agreement with a size reported previously
(Muench et al. 1991). Hybridization of the P10 cpDNA
probe to a blot of HindIIl-digested DNA revealed another
intersubspecific RFLP. All L. ¢. culinaris accessions, in-
cluding ‘Eston’ and ‘Laird’ (Fig. 3: lanes 2—-4), had a 1.6-
kb fragment, whereas the L. ¢. orientalis accession ‘LO4’
had a 2.6-kb fragment (Fig. 3: lane 1).

cpDNA inheritance

Hybridization of the P6 cpDNA probe to Dral digests of
ten F, plants showed the maternal (‘'1.O4’) restriction frag-
ments in all of the F, plants from three L. c. orientalis x
L. c. culinaris crosses (Fig. 1A: lanes 5-14). However, one
F, plant (hybrid 4) from a ‘L.O4’ x ‘Laird’ parent 1 cross
also showed the 1.3-kb fragment characteristic of the pa-
ternal ‘Laird’ parent, although it is not apparent in Fig. 1A
(lane 8). To confirm this RFLP pattern and minimize the
possibility that it was the result of sample contamination,
a second DNA sample was extracted from this plant at a
later stage of growth. With larger samples of DNA, the 1.3-
kb Dral fragment was clearly identified by the P6 probe in
the two independent samples from this plant (Fig. 1B: lanes
4.5) and not in the other two hybrids. Hybridization of the
¢pDNA probe P10 to HindIII-digested DNA (Fig. 3) sup-
ported the results in Fig. 1. Nine of the ten F plants from
the L. c¢. orientalis X L. ¢. culinaris crosses showed only
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Fig. 1A, B Autoradiograph of cpDNA restriction fragment patterns
of parents and F, hybrid progeny of L. ¢. orientalis X L. c. culinaris
crosses obtained by hybridization of the 15.3-kb PstI Petunia cpDNA
fragment P6 to the Dral-restricted total DNA. A Lane 1 ‘LO4’, 2
‘Laird’ parent 1, 3 ‘Laird’ parent 2, 4 ‘Eston’, 5~/ F; hybrids 1-7
of ‘LO4’ x ‘Laird’ parent 1, 12 F, progeny of ‘L0O4’ X ‘Laird’ par-
ent 2, 13, /4 F; hybrids 1, 2 of ‘LO4’ x ‘Eston’. B RFLP analysis,
repeated with increased lentil DNA for Dral-P6 enzyme-probe com-
bination, for the parents ‘LO4" and ‘Laird’ parent 1 and 3 F| hybrids:
Lane 1 ‘LO4°, 2 ‘Laird’ parent 1, 5 F; hybrid 3, 4 F; hybrid 4 of
‘LO4’ x ‘Laird’ parent 1-DNA extracted on December 12, 1990, 5
F hybrid 4 of ‘LO4" X ‘Laird’ parent 1-DNA extracted on January
14, 1991, 6 F, hybrid 5

the 2.6-kb fragment from the maternal ‘LO4’ plant, but
both the 2.6-kb maternal and the 1.6-kb paternal fragments
were visible in the two independent DNA samples from
the F; hybrid 4 of the ‘LO4" x ‘Laird’ parent 1 cross (Fig.
3: lanes &, 9). The autoradiographic intensity of the pater-
nal fragments was much weaker in this F; hybrid plant than
in the ‘Laird’ parent (Figs. 1B and 3).

609
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patterns of purified cpDNA of 23.13
‘Eston’ restricted with Dral. 9.42
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restricted DNA fragments from
lane 1
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Fig. 3 Autoradiograph of cpDNA restriction fragment patterns of
parents and F; hybrid progeny of L. c. orientalis x L. c. culinaris
crosses obtained by hybridization of the 9.0-kb PstI Petunia cpDNA
fragment P10 to HindIIl-restricted total DNA. Lane I ‘LO4" , 2
‘Laird’ parent 1, 3 ‘Laird’ parent 2, 4 ‘Eston’, 5—7 F; hybrids 1-3 of
‘LO4’ x ‘Laird’ parent 1, 8 F| hybrid 4 of ‘LO4’ x ‘Laird’ parent
I-DNA extracted on December 12, 1990, 9 F| hybrid 4 of ‘LO4’
X ‘Laird’ parent 1-DNA extracted on January 14, 1991, 10-12 F, hy-
brids 5-7 of ‘LO4’ x ‘Laird’ parent 1, /3 F; hybrid of ‘LO4’
x ‘Laird’ parent 2, 14, 15 F, hybrids 1, 2 of ‘LO4’ X ‘Eston’

Nuclear DNA inheritance

Nuclear DNA inheritance was biparental in all F; hybrid
progeny from the L. c. orientalis X L. ¢. culinaris crosses,
as hybridization of the nuclear cDNA probe CMHS52 to the
same blot shown in Fig. 1A revealed fragments character-
istic of both parents for all F, plants (data not shown).
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Discussion

The RFLPs distinguishing between the chloroplast ge-
nomes of L. c. orientalis and L. ¢. culinaris made it pos-
sible to examine the inheritance of cpDNA in this species.
The predominant mode of cpDNA inheritance was unipa-
rental-maternal, as nine of the ten F; progeny from the L.
c. orientalis X L. c. culinaris crosses showed only restric-
tion fragments characteristic of the maternal parent. That
this resulted from maternal inheritance rather than self-fer-
tilization of the maternal parent was shown by heterozy-
gosity of a nuclear marker in all F; progeny. No plants were
found with cpDNA from only the paternal parent, but a sin-
gle F; plant from the ‘LO4’ x ‘Laird’ parent 1 cross had
cpDNA fragments derived from both maternal and pater-
nal parents. The detection of cpDNA from both parents
with two different cpDNA probes in DNA samples pre-
pared from plant tissue harvested at different stages of
growth provides strong support for the biparental origin of
cpDNA in this F; plant.

Uniparental-maternal inheritance is the most common
mode of cpDNA inheritance in angiosperms, including
grain legumes (Hatfield et al. 1985; Corriveau and Cole-
man 1988; Smith 1989; Polans et al. 1990; Harris and In-
gram 1991), and our investigation provides the first evi-
dence of occasional biparental inheritance of cpDNA in
the genus Lens, or to our knowledge, in any grain legume.
Cytological evidence of plastid DNA presence in pollen
has been reported for several legumes, including the
closely related Pisum and Lathyrus (Corriveau and Cole-
man 1988), but results for lentil were negative. The results
presented here show the inheritance of both maternal and
paternal RFLP markers in one F; plant from a cross be-
tween two subspecies of L. culinaris. Because of the small
number of the F; plants studied, it was not possible to de-
termine with any accuracy the frequency of paternal trans-
mission of cpDNA. Occasional low frequency transmis-
sion of paternal DNA (up to 5%) has been reported for
other species (Smith 1989), and with such frequencies, a
single example of paternal transmission is not unlikely in
ten F, plants. It should be noted, however, that the autora-
diographic intensity of the paternal cpDNA fragments in
the plant exhibiting biparental cpDNA was considerably
less than that seen in the paternal parent (Figs. 1b and 3),
suggesting that both the number of paternal plastids and
their frequency of appearance in this progeny are low.
Thus, the total amount of paternal cpDNA inherited may
not be great and should perhaps be described as paternal
leakage (Wagner et al. 1991). Nevertheless, although the
mechanisms responsible and the genetic significance re-

main unknown, these results show that paternal cpDNA
can be transmitted to progeny in lentil.
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