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ABSTRACT 

The inheritance of mitochondrial (mt) DNA was studied in two parents and 32 F, progeny from an inter-specific 
cross between Pirms nigra (Arnold) and Pinus sylvestris (L.). To provide new genetic information about 
elimination of the alternative cytoplasmic genomes, we have tested whether rnt- and chloroplast (cp) DNA are 
present in pollen and megagametophytes of these two species. The occurrence of cp- and mtDNA was assessed 
by PCR amplification of the chloroplast trnT-trnF region and three intra-genic segments of the mitochondrial 
genes: cosl, coxIII and 0@5. MtDNA polymorphisms distinguishing the two pines were detected with several 
restriction enzymes on the amplified cox! fragment. On the other hand, restriction fragment patterns for coxlII 
and o?f25 were identical in all samples analysed. The detected cox1 RFLPs were used to analyse the mtDNA 
transmission in the F, progeny. All the F, individuals tested had the coxI restriction fragment patterns specific 
for the maternal parent P nigra which provides further genetic evidence for the maternal inheritance of mtDNA 
in the genus Pirws. The biparental mtDNA inheritance suggested by cytological studies was not observed. Both 
cp- and mtDNA were present in haploid megagametophytes and pollen. These results suggest that the elimination 
of alternative mt- and cpDNA in Pinris occurs through different mechanisms. hloreover, our results suggest that 
more than one copy of the coxI gene is present on the n~itochondrial genome of the two pines studied. 
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INTRODUCTION 

Chloroplast and mitochondria contain extra nuclear 
genetic information that is important for population and 
evolutionary biology studies. Genetic studies on the 
chloroplast transmission in plants have been intensive 
and provided comprehensive knowledge on the subject 
(HAGEMANN & SCHRODER 1989; SEARS 1980). In 
contrast to the maternal inheritance in angiosperms, 
cpDNA was found to be primarily paternally transmit- 
ted in gymnosperms (NEALE et al. 1986, 1989, 1991; 
NEALE & SEDEROFF 1989; SZMIDT et a/.  1987, 1988; 
WAGNER et  al.  1989). Cytological studies have pro- 
vided much information about the timing and rnecha- 
nisms of elimination of the maternal cpDNA at fertilisa- 
tion in gymnosperms (CHESNOY & THOMAS 1971; 
OIVENS & MORRIS 1990; SINGH 1978). On the other 
hand, much less is known about the inheritance and 
organisation of nltDNA in gymnosperms. Furthermore, 
the genetic evidence for the presence of cytoplasmic 
DNA in Pinaceae pollen is lacking, and the cytoplasmic 
composition of the megagametophytes which are of 
monosporic origin is not clear (SINGH 1978). S o  far, 
mtDNA inheritance has been studied only in a few 

species from three families of gymnosperms, Cupres- 
saceae, Taxodiaceae, and Pinaceae. (DEVERNO et al. 
1993; NEALE et al.  1989. 1991; NEALE & SEDEROFF 
1989; SUTT~X er al. 1991; WAGNER et al.  1991a). 
Cytological observations suggest that Pinaceae pollen 
contains chloroplast and mitochondria and that both 
organelles are transmitted to the egg cell during fertil- 
ization (CHESNOY & THOMAS 1971; DAWKINS & 
OWENS 1993; OWENS &  ORRIS 1990; SINGH 1978). 
These results indicate the potential for biparental 
inheritance of mtDNA in Pinaceae (OWENS & MORRIS 
1990, 1991). However, contrary to this expectation, 
genetic studies revealed strictly uniparental inheritance 
of this genome in all gymnosperm species studied so 
far. Maternal and paternal inheritance of mtDNA was 
found in Pinaceae (DEVERSO et a[. 1993; NEALE & 
SEDEROFF 1989; SUTTOS er 01. 199 1 ;  WAGNER et al. 
199 1 a) but paternal inheritance in the Cupressaceae and 
Taxodiaceae families (NEXE et al. 1989, 1991). The 
mechanism responsible for :he observed selective 
elimination of the alternative rntDNA is still unclear. 

Conflicting evidence from genetic and cytological 
studies on the inheritance of cytoplasmic genomes has 
been reported (CORRIVEAV & COLEMAN 1988). Cyto- 
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Cytological methodology can, in some cases, 
produce artifacts such as  chemical destruction of 
mtDNA (COLEMAN 1984), as well as the difficulties in 
distinguishing proplastids from mitochondria in an 
electron micrograph (CONNETT 1987). In addition, as 
pointed out by CORRIVEAU & COLEMAN (1988), the 
existence of proplastid-like organelles in a micrograph 
does not necessarily confirm the presence of plastid 
DNA. Finally, due to their complexity, cytological 
observations typically include limited number of 
individuals. 

Therefore, inferences based on this type of studies 
should be validated by genetic analysis. To provide 
genetic information about the occurrence of cp- and 
nltDNA in haploid megagametophytes and pollen, we 
used specific primers for cp- and tntDNA regions to 
amplify corresponding sequences in pollen and 
megagametophytes of P i n m  nigra (Arnold) and Pinus 
sylvestris (L.). In addition, we analysed the transmission 
of nlrDNA in a controlled cross between these two 
species. For this purpose, nltDNA restriction fragment 
length polymorphism (RFLP) markers that distinguish 
between the two parental species were identified and 
used to analyse the origin of the nltDNA in the con- 
trolled F, progeny. 

hIATERIAL AND METHODS 

Plant material and DNA isolation The plant material 
included two parental trees of P: rzigra and l? s)hestris,  
and 32 F, progeny of FI nigra x P: sylvestris from the 
controlled cross between these two individuals. Needle 
samples from these plants were collected individually in 
the Hgrsholm Arboretum, Denmark. Buds from ten 
more individuals of l? s)lvestris were collected from a 
clonal archive in northern Sweden. Pollen from three 
individuals of P. syl~,estris was collected by isolating 
small branches with male strobili in paper bags and 
slight tapping to release the pollen grains. The dry 
pollen grains were then gently filtered through a fine 

sieve to remove possible contamination with diploid 
material. Prior DNA isolation, pollen was kept over- 
night in a sterilized liquid sucrose medium (DALVKINS 
& OWENS 1993). Open-pollinated seeds from three 
individual trees of F! nigrn were collected in the K6rnik 
Arboretum, Poland. Six megagametophytes from each 
of these three trees were used for DNA isolation. 

Megagametophytes from individual seeds were 
separated from embryo and the surrounding seed coat 
with a needle under microscope. In Pinus seed, the 
embryo and megagametophyte have very discrete 
structure and are easy to separate. As demonstrated in 
our previous study (Lu et al. 1995), this approach 
yields megagametophytes that are free of contamination 
with the surrounding diploid tissues. Genomic DNA 
from needles was extracted as described by (SZM~DT et 
al.  1986). DNAs from buds, pollen and megagame- 
tophytes were isolated with the CTAB procedure 
(DOYLE & DOYLE 1987). The final DNA pellets were 
suspended in T E  buffer (10mM Tris, 0 . l m M  EDTA, 
pH 8.0) and used for PCR amplification. 

Primers 

Three pairs of primers specific for mitochondria1 genes: 
coxl, coxIII and otfl.5, and two pairs of primers tor the 
chloroplast trnT-tmF region were used to amplify the 
corresponding mt- and cpDNA regions. The  sequences 
of the primers employed in this study are listed in Table 
1. The primer pair for c o d  was synthesized using the 
sequences published by GLAURITZ & CARLSON (1992). 
Primers for the cox111 and o@5 regions were designed 
by aligning and selecting the conserved regions of the 
corresponding coxIII and o @ j  sequences from Oeno- 
them berterintia, Zea r n q s ,  Heliatd?us annilus, Arabi- 
dopsis thnliaria, 01ym sntiva, Triticim aestiviinl, and 
Triticuin tiniopheevi. The DNA sequences were re- 
trieved from the EMBL database and had the following 
accession numbers: X04764, X53055, X57669, X67- 
105, M7424 1. X543 11, and X62094 respectively. The 
coxIII primers span the region from nuclcotide position 

Table 1 Primers used to amplify n1tDKA and c p D S A  regions in Pir~rls r~ igra  and P. sylvestris 

Gene 

1 primers published by GLAUBITZ and CARLSON (1992) 
2 primers published by TABERLET et 01. (1991) 
3 expected size of PCR product relative to the reference sequence, see text =OC 

S'primer (5' - 3') 

TTATTATCACTTCCGGTACT 
GGTAGATCCAAGTCCATGGC 
ATGCTATTTGCTGCTATTCC 
CGAAATCGGTAGACGCTACG 
CATTACAAATGCGATGCTCT 

3'primer (5' - 3') 

AGCATCTGGATAATCTGG 
CAGTACCATGCAGCTGC'ITC 
AGGACTATCAAGCC'ITCTCG 
ATGAACTGGTGACACGAG 
ATGAACTGGTGACACGAG 

Size 3 

712 bp 
703 bp 
512 bp 
950 bp 

1,500 bp 



33 to 734 relative to H. annuus sequence (QUAGLIA- 
RIELLO et al. 1990). The primers for o@'5 cover the 
region from nucleotide position 37 to 548 relative to A. 
thaliana sequence (BRANDT et nl. 1992). The two pairs 
of cpDNA primers were described by TABERLET et nl. 
(1991). 

PCR amplification 

PCR reaction mix contained 10-15 ng DNA, 0.4 pM 
each of the primers, 150 pM each of dNTP (Phar- 
macia), and 0.75 U Taq polymerase (Pharmacia) in a 
total volume of 25 pl.  PCR amplification was carried 
out at 94 "C, 3 min for initial denaturation, followed by 
35 cycles of denaturation at 94 "C for 30 sec, annealing 
(53 "C for cox1 and trnT-trnF, 60 "C for coxlll, 55 "C 
for o@5 and trnL-trnF) for 1 min, extension at 72 "C 
for 1 min and 30 sec., and terminated by 10 min at 72 
"C. 

Digestion, electrophoresis and silver staining 

To confirm successful amplification, the PCR products 
generated by each pair of the primers were first sepa- 
rated on 1.0% agarose gel and stained with ethydium 
bromide. The amplified mtDNA fragments from P. 
nigra and I? sylvestris were subsequently digested with 
several restriction enzymes (Table 2) and used for 
RFLP analysis. Three pl of the total 25 p1 PCR product 
was used for each digestion. The digested mtDNA 
fragments were separated on 6% non-denaturing 
polyacrylamide gels in 1X TBE buffer in a vertical 
PROTEANT"-I1 (BioRad) apparatus. The gels were run 
at constant current of 50 rnA for 4-5 hours. The restric- 
tion fragment patterns were visualized by a modified 
silver staining method (B.AsSAM et 02. 1991; KLINKICHT 

& TAU= 1992). The procedure consists of three steps: 
(i) gel fixation in 10% EtOH, 0.570 HAc for two times 
of 7 min each; (ii) silver impregnation for 40 min in 
0.15% AgNO,; (iii) image development in a solution of 

Table 2 List of restriction enzymes used to digest the PCR 
amplified mtDNA fragments and the genomic DNA 

375 mhl NaOH, 2 mM Na(BH,) and 0.4% formalde- 
hyde. The last step takes about 5-10 min. The staining 
is performed on a shaker. 

FragmentIDNA 

~ 0 . ~ 1  

co.rlIl 

OIJ% 

genomic D N A  

Southern analysis 

Enzymes 

AllrI,CfolI, HaellI, HOljI, ICfspI, Rsnl, 
T q l ,  Snrt3A 
AI~iI,Cfoll, Ddel, Hiigl, MspI, RsaI, 
ScrFI. TnqI,  7'1-119 1 
AI~iI,Cfoll, DclelI, IlrnI, NaelII, Hii~jI ,  
IClspI, RsaI, ScrFI, TnqI, T1.119 1 
AlrrIJli~nI, R ~ I I I H I ,  BglII, CfolI, 
Hir1clII1, HiizjI, Kpt11, Mspl, PsrI, RsaI, 
TnqI, Xbal 

The amplified cox1 fragment from P. sylvestris was 
isolated from low melting point agarose gel and used as 
a probe in Southern analysis of genomic DNA digests 
of P nigrn and P. sj~lvestris, digested individually with 
thirteen restriction enzymes (Table 2). The digestion 
products were separated on 1.0% agarose gel and 
vacuum transferred to nylon Hybond N membrane 
(Amersham). Probe was labelled with u - ~ ~ P - ~ C T P  
using the Oligolabelling kit (Pharmacia). DNA hybrid- 
ization was carried out at 65 "C overnight as described 
previ ius~y (WANG & SZMIDT 1990). 

RESULTS 

PCR products in haploid gametophytes and diploid 
tissues 

Two fragments of approximately 700 and 510 base 
pairs (bp) in length were amplified by the co.rlll and 
o r 9 5  primers respectively (Fig. 1A). The fragment 
amplified by the cox1 primers in the two Piru~s species 
had the size similar to that observed in Thuja plicata 
(7 12bp) (GLAUBITZ & CARLSON 1992). The two pairs 
of cpDh'A primers gave PCR products of approxi- 
mately 950 bp and 1500 bp respectively (Fig. 1B). 

All cp- and mtDNA fragments were amplified in 
haploid megagametophytes, pollen as well as in diploid 
buds and needles (Fig. 1A and B). The amplified cp- 
and rntDNA fragments found in haploid rnegagame- 
tophytes and pollen had the same size as the corre- 
sponding fragments observed in diploid buds and 
needles of the two species (Fig. 1A and B). No size 
variation betiveen P nigrn and P. sylvestris was ob- 
served with rtspect to any of the amplified fragments. 

MtDNA variation in P nigra, R sylvestris, and their 
F, progeny 

To screen for polj.morphisni in the amplified mtDNA 
fragments. we selected mainly four-cutter restriction 
enzymes (Table 2). No variation between P nigra and 
I? s~~lvesrris  \vas obscrved among colclll and ollf25 
restriction fragment patterns produced by any of the 
restriction enzymes employed in this study (data not 
shown). On the other hand, four of the eight enzymes 
used to digest the co.rl fragment (AluI, Hi@, MspI and 
RsaI) detected differences between P. nigra and P 
sjlvestris (Table 3). Fragment patterns produced by 
Hitl f l  and MspI are presented in Figure 2A and B. To 
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5 1 2 3 4 5 6 7 1 2 3 4 5 6 7  1 2 3 4 5 6 7  

I U U  
Coxl Coxlll Orf25 

B 

Figure 1 PCR amplified mtDNA ( A )  and cpDNA ( B )  
segments in P, rligra and P. sylvestr-is. Lanes: S - 1 Kb 
standard, 1-7 - P. nigra female gametoplly~e, 3-4 - P. 
sylvestr-is pollen, 5-6 - needles of P. nigr-a x P. sylvestris 
progeny, 7 - P. sylvestris bud. 5 pl of the 25 pl PCR products 
were applied on the gel. 

confirm that the observed mtDNA polymorphism 
between the two species is truly species specific, DNA 
samples from 10 additional individual trees of P. 
sjlvestris and from 18 mcgagametophytes collected 
from three individual trees of I? rzigrn were analysed in 
the same way as above. No intra-specific variation was 
observed with regard to the cox1 restriction fragment 
patterns gcnerated by the four enzymes in neither of the 
t ~ v o  species. The car1 restriction fragment patterns 
detected in haploid megagametophytes and pollen were 
identical with those found in diploid tissues of both 
species (data not shown). 

The obtained c o s l  PCR -RFLP ~narkers that distin- 
guished between P rzigra and t? .yvlr,e.srri.s were subse- 
quently used to analysc the 32 F, progeny from the 
controlled cross. All the progcny showed the restriction 
fragment patterns specific for thc maternal parent l? 
rzigra (Fig. 2A and B). The markers specific for the 
paternal parent l? sylvestr-is were not observed in any of  
the progeny tested. 

Figure 2 Cod  restriction fragment patterns generated by 
HinfI(A) and hlspI(B). S - 1 Kb standard (size in bp), Pn - P. 
nigra, F, - progeny of P. nigr-n xP. sylvestr-is, Ps - P. syl- 
vestris 

Patterns of cox1 RFLPs 

Surprisingly, the sum of sizes of individual c o s l  frag- 
ments generated by several restriction enzymes ex- 
ceeded the sizc of  an undigested c o s l  fragment (Table 
3) .  A possible cause for this result could be the exis- 
tence and amplification of more than one copy of the 
car1 andlor similar sequences that comigrated to the 
same position in the agarose gel. To verify this hypothe- 
sis, genomic DNA of' P nigrci and P sylvesrr-ir was 
digested with two groups of restriction enzymes and 
probed with the PCR amplified c o d  fragment from P. 
s)tlvestris (Fig. 3) .  The first group included seven 
enzymes ( AvaI, BatnHI, BglII, CfoI, HiizdIII, Kp!d ant1 
XbaI) that have no restriction site on the c o s l  frazment. 
This group of enzymes was selected by analysing the 
cox1 sequence of  I? rligra and P. s ~ ~ l v e s r i i s  (Lu, unpub 
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Table 3 Size (in bp) of the coxl  r c s t r i c t i o~~  l r a g r l ~ c n t ~  in 1'. rrigru (Pn) and P, sj lwstris  (Ps, 

1 2  1 2 1  1 2 1 2 1 2 2  2 2 1 u u u s  - - 
BamHI BglII AvaI RsaI MspI Hinfl AluI TaqI CfoI XbaI PstI KpnI 

Figure 3 Hybridization of c o d  to the genornic DNA digest of P. nigrii and P. s,~li.~esir~is. S - 1 K b  standard, 1 - P. uigra, 2 - P. 

lished data) using the computer program DIGEST 
(version 1.0 by Ramin C. Nakisa). The second group 
comprised six enzymes that have restriction sites on the 
co.rl fragment, including the four enzymes (AliiI, HitEfT, 
MspI and R s d )  that showed RFLPs on the amplified 
cox1 fragment between the two pines. 

Southern analysis of the genomic digests revealed 
fewer fragments as compared to the f r a p e n t  patterns 
generated by digestion of the amplified cosl fragment 
with the corresponding enzyme (Figs. 2 and 3). Of the 
seven enzymes that d o  not cut the coxl fragment, six 
enzymes gave two or more hybridization signals. Only 
Avo1 gabre a single strong hybridization signal (Fig. 3). 

RsaI 

Differences in hybridization patterns between the two 
species were obser\,ed for tiio enzymes XOaI and BglII 
(Fig. 3 )  Hybridisation of the co.ul probe to the XbaI 
digest revealed three fragments (6.5, 7.0. IOkbj in P 
tzigra while only two fragments (6.5, 1 l kb) in i? 

sj1~~estr.i~. In the BglII digest. the cod  hybridized to two 
large fragments in both species of which one differed 
between the two species (Fig. 3). The remaining en- 
zymes, including those that revealed RFLPs on the 
amplified coxl fragment, gave multiple hybridization 
signals but did not detect differences on the DNA 
hybridization patterns be tnwn P nigra and P. syl- 
vestris (Fig. 3) .  

Enzyme 

Size 

Sum size 

Pn 

515 
225 
210 

950 

Msp I 
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Ps 

5 15 
240 
225 
220 

1200 

Hirzjl 

Pn 

385 
185 
170 
115 

855 

Pn 

385 
330 
315 
190 
170 
115 

1505 

Ps 

385 
195 
185 
160 
115 

1040 

All11 

Ps 

340 
330 
310 
190 
170 
115 

1455 

Pn 

465 
440 
290 

1195 

Ps 

475 
435 
290 

1200 
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hItDNA inheritance in Pinaceae 

The present genetic knowledge about the transmission 
of mtDNA in Pinaceae is based on a limited number of 
species and individuals. The present study provides 
additional information on this subject. All F, progeny 
analysed in this study possessed only maternal mtDNA 
pattern. This finding is concordant with results of 
genetic studies of other Pinus species (NEALE & SEDE- 
ROFF 1989; WAGXER et a / .  1991a). Similar mtDNA 
transmission has been demonstrated in two additional 
genera of the Pinaceae family: Picen and Larix (DE- 
VERNO et al. 1993; SUTTON et 01. 199 1). 

Cytological studies suggest that male gametes and a 
large amount of body-cell cytoplasm containing pater- 
nal plastids and mitochondria are released into a recep- 
tive vacuole at fertilization (DALVKINS & OWENS 1993; 
OWENS & MORRIS 1991 ; SINGH 1978). The neocyto- 
plasm surrounding the newly formed zygote still con- 
tains both maternal and paternal mitochondria (CHES- 
NOY & THOMAS 1971 ; OWENS & MORRIS 1991). How- 
ever, OWENS & MORRIS (1991) estimated that only 
about 10% of mitochondria were of paternal origin, 
based on ultrastructural studies. These observations 
clearly suggest that the most likely mode of mtDNA 
transmission in Pinaceae is either maternal or biparen- 
tal. Taking into account the low proportion of paternal 
mitochondria present in the neocytoplasm, strictly 
paternal mtDNA inheritance appears as the least likely 
outcome. The maternal mtDNA transmission found in 
this study and in most other members of the Pinaceae 
family (DEVERNO et a1. 1993; NEME & SEDEROFF 
1989; SUTTON et al. 1991) is concordant with this 
expectation. So  far, however, there is no genetic evi- 
dence for biparental inheritance of mtDNA in gymno- 
sperms. Surprisingly, the only example for the departure 
from the maternal inheritance of mtDNA in Pinaceae 
was found in crosses between Pitlus bailksiatzn and F! 
corltol-tn where 77~ (6 out of 84) F, progeny contained 
mtDNA identical with the paternal parent (WAGKER et 
a/ .  1991a). Unequivocal explanation of such paternal 
departure is difficult as it may also result from genome 
rearrangement and/or seed contamination. The absence 
of biparental mtDNA transniission suggests thc cxis- 
tcnce of precise niechanism(s) aiding elimination of the 
alternative mtDNA similar to those suggested by 
CONNETT (1987). More studies arc necessary to estab- 
lish the nature of thcse mcchanisms. 

Presence of cp- and mtDN.i i:: Pir:us pollen and 
megagametophytes and its applications 

In many angiosperms the maternal inheritance of 
cpDNA is due to the absence of cpDNA in pollen 
(CORRIVEAU & COLEMAN 1988; CORRIVEAU et a/ .  
1990). However, cytological observations indicate that 
Pinaceae pollen contains chloroplasts and mitochondria 
(DAWKINS & OWENS 1993; OWENS & MORRIS 1991; 
SINGH 1978). Our present results provide first genetic 
evidence for the presence of both cp- and mtDNA in the 
Pims  pollen and exclude the possibility that the mater- 
nal inheritance of mtDNA in Pinaceae could be due to 
the absence of this genome in pollen. 

Most previous studies have focused on the organ- 
elle transmission during fertilisation. Hence, little is 
known about the fate and composition of the organelles 
in the haploid megagametophyte tissue surrounding the 
embryo (SINGH 1978). The presence of both cp- and 
mtDNA in megagametophytes revealed in this study 
implies that the elimination of the maternal cpDNA that 
leads to the paternal inheritance of this genome in 
Pinus, does not occur in the surrounding megagameto- 
phyte cells. Megagametophyte and embryo tissues often 
serve as material for genetic analysis in Pinaceae. In 
embryo, the cpDNA and mtDNA are of paternal and 
maternal origin respectively. In megagametophyte, 
however, both cp- and mtDNA are maternal. This situa- 
tion has practical applications in genetic analysis of 
controlled crosses and hybrid identification in Pinaceae. 
Namely, by analysing cpDNA variation in embryo and 
the corresponding megagametophyte, i t  is possible to 
determine the female and male parent of individual 
seeds if the parents are distinguishable with cpDNA 
markers. Similar information can be obtained through 
simultaneous analysis of mt- and cpDNA in diploid 
progeny. However, this second approach is currently 
limited by the paucity of suitable mtDNA markers in 
Pinaceae. On the other hand, species specific cpDNA 
markers are often observed for Pinaceae species (e.g., 
SIGURGEIRSSON & SZMIDT 1993; STRAUSS & DOERK- 
SEN 1990; WANG & SZMlDT 1993) which makes the 
present approach more feasible. Furthermore, the use of 
the seed material makes i t  particularly useful for e.g., 
examination of the genetic efficiency of hybrid seed 
orchards and polycrosses. Hybridization and introgrcs- 
sion among closclj, sclatcd conifer species are oftcn 
observed i n  natural pop~llations and in artificial plantn- 
tions (ENNOS & QIAN 1994; SZM~DT et 01. 1988; WAG- 
KER et ni. 1991b; WANG & SZMIDT 1991). The present 
approach can be used to determinc the proportion oi' 
hybrid embryos and the maternal and paternal con!sib~~- 
tions to the embryo population. 



Cox1 gene polymorphism 

The sums of sizes of the fragments produced by diges- 
tion of coxl fragment with A114 Hitifl, MspI and RsnI 
were larger than the size of the undigested coxl frag- 
ment. Furthermore, the restriction patterns generated by 
digestion of the amplified coxl fragment revealed more 
fragments than were observed on the Southern blots 
employing the same enzymes. Finally, polymorphisms 
on the coxl fragment between the two Pinus species 
were observed with four restriction enzymes AliiI, 
HitlJ, MspI,  and RsnI. The same enzymes, however, did 
not show visible differences between the two species on 
the genomic DNA hybridization patterns. 

At least three different factors could have contrib- 
uted to these differences. First, the large sum size of the 
digested co,d fragment could be due to the presence of 
more than one copy of coxl or of similar sequence. 
Results from the present Southern analysis strongly 
support this suggestion. Six of the seven restriction 
enzymes that have no restriction site on the coxl frag- 
ment generated more than one hybridization signals on 
the genomic DNA blots of the two species. Under the 
high stringency of DNA hybridization used in the 
present study, such multiple signals are expected if 
there are more copies of c o d  and/or similar sequences 
in the genome. In addition, all restriction fragments 
generated by digestion of the amplified coxl fragment 
were maternally transmitted to the F ,  progeny which 
supports their mitochondria1 origin. Second, the large 
number of fragments observed after separation of the 
cox1 digests could also be due to the formation of 
heteroduplex molecules among multiple co,rI sequences 
which acted as templates during PCR amplification. 
Formation of heteroduplex molecules is especially 
likely in the presence of multiple copies of similar 
sequences that serve as templates in PCR. In such 
situation, heteroduplex molecules can form through 
repeated denaturation and renaturation steps (ROSSITER 
& CASKEY 1994). When such a mixture of PCR prod- 
ucts is digested with restriction enzymes, additional 
fragments could be generated. Such additional frag- 
ments, however, will not arise in the Southern analysis 
of the genomic  DNA. To our knowledge, multiple 
copies of coxI have not been reported in other plant 
species. However, recent RFLP analysis employins thc 
cox1 fragment as a probe has suggested that the cox1 
gene is repeated at least four times in the rntDNA of 
Pitlus rndiata, I? rnriricatri and P. attenunra (STRAUSS 
et nl. 1993). The exact copy number of thc coxl gene in 
P tligrn and P. sylvestris could not be detcrmincd in the 
present study. Cloning and scquence analysis of the 
coxI gene is currently under way in our laboratory and 
should provide more information on this subject. 

Finally, the lack of detectable RFLPs between the 
two species on Southern blots with the four enzymes 
which detected RFLPs on the cox1 digests could be due 
to unequal resolution power of agarose and polyacryl- 
amide gels. In the present study, the digests of cosl 
fragment were separated on 6% polyacrylamide gel. On 
the other hand, 1% agarose was used for separation of 
genomic DNA digests. The resolution of the agarose gel 
is much poorer than that of the polyacrylamide gel, 
especially when the size differences among fragments 
are very small. In fact, most of the fragments generated 
by the restriction of the co.rl fragment were smaller than 
5 0 0  bp, and the differences between polymorphic 
fragments distinguishing the two species were also very 
small (less than 20bp in most cases). It is therefore 
likely that some of the fragments detectable on the 
polyacrylamide gels were not separated on agarose gel 
and thus would not show polymorphism on the South- 
ern autoradiogram. 
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