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S u m m a r y .  Restriction sites on the chloroplast genome of 
Pinus monticola have been mapped, and the gene for the 

large subunit of ribulose bisphosphate carboxylase/oxy- 
genase, the genes for the photosystem II polypeptides 
psbA, psbD and psbC, and the 16S and 23S ribosomal 
RNA genes have been located. The genome lacks the 
large inverted repeat characteristic of most angiosperms. 
The gene order is similar to that found in P. radiata. The 
presence of dispersed repeated sequences is likely. Two 
structural features, lack of a large inverted repeat and the 
presence of dispersed repeats, may confer a degree of 
variability on the genome which will prove useful in stud- 
ies of population structure. 

Key words: Chloroplast DNA - Physical map - Western 
white pine - Pinus monticola - Chloroplast genes 

Introduct ion 

A program to establish western white pine (Pinus monti- 
cola Dougl. ex D. Don) seed orchards of trees with in- 
creased resistance to white pine blister rust (Cronartium 
ribicola J. C. Fisch) has recently been established in west- 
ern Canada (Hunt et al. 1987). Information about the 
population structure of western white pine was required 
when setting up this program. Indirect indications of the 
degree and pattern of population genetic variation can be 
obtained by examining the variation of biochemical char- 
acteristics under strong genetic control. Studies of 
isozyme (Steinhoff et al. 1983) and terpene (Hunt and 
von Rudloff 1977) variation indicated these were highly 
variable within populations of western white pine. 

The DNA variation revealed by comparing the size of 
fragments produced by digesting DNA with restriction 

enzymes (restriction fragment length polymorphisms, or 
RFLPs) has been proposed as another biochemical char- 
acteristic for assessing genetic variability (Beckman and 
Soller 1983; Helentjaris etal. 1985). Chloroplast 
genomes have been reported to be evolving slowly rela- 
tive to nuclear and mitochondrial DNAs (Palmer 1987). 
Chloroplast DNA (cpDNA) variation might reflect pat- 
terns of population differentiation obscured by within- 
population variation in isozyme and terpene da{a in 
highly variable species such as white pine. 

Evaluating the functional and phylogenetic signifi- 
cance of an RFLP requires knowledge of the physical 
structure of the genome. This study was made to map 
restriction sites on the cpDNA of P. monticola as a basis 
for examining RFLP variation in the species. 

M a t e r i a l s  and methods  

Biological material 

Open-pollinated seed collected from several wild trees in one 
stand (Harbour Lakes, 51~ 119~ was stratified, ger- 
minated and grown for two seasons before needles were sam- 
pled. 

cpDNA cloning 

Chloroplast DNA was extracted as described previously (White 
1986). HindIII and EcoRI digests of cpDNA were ligated into 
pUC9 and pTZ18R (Maniatis et al. 1982 and suppliers' proto- 
cols). Competent E. colt cells (strain MC1029 for pUC9 and 
NM522 for pTZ) were transformed and grown overnight on L 
agar plates with IPTG, X-gal and 25 gg/ml ampicillin. Recombi- 
nant colonies were grown in LB broth and glycerized for storage 
at -70~ (Maniatis et al. 1982). Plasmid DNA was extracted 
from 2-ml shake cultures in LB broth by the method of Birn- 
boim and Doly (1979). 

Molecular hybridization 

Restriction digests of cpDNA were prepared using BamHI, 
EcoRI, and HindIII, plus the same three enzymes in combina- 
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Table 1. Sal I fragments 

Probe Major hybridizations to membrane bound fragments (kb) 

Eco Eco/Sal Barn Bam/Sal Hind Hind/Sal Pst Pst/Sal Sal 

Sal 1 6.5 6.5 5.0 5.0 14.1 12.7 28 17.6 37.7 
(37.7 kb) 5.8 5.8 4.7 4.7 11.3 11.3 15.3 10.9 

4.8 4.8 3.9 3.9 6.9 6.9 10.9 9.2 
4.3 4.3 2.7 2.7 5.9 3.7 
1.3 1.3 2.4 2.4 

1.7 1.7 

21.6 21.6 7.4 7.4 28 18.4 34.4 
5.5 5.5 6.4 6.4 20.2 16.0 
3.9 3.5 4.7 4.7 

3.9 3.9 

Sal 2 
(34.4 kb) 

12.2 8.6 
8.6 6.1 
5.8 4.5 
4.5 3.8 
1.7 1.7 

Sal 3 6.3 6.3 6.9 6.9 4.6 4.6 28 13.5 21.1 
(21.1 kb) 5.9 5.9 6.0 5.0 4.3 4.3 13.5 6.8 

4.0 3.9 5.0 4.0 4.0 1.3 
3.9 3.1 

Sal 4 3.9 3.9 3.6 3.3 4.0 4.0 28 11.8 t 7.4 
(17.4 kb) 2.7 2.7 2.0 2.0 3.0 3..0 

1.6 1.6 1.1 1.1 2.5 2.5 

Sal 5 3.5 3.5 7.4 3.1 - - - 4.6 4.6 
(4.6 kb) 

Sal 6 3.9 1.6 6.0 3.7 12.2 4.3 - - 4.3 
(4.3 kb) 

4.4 1.0 

Sal 7 4.1 3.7 1.9 1.5 5.9 3.8 28 3.9 3.9 
(3.9 kb) 

tion with either PstI or SalI. Single digests with PstI and SalI, 
and double digests of the two together were prepared. Digested 
fragments were separated with single and double digests in adja- 
cent lanes on 0.6% agarose. Electrophoresis was carried out in 
TAE buffer (Maniatis et al. 1982) at 0.5 V/cm, gels were stained 
in 700 ng/ml ethidium bromide and photographed. Sizes of frag- 
ments were measured on enlarged photographs using an IBI gel 
reader interfaced to an Olivetti M24 personal computer. Stan- 
dard deviation of repeated measurements of the same fragment 
was +0.5 kb for fragments greater than 20 kb, _+0.2 kb for 
fragments 10-20 kb and _+ 0.1 kb or less for fragments less than 
10 kb. Southern blots of gels were prepared on nylon mem- 
branes by the method of Smith and Summers (1980). 

Blots were probed with each of the PstI and SalI fragments, 
with the inserts of recombinant plasmids from shotgun-cloned 
cpDNA and with inserts of cloned heterologous cp genes. Pho- 
tosystem gene probes were a 1.6-kb HindIII insert in pUC18 
containing about 560 bp of the 3' end of barley psbA, a 1.2-kb 
EcoRI insert in pUC13 with 933 bp of the 5' end of barley psbD, 
and a 1.1-kb EcoRI/BamHI insert in pUC13 with 987 bp of the 
5' end of barley psbC, as well as 129 bp of the 3' end of psbD, 
which overlap in barley (Neumann and Berry-Lowe 1987; Neu- 
mann 1988). Ribosomal RNA probes were a 1.3-kb HindIII/ 
SacI insert in pUC19 internal to the 16S rRNA gene of Anacystis 
nidulans, and a 870-bp HindIII fragment in pUC19 internal to 
Anacystis 23S rRNA (Lidholm et al. 1988 a). The rubisco large 
subunit probe was a 0.9-kb HindIII fragment from the coding 
region of the Chlamydomonas reinhardii large subunit gene 
(Dron et al. 1982). 

Probes were radiolabeled with 3sS using the supplier's mod- 
ification of the method of Feinberg and Vogelstein (1984). Hy- 
bridization was carried out in 3 x SSC/2.5 x Denhardt's/0.25% 
SDS/50% formamide with 500 ~g heterologous DNA overnight 
at 42 ~ Blots were washed twice in 2 x SSC for 30 rain and once 
in 0.1 x SSC for 10 min at 65 ~ Autoradiography was carried 
out using Kodak X-Omat AR film at --70 ~ (Maniatis et al. 
1982). 

Results  

Tables 1 and 2 give the results o f  hybr id iza t ion  o f  white  

pine c p D N A  PstI  and SalI  f ragments  to single and dou-  

ble digests o f  c p D N A .  The  results o f  hybr id iza t ion  o f  
c loned white  pine c p D N A  inserts are given in Table 3, 
and Table 4 gives the results o f  hybr id iza t ion  o f  het- 

e ro logous  cp genes. 
A physical  m a p  consis tent  wi th  this da ta  is given in 

Fig. 1. 
As well as the m a j o r  hybr id iza t ions  listed in Tables 

1 4, bo th  nat ive  c p D N A  fragments  and c loned  white  

pine c p D N A  fragments  in some cases showed repro-  

ducible weaker  hybr id iza t ions  to double  digest f ragments  
which hybr id ized more  s t rongly to o ther  probes.  In  par-  
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Table 2. Pst fragments 

Probe Major hybridizations to membrane-bound fragments (kb) 

Eco Eco/Pst Barn Bam/Pst Hind Hind/Pst Pst Pst/Sal Sal 

Pst 1 21.6 10.9 6.9 6.2 8.6 8.6 28 17.6 38 
(27.8 kb) 5.9 4.8 6.4 4.7 6.9 6.9 16.0 34 

4.8 4.1 4.7 4.4 5.9 5.9 11.8 21.I 
4.1 3.9 3.6 3.6 5.8 5.8 6.3 17.4 
3.9 2.7 3.3 3.1 4.6 4.6 3.9 3.9 
2.7 1.3 2.0 2.0 4.3 4.3 
i .3 1.9 1.9 4.0 4.0 

Pst 2 21.6 10.7 7.4 7.4 12.2 9.2 20.2 18.4 34 
(20.2 kb) 5.5 5.5 4.4 3.9 4.5 3.9 2.0 

3.9 1.7 1.7 t.8 

Pst 3 6.5 6.5 7.4 2.4 14.1 10.6 15.3 9.2 38 
(15.3 kb) 4.3 3.5 2.4 1.8 

3.5 2.5 1.8 1.6 

Pst 4 6.3 6.3 6.9 5.0 4.6 4.6 13.5 13.5 21.1 
(13.5 kb) 3.9 3.9 6.0 3.6 4.0 3.6 

5.0 2.5 

Pst 5 4.3 1.8 5.0 3.9 14.1 7.6 10.9 10.9 38 
(10.9 kb) 1.8 3.9 1.6 11.3 3.3 

2.7 

Pst 6 3.9 1.6 6.0 1.5 12.2 2.0 2.0 2.0 4.3 
(2.0 kb) 1.8 4.4 

Pst 7 3.9 1.8 6.0 1.8 12.2 0.9 - 15.3 
(1.8 kb) 

~ b l e 3 .  Cloned HindIII~agments 

Probe M~orhybridizationsto membrane-bound ffagments(kb) 

E" E/P E/S B B/P B/S H H/P H/S P P/S S 

5.9kb 4.8 4.8 4.8 3.3 3.3 1.7 5.9 5.9 3.8 28 17.6 38 
4.1 4.1 3.7 1.7 1.7 2.1 

6.3 6.3 6.3 5.0 5.0 5.0 4.6 4.6 4.6 13.5 13.5 21.1 

21.6 10.7 21.6 3.9 3.9 3.9 4.5 3.9 4.5 20.2 18.4 34 

5.9 4.8 5.9 6.9 4.4 6.9 4.3 4.3 4.3 28 6.3 21.1 

3.9 3.9 3.9 3.6 3.3 3.6 4.0 4.0 4.0 28 11.8 17.4 
2.7 2.7 2.7 2.0 2.0 2.0 
1.6 1.6 1.6 1.1 1.1 1.1 

21.6 10.7 21.6 7.4 7.4 7.4 1.7 1.7 1.7 20.2 18.4 34 

4.6 kb 

4.5 kb 

4.3 kb 

4.0 kb 

1.7 kb 

a Abbreviations: E - EcoRi, P - PstI, S -SalI ,  B BamHI, H HindIII 

ticular, the Sal 21.l-kb fragment, when used as a probe, 

hybridized to the two larger Sal fragments as well as to 

the 21.1-kb fragment, to Pst/Sal double digest fragments 
totalling 73 kb and to double digest fragments produced 

with Sal and other enzymes totalling more than 21.1 kb. 

Similarly, the Pst 15.3-kb fragment, when used as a 

probe, hybridized both to the 15.3-kb and other Pst frag- 

ments, and to double digest fragments totalling more 

than 15.3 kb. The cloned 4.5-kb Hind fragment which 

mapped at the junction of  the 27.7-kb and 20.2-kb Pst 

fragments showed weak hybridization to fragments map- 
ping to the Sal 21.1-kb fragment. Another  (2.6-kb Eco) 

cloned fragment hybridized to the 15.3-kb Pst fragment 

as well as to the 28-kb and 20.2-kb Pst fragments, to three 

Sal fragments and to several Bam and Hind fragments. 

These hybridization signals were reproducibly obtained 
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psb D 

psb D/C - - ~  

16S ~ . ~  

23S ~-- 

Fig. 1. Restriction site map of Pinus 
~onticola chloroplast DNA, showing 
positions of hybridizations with het- 
erologous gene probes. Bars marking 
Lhe positions of genes indicate the size 
?fthe probe used. The order of the 16S 
rRNA, psbD and psbC genes could not 
be determined from the data; the order 
~hown is that found in tobacco. Frag- 
~nent sizes are given in kb 

Table 4. Heterologous cp genes 

Probe Major hybridizations to membrane-bound fragments (kb) 

E" E/P E/S B B/P B/S H H/P H/S e P/S S 

psb A 4.3 1.8 4.3 2.7 1.6 - 14.1 3.3 12.7 10.9 10.9 38 
psb D, 5' end 21.6 10.9 21.6 6.4 6.2 6.4 8.6 8.6 8.6 28 16.0 34 
psb D, 3 '+psb C, 5' end 21.6 10.9 21.6 6.4 6.2 6.4 8.6 8.6 8.6 28 16.0 34 
16S rRNA 21.6 10.9 21.6 6.4 6.2 6.4 8.6 8.6 8.6 28 16.0 34 
23S rRNA 21.6 10.9 21.6 4.7 4.7 4.7 1.0 1.0 1.0 28 16.0 34 
rubisco i.s.u. 5.9 6.9 4.0 13.5 13.5 21.1 

a Abbreviations: E - EcoRI, P - PstI, S SalI, B - BamHI, H - HindIII 

under s tandard  hybridizat ion and washing conditions.  
The fragments to which they hybridized were among 
those routinely observed on ethidium bromide-s ta ined 

gels. 

Discussion 

The chloroplast  genome of  white pine lacks the inverted 
repeat  characteristic of  most  angiosperms (Palmer 1987). 
I t  has single copies of  the 16S and 23S r R N A  genes, 
which in angiosperms characteristically occur within the 
repeat, the total  genome size is about  120 kb, and regions 
of  symmetrically opposed restriction sites are not  appar-  

ent (Fig. 1). The absence of  an inverted repeat  is charac- 
teristic of  most  of  the other gymnosperms for which da ta  
are available (Strauss et al. 1988; Lidholm et al. 1988a; 
Palmer and Stein 1986). 

The genes for the 16S and 23S r ibosomal  R N A s  are 
located near the photosystem II protein coding genes 
psbD and psbC, while the genes for the large subunit  of  
r ibulose bisphosphate  carboxylase and the 32-K photo-  
system II protein coding gene psbA are each located 
about  40 kb distant and about  30 kb from each other. 
This gene arrangement  is similar to that  in radia ta  pine 
(Pinus radiata D. Don),  and unlike the arrangement  in 
Douglas  fir [Pseudotsuga menziesii (Mirb.)  Franco] 
(Strauss et al. 1988) or in pea (Pisum sativum L.) (Palmer 
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et al. 1985) or broad bean (Viciafaba L.) (Shinozaki et al. 
1984), angiosperms which are unusual in not having the 
inverted repeat. 

There are several possible explanations for the very 
reproducible hybridization of  some fragments to more 
than one probe. In some cases (e.g. the 4.3-kb Eco frag- 
ment which gave a medium signal when the 38-kb Sal 
fragment was used as a probe and a stronger one with the 
21A-kb Sal fragment), the reason was simply that the 
membrane-bound fragments were heterologous dou- 
blets. For  other hybridizations, this was unlikely. The 
sum of all fragments giving a signal with these probes was 
greater than the size of  the probe (e.g. the 21.1-kb Sal 
fragment, the 15.3-kb Pst fragment and the 4.5-kb Hind 
fragment; see above), and the intensity of  staining with 
ethidium bromide did not indicate that the membrane- 
bound fragments were doublets. Homology between dif- 
ferent parts of  the genome is a more likely explanation in 
these cases. Homology between different chloroplast-en- 
coded genes occurs in barley (Neumann 1988), repeated 
t R N A  genes or pseudogenes have been reported in pea 
and broad bean chloroplast genomes (Crouse et al. 1986) 
and duplication of  the psbA gene has been reported in 
Pinus contorta (Lidholm et al. 1988 b). The presence of  
several dispersed repetitive sequence families has been 
reported in Pseudotsuga menziesii (Tsai and Strauss 
1988). The results of  this study indicate that dispersed 
repeated sequences occur in Pinus monticola also. The 
21.1-kb Sal fragment probably contains sequences re- 
peated at least three times, since it hybridized to the two 
larger Sal fragments as well as to the 21.1-kb fragment 
and to Sal/Pst fragments totalling more than three times 
its size. The same is true of  the 15.3-kb Pst fragment. The 
2.6-kb cloned Eco fragment appears to contain sequences 
repeated at least three times and present in the 15.3-kb 
and larger Pst fragments. The additional hybridizations 
of  the cloned 4.5-kb Hind fragment indicate sequences 
near the psbD/C gene complex are repeated near tile gene 
for the large subunit of  ribulose bisphosphate carboxy- 
iase. 

The lack of  a large inverted repeat and the presence 
of  dispersed repeats may confer greater diversity on the 
chloroplast genome of  P. monticoIa than occurs in an- 
giosperms. Rearrangement, likely as a result of  recombi- 
nation between repeats, is observed more frequently in 
chloroplast genomes lacking a large inverted repeat 
(Palmer and Thompson 1982; Day and Ellis 1984). The 
chloroplast genomes of  P. rnonticola and other conifers 
may be evolving through rearrangement more rapidly 
than most angiosperms (Strauss et al. 1988). In addition, 
sequence divergence, as evidenced by restriction site dif- 
ferences, was observed within P. monticola (White 1989). 
This relative instability may be a basis for conifer 
c p D N A  variation useful in studies of  population struc- 
ture. 
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