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Abstract DNA sequence analysis of chloroplast genomes 
has revealed many short nucleotide repeats analogous to 
nuclear microsatellites, or simple sequence repeats (S SRs). 
We designed PCR primers flanking five of these regions 
identified in the chloroplast sequence from Pinus thunber- 
gii and tested them for amplification in Pinus radiata, 
P. elliotii, P. taeda, P. strobus, Pseudotsuga menziesii, 
Cupressus macrocarpa, four New Zealand native conifer 
species (Podocarpus totara, Podocarpus halIii, Podocar- 
pus nivalis, Agathis australis), and four angiosperms (Vi- 
tex lucens, Nestegis cunninghamii, Actinidia chinensis, 
and Arabidopsis thaliana). A PCR product in the expected 
size range was amplified from all species and interspecific 
polymorphism was detected at all five loci. Intraspecific 
polymorphism was detected in P. radiata with four of the 
five primer pairs. One of these polymorphic chloroplast 
SSR (cpSSR) was then used to determine the inheritance 
of chloroplasts in 206 progeny from four control-polli- 
nated, full-sibling P. radiata families. Approximately 99% 
of the progeny had the cpSSR variant of the pollen parent 
indicating that in Pinus radiata, like most other conifers, 
chloroplasts are typically inherited from the paternal par- 
ent. These results suggest that polymorphic chloroplast 
SSRs will be a valuable tool for studying chloroplast di- 
versity, cyto-nuclear disequilibrium, and plastid inheri- 
tance in a range of species, and for the analysis of gene 
flow via pollen and paternity in species with paternal trans- 
mission of chloroplasts. 
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Introduction 

In most angiosperms, cytoplasmic organelles are inherited 
from the maternal parent (Sears 1980; Whatley 1982; Cor- 
riveau and Coleman 1988). In gymnosperms, however, 
chloroplast inheritance is predominantly paternal, while 
mitochondria are typically maternally transmitted (Wag- 
ner 1992 and references therein). Cytological studies in 
conifers have suggested that paternal chloroplast transmis- 
sion results from the transformation of maternal plastids 
into large inclusions in the egg cell, which are excluded 
from the cytoplasm of the developing proembryo (Ches- 
noy and Thomas 1971; Owens and Morris 1990; 1991). 
The occasional incorporation of these inclusions into the 
cytoplasm of the proembryo may give rise to the maternal 
transmission of chloroplasts, or "maternal leakage" (Ow- 
ens and Morris 1990; 1991). 

Various genetic methods have been used to investigate 
the inheritance of chloroplast (cp) DNA in conifers. Plas- 
tid mutants (either natural or induced) have been used to 
follow chloroplast inheritance in reciprocal crosses. Using 
this approach, Ohba et al. (1971) demonstrated that in 
Cryptomeriajaponica plastids were paternally inherited in 
90% of the progeny, while approximately 7% of the trees 
expressed both normal and mutant phenotypes (perhaps as 
a result of biparental inheritance) and 3% of the progeny 
had maternal phenotypes. More recently, restriction frag- 
ment length polymorphisms (RFLPs) have been used to 
follow the transmission of cpDNA. These studies have con- 
firmed a largely paternal mode of cpDNA inheritance in 
many conifer species, including Pseudotsuga menziesii 
(Neale et al. 1986), Larix hybrids (Szmidt et al. 1987), 
Pinus banksiana, P. contorta, and their hybrids (Wagner 
et al. 1987; Govindaraju et al. 1988; Wagner et al. 1989; 
Dong et al. 1992), Pinus rigida• taeda hybrids 
(Neale and Sederoff 1989), Sequoia sempervirens (Neale 
et al. 1989), Picea hybrids (Szmidt et al. 1988; Stine et al. 
1989; Stine and Keathley 1990), Calocedrus decurrens 
(Neale et al. 1991), and Pinus monticoIa (White 1990). 
However, occasional progeny with maternal, non-parental 
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or bi-parental c p D N A  genotypes were observed in most  of  
these studies (e.g. Neale et al. 1986; Szmidt et al. 1987; 
Wagner et al. 1989; Dong et al. 1992; Neale et al. 1991; 
White 1990; Govindaraju et al. 1988). 

Al though chloroplast RFLPs are more abundant than 
phenotypic mutants, RFLPs are t ime-consuming,  and even 
with improved D N A  extraction methods several grams of  
tissue are typically required to extract sufficient quantities 
of  cpDNA for analysis using RFLPs. Conversely, genetic 
analysis using the polymerase  chain reaction (PCR) is fast, 
technically simple and requires very small amounts of  
DNA, and hence starting tissue. To capitalise on these PCR 
attributes, some workers have successfully converted in- 
formative RFLPs to PCR-based markers to study c p D N A  
inheritance (Cruzan et al. 1993). Others have used "uni- 
versal chloroplast primers" designed f rom highly con- 
served regions within the cp-genome to amplify potentially 
polymorphic  regions across a range of  species (Taberlet et 
al. 1991; Boscherini  et al. 1994; Vicario et al. 1995). Un- 
fortunately, these "universal chloroplast primers" fre- 
quently fail to detect po lymorphism even with subsequent 
restriction digestion of  the PCR products (e.g. Boscherini  
et al. 1994; Vicario et al. 1995), presumably due to the rel- 
atively low mutation rate of  c p D N A  (Wolf et al. 1987). 

Simple sequence repeats (SSRs, microsatellites) as- 
sayed by PCR amplification have become the marker of  
choice for many genetic studies because they are abundant 
and highly polymorphic  in most  species studied (Tautz 
1989; Moore et al. 1991; Lagercrantz et al. 1993; Morgante  
and Olivieri 1993). Recently the complete sequence of  the 
P. thunbergii chloroplast genome was published (Wakas- 
ugi et al. 1994). Computer  searches of  this sequence re- 
vealed single nucleotide repeats analogous to nuclear 
SSRs. The relative conservation of  the chloroplast genome 
suggests that these repeats (and their flanking sequences) 
may be conserved in other coniferous species. Powell  et al. 
(1995) recently demonstrated that primers designed around 
one of  these chloroplast simple sequence repeats (cpS SRs) 
revealed interspecific po lymorphism in several Pinus spe- 
cies and intraspecific po lymorphism in P. leucodermis 
arising from variation in the length of  the repeat. 

In the study presented here we designed PCR primers 
based on the P. thunbergii sequence that flank five cpSSRs 
and tested them for amplification in ten gymnosperm and 
four angiosperm species f rom diverse families. One of  the 
polymorphic  loci was then used to carry out the first study 
of  plastid inheritance in Pinus radiata. 

primers were positioned in coding sequence to increase the likeli- 
hood of amplification from heterologous species. Subsequently, PCR 
primers for one of these loci (cpSSR 2) were re-designed to match 
those tested by Powell et al. (1995). 

Plant material 

Tissue samples were collected from representatives of ten gymno- 
sperm and four angiosperm species including five species of Pina- 
ceae (Pinus radiata, P. elliotii , P. taeda, P. strobus, and Pseudot- 
suga menziesii), three Podocarpaceae (Podocarpus totara, P. hallii, 
and P. nivaIis), and one species each from the Cupressaceae (Cu- 
pressus macrocarpa), Araucariaceae (Agathis australis), Verbena- 
ceae (Vitex lucens), Oleaceae (Nestegis cunninghamii), Actinidia- 
ceae (Actinidia chinensis), and Brassicaceae (Arabidopsis thaliana). 
In addition, tissue samples were collected from 23 Pinus radiata 
clones to test for intraspecific cpSSR polymorphism and from a to- 
tal of 206 progeny and the parents from four control-pollinated, full- 
sibling P. radiata families to determine the transmission of cpDNA 
in this species. 

DNA extraction, PCR and electrophoresis 

Genomic DNA from all species was extracted using a modified 
CTAB protocol (Doyle and Doyle 1987). Briefly, an Eppendorf tube 
was cooled with liquid nitrogen, and a small amount of fresh or fro- 
zen tissue was ground to a fine powder using a glass pestle. Six hun- 
dred microliters of CTAB buffer (2% CTAB, 1.4 M NaC1, 20 mM 
EDTA, 100 mMTRIS-HCI (pH 8.0), 1% polyvinylpyrollindone)and 
1 . 2  gl fl-mercaptoethanol were added and the tissue incubated at 
65~ for 30 rain followed by two chloroform-isoamyl alcohol ex- 
tractions. DNA was then precipitated with cold isopropanol and the 
pellet redissolved in 500 ~tl of 1 M NaCI. Following centrifugation 
at 13 000 g for 5 rain, the supernatant was removed to a fresh Eppen- 
dorf tube and incubated at 95~ for 30 min. DNA was reprecipi- 
rated with cold isopropanol and resuspended in 100 ~tl of distilled 

1 water. One microliter of RNaseA (1 gl ) was then added and the 
samples incubated at 37~ for 30 min. A GeneQuaut DNA calcula- 
tor (Pharmacia) was used to quantify the DNA for PCR. 

PCR amplifications were carried out in a total volume of 10 gl 
containing 12 ng of template DNA, 0.4 ~tM of each primer, 2 mM 
MgC19, 0.1 mM each of dATP dGTP, dTTP, 0.01 mM dCTR 0.06 •1 

32-  of [ P]dCTP (Amersham), 0.5 units of Taq polymerase (Boehring- 
er Mannheim), 50 mM KC1 and 10 mM TRIS-HC1 (pH 8.3). Sam- 
ples were overlayed with paraffin oil and amplified in 96-well poly- 
carbonate plates on a Techne PHC-3 thermal cycler with 1 cycle at 
93~ for 3 min and 30 cycles of 30 s at 94~ 30 s at 60~ (63~ for 
cpSSR 1), and 30 s at 72~ Following amplification, PCR products 
were electrophoresed in a 10% (6% for cpSSR1) denaturing poly- 
acrylamide gel (Sambrook et al. 1989) in 1 x TBE at 35 W for 115 min 
to permit resolution of 1-base pair (bp) allelic differences. [32p]-la- 
belled ssDNA from the bacteriophage M 13mp 18 (T7 sequencing Kit, 
Pharmacia) was used as a marker-weight-size standard. Gels were 
fixed in a 10% methanol, 10% acetic acid solution, dried, and auto- 
radiographed with Kodak X-OMAT XK- 1 film for 1 h at -70~ with 
one intensifying screen. 

Materials and methods 

Sequence analysis and primer design 

Searches of the published P. thunbergii chloroplast genome se- 
quence in GenBank were carried out using Genetics Computer Group 
Inc software (Madison, WI). These searches revealed t 9 single nucle- 
otide repeats greater than 10 nucleotides in length. PCR primers 
flanking 5 of the longest repeats (>14 nucleotides) were designed us- 
ing PRIMER 0.5 software (Lincoln et al. 1991 ). Where possible PCR 

Results and discussion 

Heterologous amplification 

GenBank searches of  the published P. thunbergii chloro- 
plast sequence revealed 19 single nucleotide repeats of  
greater than 10 nucleotides in length. PCR primers flank- 
ing the 5 longest repeats were designed and tested on 14 
species f rom four conifer and four angiosperm families. 
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Fig. 1 Inter- and intraspecific polymorphism detected with cpSSR 2. 
Lanes 1-3 Pinus radiata, 4-5 P. elliotii, 6-7 P. taeda, 8-9 P. strobus, 
10 Cupressus macrocarpa, 11 Pseudotsuga menziesii, 12 Podocarpus 
totara, 13 P. hallii, 14 P. nivalis, 15 Agathis australis, 16 Vitex lucens, 
17 Nestegis cunninghamii, 18 Actinidia chinensis, 19 Arabidopsis thal- 
iana. The additional bands present in the two P. strobus samples may 
result from multiple priming sites in the chloroplast genome 

For 12 of the 14 species a PCR product in the predicted 
size range was amplified with all five primer pairs (Table 1, 
Fig. 1). The exceptions were Nestegis cunninghamii  with 
cpSSR 1 and Actinidia chinensis with cpSSR 1, 3 and 4 
(data not shown). These results corroborate previous stud- 
ies in which PCR primers designed from consensus chlo- 
roplast sequence successfully amplified cpDNA in heter- 
ologous species (Taberlet et al. 1991; Powell et al. 1995). 
Our results suggest that primer pairs flanking cpSSRs may 
amplify potentially polymorphic regions in the chloroplast 
genome in a broader range of taxa than has been previously 
reported. 

Inter- and intraspecific polymorphisms 

Interspecific polymorphism was detected at all five loci 
across the ten conifer and four angiosperm species tested 
(Table 1, Fig. 1). This observation extends the results of 
Powell et al. (1995) who reported a total of eight variants 

at cpSSR 2 in ten Pinus species different from those tested 
here and suggested that interspecific polymorphism at 
cpSSRs may be common. In several previous studies us- 
ing "universal chloroplast primers" flanking the intergenic 
spacers between four trn genes, inter- or intraspecific poly- 
morphism was not detected by PCR or with subsequent re- 
striction digests (Vicario et al. 1995; Boscherini et al. 
1994). However, in these studies the PCR amplification 
products were electrophoresed on agarose gels incapable 
of resolving single base pair differences in fragment length. 
Examination of the partial nucleotide sequence of the inter- 
genic spacer between two of these genes, trnL and trnF 
(Taberlet et al. 1991), reveals a thymidine SSR differing 
in length by 1 bp (10 and 11 bases) in the two Acer  spe- 
cies reported. Similar variants may have been detected in 
other studies using "universal primers" had the PCR prod- 
ucts been electrophoresed on more sensitive gel systems. 

Four of the five cpSSR loci that we tested also detected 
intraspecific single base pair variants in the 23 P. radiata 
individuals tested (Table 1, Fig. 2). The estimate of gene 
diversity (Weir, 1990) for this sample based on cpSSR 2 
variant frequencies is 0.53. This is only slightly lower 
(0.69-0.71) than the estimate obtained for the same 23 in- 
dividuals using the two polymorphic nuclear microsatel- 
lites reported in Smith and Devey (1994) and much higher 
than previous estimates using isozymes in P. radiata 
(Moran et al. 1988). Powell et al. (1995) also reported 
greater within-population genetic diversity for cpSSR 2 
(0.0-0.629) than for nuclear isozymes in a sample of 305 

Table 1 Summary of cpSSR 
loci tested Locus Micro- PCR Primers a Fragment Number 

satellite sizes in of inter- 
repeat P. radiata specific 

(bp) variants 

cpSSR 1 (A)12(G)lo 5' CAACAGAAGCCCAAGCTTATGG 3' 217, 218 5 
5' TGTATTGTATGCGGAATCAACTGG 3' 

cpSSR 2 b (A)I 7 5' TGCGTTGCACTTCGTTATAG 3' 68, 69, 70 9 
5' CAATTGGAATGAGAACAGATAGG 3' 

cpSSR 3 (T)I 6 5' AGAATCTTTGCAAGAAGGATGG 3' 120, 121 5 
5' TAATATGGGGAGTAATCCGTGG 3' 

cpSSR 4 (T)15 5' TGATCGACCCAATATGGAAC 3' 123, 124 2 
5' GAAACCCCAAGAACAAGAGG 3' 

cpSSR 5 (T)14 5' TCCAGGATAGCCCAGCTG 3' 112 4 
5' TATATCCCCCGTACTTGGACC 3' 

a The underlined bases are located in identified genes or ORFs (Wakasugi et al. 1994) 
b The primers used for this locus are the same as those used by Powell et al. (1995) 
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Fig. 2 Intraspecific polymorphism at cpSSR 2 in 23 P. radiata in- 
dividuals. Parents used for the chloroplast transmission study are in- 
dicated as A, B, C, and D. Parent E has the same haplotype as par- 
ents B, C, and D 

individuals from seven Pinus leucodermis populations in 
Greece and southern Italy. These results suggest that in 
spite of the overall lower mutation rate of cpDNA relative 
to nuclear DNA (Wolf et al. 1987), cpSSRs may share the 
hypervariable nature of nuclear SSRs that has led to their 
use for genetic analyses in many plant and animal species 
(Tautz 1989; Moore et al. 1991; Lagercrantz et al. 1993; 
Morgante and Olivieri 1993). 

Chloroplast inheritance in P. radiata 

We used cpSSR 2 to investigate chloroplast inheritance in 
four P. radiata families where the parents had different 
cpSSR 2 variants (Fig. 2). A total of 206 progeny from four 
control pollinated, full-sib families were tested. Of these 
progeny, 199 had the paternal haplotype and 7 had the hap- 
lotype of the maternal parent (Table 2, Fig. 3). Subsequent 
analysis of the progeny exhibiting non-paternal haplotypes 
with two nuclear SSR loci for which the parental geno- 
types and population allele frequencies are known revealed 

Table 2 Inheritance of chloroplasts in four P. radiata families 

Maternal Paternal Number Number 
parent parent of progeny of maternal 

tested haplotypes 
observed 

B A 50 0 
C A 50 0 
D A 49 5 a 
A E 57 2 

Total 206 7 

a Subsequent analysis of these 5 progeny with two nuclear SSR loci 
revealed that all were sired by contaminating pollen for which the 
cpSSR 2 haplotype is unknown. Paternal transmission of the ob- 
served cpSSR 2 variant therefore could not be ruled out for these 5 
progeny 

that 5 of these progeny were sired by contaminating pol- 
len, and as a result paternal transmission of cpDNA could 
not be ruled out. Two progeny from cross A x E exhibiting 
the maternal cpSSR 2 variant were found to be consistent 
with the expected parentage based on their nuclear SSR 
genotypes, and hence are possible examples of maternal 
chloroplast leakage. An additional 58 progeny with pater- 
nal cpSSR 2 haplotypes were also tested with nuclear SSRs, 
and no further pollen contamination was detected. 

This low level of  maternal chloroplast leakage (1%) 
across genotypes and cross directions in P. radiata is sim- 
ilar to that found in a study of chlorophyll mutants in Cryp- 
tomeria japonica where 3% of the progeny demonstrated 
maternal phenotypes and 7% were chimeric (Ohba et al. 
1971), and in many RFLP studies of cpDNA inheritance 
in other conifers. For example, Neale et al. (1989) detected 
no maternal chloroplast leakage in 22 progeny from two 
Sequoia sempervirens families; Wagner et al. (1989) re- 
ported at least 96% paternal haplotypes in 146 Pinus bank- 
siana progeny from a complete diallel; Dong et al. (1992) 
found one maternal RFLP haplotype in 221 Pinus con- 
tortaxP, banksiana hybrids; and Neale et al. (1991) de- 
tected one maternal RFLP type in ten Calocedrus decur- 
rens progeny. Evidence for possible biparental inheritance 
has been reported in Pinus monticola (White 1990) and 
interspecific hybrids of P. contorta • banksiana (Go- 
vindarju et al. 1988). 

Our detection of multiple paternity among control-pol- 
linated progeny formerly assumed to be full-siblings sug- 
gests that verifying parentage is critical in studies of orga- 
nelle transmission where detecting low levels of leakage 
is an aim. This is supported by the results of Wagner et al. 
(1989) who found germplasm contamination to be at least 
partially responsible for non-paternal haplotypes in Pinus 
banksiana. Moreover, most other conifer studies report 
finding significant numbers of non-parental cpDNA hap- 
lotypes in progeny from controlled crosses, though few 
suggest that pollen contamination could be the cause (but 
see Dong et al. 1992) and parentage is typically not veri- 
fied. Since commercial seed orchards are often the source 
of materials for organelle transmission (and other genetic) 
studies, and ramet mislabelling is present to some degree 
in most conifer seed orchards tested to date (Wheeler and 
Jech 1992 and references therein; Richardson unpublished 
data) verification of proper parentage should be established 
prior to further genetic analysis. 



Fig. 3 cpSSR 2 haplotypes 
from control-pollinated family 
D xA demonstrating possible 
maternal chloroplast leakage. 
Lanes 1-21 progeny, 22 mater- 
nal parent, 23 paternal parent. 
Progeny in lanes 4 and 9 have 
maternal haplotypes 
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This work  is the first  app l ica t ion  of  ch loroplas t  SSRs to 
s tudy p las t id  inher i tance  and the first  demons t ra t ion  that 
PCR pr imers  des igned  around these loci  wil l  ampl i fy  D N A  
and detect  in terspeci f ic  po lymorph i sms  in a wide range of  
p lant  famil ies .  There  are addi t ional  s ingle nucleot ide  re- 
peats  in the P i n u s  thungerg i i  chloroplas t  genome  (and oth- 
ers, see Powel l  et al. 1995) that may  also be informat ive  
in other  species.  Careful  des ign  of  PCR pr imers  should al- 
low several  loci  to be ampl i f i ed  in a single PCR react ion 
(i.e., mul t ip lex  PCR) enabl ing  mul t ip le  loci  to be assayed  
for each ind iv idua l  in a s ingle lane on an e lec t rophore t ic  
gel. Our  results  suggest  that po lymorph ic  ch lorop las t  SSRs 
wil l  be a va luable  tool  for s tudying ch loroplas t  diversi ty ,  
p las t id  inher i tance  and cy tonuc lear  d i sequi l ib r ium in a 
range of  species,  and for es tabl i sh ing  paterni ty  and esti-  
mat ing  gene f low via  po l len  in species  with a paternal  trans- 
miss ion  of  chloroplas ts .  
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