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Summary. A deletion specific to chloroplast (ct) DNA of 
potato (Solanum tuberosum ssp. tuberosum) was deter- 
mined by comparative sequence analysis. The deletion 
was 241 bp in size, and was not flanked by direct repeats. 
Five small, open reading frames were found in the corre- 
sponding regions of ctDNAs from wild potato (S. tubero- 
sum ssp. andigena) and tomato (Lyeopersicon esculen- 
tum). Comparison of the sequences of 1.35-kbp HaeIII  
c tDNA fragments from potato, tomato, and tobacco 
(Nicotiana tabacum) revealed the following: the locations 
of the 5' ends of both rubisco large subunit (rbeL) and 
ATPase beta subunit (atp~) mRNAs were probably the 
same as those of spinach (Spinacia oleracea); the pro- 
moter regions of the two genes were highly conserved 
among the four species; and the 5' untranslated regions 
diverged at high rates. A phylogenetic tree for the three 
potato cultivars, one tomato cultivar, and one tobacco 
cultivar has been constructed by the maximum parsimo- 
ny method from DNA sequence data, demonstrating 
that the rate of nucleotide substitution in potato ctDNA 
is much slower than that in tomato ctDNA. This fact 
might be due to the differences in the method of propaga- 
tion between the two crops. 

Key words: Potato Chloroplast DNA - Sequence com- 
parison - Nucleotide substitution rate - Evolution 

Introduction 

Comparative studies of DNA sequences make the con- 
struction of a phylogenetic tree possible, not only for 
closely related species, but also for varieties within a 

* To whom correspondence should be addressed 

species. Two methods are used for inferring relationships 
from molecular data - the distance matrix method and 
the maximum parsimony method (Nei 1987). In the dis- 
tance matrix method, a phylogenetic tree is constructed 
by considering the distance values either of the evolution- 
ary relationships or among species (e.g., Fitch and Mar- 
goliash 1967), whereas the maxium parsimony method 
constructs a tree by minimizing the number of mutation- 
al changes for the entire tree (Fitch 1971; Goodman et al. 
1974). 

One of the most important discoveries in molecular 
evolution is the approximate constancy of the rate of 
synonymous nucleotide substitution (Miyata et al. 1980). 
Zurawski et al. (1984) reported that the rate of synony- 
mous nucleotide substitution in chloroplast (ct) DNA 
was 1.1 • 1 0  - 9  site -1 year -z, based on the assumption 
that barley and maize diverged 50 million years ago. 

In chloroplast genome of higher plants, genes for the 
rubisco large subunit (rbcl) and the ATPase beta subunit 
(atpfl) are adjacent to one another and are independently 
transcribed to the opposite directions from a small inter- 
genic region. The site of the 5' ends of mRNAs of both 
genes were determined by several groups (tobacco: 
Shinozaki and Sugiura 1982; spinach: Zurawski et al. 
1981, Mullet et al. 1985; maize: Erion 1985). However, 
the 5' ends of atpfl mRNAs are different in tobacco and 
spinach. 

Potato, tomato, and tobacco are closely related to 
each other. The genus Lycopersicon, to which tomato 
belongs, is distinguished from the genus Solanum by its 
pollen-shedding characters (Rick 1976). Close relation- 
ships between Solanum and Lycopersicon species are 
demonstrated by the digestion of ctDNAs with restric- 
tion endonucleases (Palmer and Zamir 1982; Hosaka 
et al. 1984). By this method, tuber-bearing Solanum spe- 
cies are classified into seven types (Hosaka 1986). 
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Fig. 1. Physical and genetic map of 6.20/6.45-kbp KpnI fragments. Coding regions of tobacco ctDNA (Shinozaki et al. 1986b) are 
shown by thick lines. The deletion found in ctDNA of ssp. tuberosum is indicated by open box. The lower part shows the sequencing 
strategy. The sequenced fragments are S. tuberosum ssp. andigena cv '150'. (S); ssp. andigena cv 'W553-4' (W); ssp. tuberosum cv 'Irish 
Cobbler' (T); L. esculentum cv 'Toko' (L). Horizontal arrows indicate the direction and extent of sequence analysis 

Since little is known about  molecular evolution in 
vegetatively propagated plants, we studied the potato 
chloroplast D N A  sequences. In  this paper we report the 
rates of nucleotide substitutions in potato, tomato, and 
tobacco ctDNAs. In addition, the evolution of tuber- 
bearing Solanum species and the origin of S. tuberosum 
ssp. tuberosum are discussed, based on the results ob- 
tained. 

Materials and methods 

Tubers of Solanum tuberosum L. ssp. tuberosum cv 'Irish Cob- 
bet' were obtained from the National Center for Seeds and 
Seedlings, Hokkaido Chuo Station, Japan. Tubers of S. tubero- 
sum L. ssp. andigena cultivans 'W553-4' and '150' were obtained 
from the Potato Breeding Branch, National Agricultural Exper- 
iment Station, Simamatsu, Hokkaido, Japan. Seeds of Lycoper- 
sicon esculentum L. cv 'Toko' were purchased from Sapporo 
Konoyen, Japan. 

Chloroplast DNAs were isolated according to the method 
of Palmer (1986). Restriction endonucleases BamHI, EcoRI, 
HaeIII, HincII, and KpnI were purchased from Nippon Gene, 
Tomaya, Japan. Chloroplast DNAs (0.2-0.3 I~g per assay) were 
digested under the conditions recommended by the supplier of 
the restriction endonucleases. 

Digested ctDNA fragments were inserted into appropriate 
sites of the phagemid Bluescript SK+ (Stratagne, California), 
using T4 DNA ligase, and were cloned in E. coli strain XL1-Blue 
(Stratagene, California). Recombinant plasmids were isolated 
by the boiling method (Holmes and Quigley 1981). Fragments to 
be subcloned for sequence analysis were eluted from agarose 
(Sigma Type II) after electrophoresis. The sequences of the in- 
serts were determined by the dideoxy chain termination tech- 
nique (Sanger et al. 1977), the strategies of which are shown in 
Fig. 1. 

The DNA sequences determined were aligned to display 
maximal homology consistent with the fewest insertions or dele- 
tions. From these data, a phylogenetic tree for the three potato 
cultivars, one tomato cultivar, and one tobacco cultivar was 
constructed by the maximum parsimony method (Fitch 1971; 
Goodman et al. 1974; Nei 1987). 

Fig. 2. BamHI restriction fragment patterns of ctDNAs from 
potato, tomato, and tobacco. The species are Nicotiana tabacum 
cv 'White Burley' (a); Solanum tuberosum ssp. andigena cv '150' 
(b); ssp. andigena cv 'W553-4' (c); ssp. tuberosum cv 'Irish Cob- 
bler' (at); Lycopersicon eseulentum cv 'Toko' (e). Fragments were 
separated by electrophoresis in a 0.8% agarose gel at 18 mA for 
18 h. Lambda DNA HindIII fragments (M) were used as size 
markers 

Results 

Determination o f  the size and location o f  the deletion that 
characterizes the c tDNA o f  S. tuberosum ssp. tuberosum 

The BamHI restriction fragment patterns of c tDNA 
from S. tuberosum ssp. tuberosum cv 'Irish Cobbler, ssp. 
andigena cv 'W553-4' and cv '150,' tomato cv 'Toko',  and 
tobacco cv 'White Burley' were studied (Fig. 2). The re- 
sults indicated that c tDNA of potato cultivars 'Irish 
Cobbler ' ,  'W553-4', and '150' corresponded to the T, W, 
and S type of c tDNA reported by Hosaka (1986) and 
Hosaka and Hanneman  (1987). 
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Hosaka et al. (1988) reported that the c t D N A  of  cul- 
tivated potato differed from the wild species by one dele- 
tion. D N A  sequencing revealed a 241-bp deletion down- 
stream of a trn V- UAC gene in the c t D N A  of  ssp. tubero- 
sum cv 'Irish Cobbler' (Fig. 3). The location of  the dele- 
tion was determined by reference to a tobacco gene map 
(Deno et al. 1982; Shinozaki et al. 1986b). The mecha- 
nism of  deletion is unknown because the deleted region 
was neither part of  a series of  tandem repeats nor was it 
flanked by direct repeats. 

Hosaka et al. (1988) expected that the deletion in- 
cluded a BamHI recognition site (GGATCC). "[his was 
confirmed by our sequence data (Fig. 3). 

Open reading frames (ORFs) were sought in the dele- 
tion sequences by using the program "Search Open 
Reading Frame" (GENETYX,  Software Development, 
Tokyo, Japan). There are two ORFs (13 and 14 codons) 
found within the corresponding deleted regions, and 
three additional ORFs (17, 12, and 18 codons) were 
found flanking the deletion on both sides of  wild potato 
species. 

Comparison of  the intercistronic region between rbcL 
and atp~ genes in potato and tomato chloroplasts 

The complete sequences of  the 1.35-kbp HaeIII frag- 
ments from three cultivars of  potato and from a tomato 
shown in Fig. 4 are compared with the sequence of  the 
corresponding tobacco fragment (Shinozaki etal.  
1986a). The size of  the intercistronic region between the 
rbcL and atpfi genes was 813, 814, or 817 bp in potato, 
tomato, or tobacco c tDNA,  respectively. The sequences 
of  the promoter region of  the rbcL gene in potato and 
tomato are completely homologous to those of  tobacco 
(Shinozaki and Sugiura 1982) and spinach (Mullet et al. 
1985). On the other hand, four nucleotide substitutions 
were detected within the promoter region of  the atpl3 
gene of  potato, as compared to that of  tobacco (the 5' end 
was located at - 2 5 7  in Fig. 4), whereas complete se- 

41 
Fig. 4. Comparative sequences of the 1.35-kbp HaeIII frag- 
ments. The sequences are the intercistronic region between the 
rbeL and atpfi genes and their part of the coding regions from 
N. tabacum (tobacco) (Shinozaki et al. 1986a), L. eseulentum 
(tomato), S. tuberosum ssp. andigena cv '150' (150), ssp. andige- 
na cv 'W553-4' (W553-4), ssp. tuberosum cv 'Irish Cobbler' (I. 
Cobbler). The nucleotides in the sequences from tomato and 
three varieties of potato that are homologous to tobacco se- 
quences are indicated by periods (.), and vacant positions are 
indicated by asterisks (*). The numbering is relative to the initia- 
tion codon of either rbcL or atp~ genes. The location iclentified 
as encoding the 5' end of rbcL mRNA from both tobacco and 
spinach chloroplasts is indicated by an arrow (-182). The 5' 
ends of atpfi mRNA that differ in location from tobacco ( -  256 
or -257) and spinach ( -489)  mRNA are also indicated by an 
arrow. The promoter regions (the 5' flanking sequences of the 
transcription initiation site) are underlined. Synonymous substi- 
tutions between tobacco and tomato are indicated by triangles 
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Table 1. Polytypic patterns and their frequencies of nucleotide 
substitutions and insert/deletions. Capital letters represent N. 
tabacum (N), L. esculentum (L), S. tuberosum ssp. andigena cv 
'150' (S), ssp. andigena cv 'W553-4' (W), ssp. tuberosum cv 'Irish 
Cobbler' (T). Informative mutations for determining topology 
and singular mutations are listed separately 

Polytypic pattern a Frequency 

Nucleotide Insertion/ 
substitution deletion b 

I. Informative mutations 
a (N, L)-(S, W, T) 4 
b (N, L, S)-(W, T) 3 

II. Singular mutations 
c N - L - ( S ,  W, T) 1 - 
d N 58 13, 21, 31, 4 l, 261 
e L 23 13, 71, 151 
f S 1 - 
g W 1 - 
h T 0 2411 

Total 2,377 bp per species examined 

a A polytypic pattern (N, L)-(S, W, T) indicates that N and L 
share the same nucleotide, whereas S, W, and T share a different 
nucleotide 
b X y represents the fact insertion/deletion of X nucleotides in 
size are detected y times 

quence homology  was conserved within the region of  the 
p romote r  between po ta to  and spinach (the 5' end was 
located at - 4 8 9  in Fig. 4). 

Ten and 27 nucleotide substi tutions were found in the 
5' untransla ted leader sequences of  the rbcL and atp~ 
genes, respectively, presenting a striking contras t  to the 
conservat ion of  the p romote r  regions among pota to ,  
tomato ,  and tobacco.  

Construction of  a phylogenetic tree from sequence data 

One hundred  and ten muta t ions  (97 nucleotide substitu- 
tions and 13 insertions or  deletions) were detected in 
2,377 base pairs of  corresponding c t D N A  sequences, in- 
cluding a par t  of  the 3' petD gene (data  not  shown) 
among pota to ,  tomato ,  and tobacco.  However,  only sev- 
en nucteotide substi tutions were informative for deter- 
mining topology.  I t  was convenient to classify the muta-  
tions into different polytypic  pat terns  for the construc- 
t ion of  a max imum pars imony tree. There are eight dif- 
ferent polytypic  pat terns  listed in Table 1. 

F o r  example,  a polytypic  pa t te rn  (N, L) - (S, W, T) 
indicates that  tobacco (N) and tomato  (L) possess the 
same nucleotide, whereas po ta to  cultivars '150' (S), 
'W553-4'  (W), and ' I r ish Cobbler '  (T) have a different 
nucleotide. A phylogenetic tree was constructed on the 
basis of  the polytypic  pat terns  a and b (Fig. 5). Since the 
polytypic  pat tern  c required at least two substi tutions for 

Time 

15 

8.7 

tobacco tomato andlge~a a~dlg~na ~uSero~ 

150 W553-4 Irish Cobbler 

Fig. 5. Phylogenetic tree for tobacco, tomato, and three vari- 
eties of potato. The tree was reconstructed by the maximum 
parsimony method from the data presented in Table 1. In this 
tree, polytypic pattern (c), [N L (S, W, T)], is asumed to be the 
result of two independent mutations that occurred in the tobac- 
co and tomato lineages. Number in parentheses indicate the 
frequency of nucleotide substitutions. The time of divergence 
between tobacco and tomato was inferred from the number of 
synonymous substitutions found in the coding regions of rbcL 
and atp~ genes (Fig. 4), and the time of divergence between 
potato and tomato was inferred from the total number of nucle- 
otide substitutions in the tomato lineage (24) relative to those in 
the tobacco lineage (59). The ordinate scale is in million years. 
The generations inside the box are a combination of vegetative 
and sexual propagations; therefore, the relative time spans of 
each line inside the box cannot be inferred from the number of 
nucleotide substitutions 

the entire tree, the two independent  muta t ions  had oc- 
curred within tobacco and tomato  lineages. 

F r o m  the restriction fragment  pat terns  of  c t D N A  
in Fig. 2, the putat ive ancestors within line (a) must  
have W-type  c t D N A  because tomato  has a W-type-l ike 
c tDNA.  Therefore, Solanum species having W-type  
c t D N A  can be considered to range from the most  prim- 
itive tuber-bearing Solanum to the latest cultivars of  
pota to ,  such as S. tuberosum ssp. andigena. 

Comparison of  rates of  nucleotide substitution 
between potato and tomato ctDNAs 

The rates of  nucleotide substi tut ion appear  to be approx-  
imately the same among different evolut ionary lineages 
(Hayashida  and Miya ta  1983). However,  our  da ta  
demonstra te  that  the nucleotide substi tutions in po ta to  
lineages are fewer than those in tomato  lineage (Fig. 5). 
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For example, after the divergence between tomato and 
the potato cv '150', 24 nucleotide substitutions occurred 
in the lineage of tomato [line (c, e)], but onyl five oc- 
curred in the lineage of cv '150' [lines (a) and (f)]. These 
data indicate that the mutations have rarely been fixed in 
potato, in which chloroplast genomes have been trans- 
mitted to the next generations by means of vegetative 
propagation. 

Discussion 

Location of  the 5' ends of  mRNAs  for the rbcL 
and atpfl genes 

It has been shown in chloroplasts that a typical promoter 
region, containing prokaryotic consensus ' - 3 5 '  and 
' - 1 0 '  sequences, is highly conserved (Erion 1985; 
Zurawski and Clegg 1987). Since the promoter regions of 
the rbcL gene of tobacco (Shinozaki and Sugiura 1982) 
and spinach (Mullet et al. 1985) were identical to the 
promoters of potato and tomato in this paper, the 5' ends 
of rbcL mRNA of both potato and tomato chloroplasts 
may be at the same location as in tobacco and spinach 
( -  182 in Fig. 4). On the other hand, the location deter- 
mined as the 5' end of atpfl mRNA from tobacco ( -  257 
in Fig. 4) could be considered the site of posttranscrip- 
tional processing, as Mullet et al. (1985) suggested, be- 
cause four nucleotide substitutions were detected in the 
atpfl promoter region. It is probable that the actual 5' 
ends of atpfl m R N A  in ctDNAs of potato, tomato, and 
tobacco were at the same location as in spinach ( -  489 in 
Fig. 4), because the promoter regions were completely 
conserved. 

Molecular evolution of  potato ctDNA and the phylogenetic 
tree constructed from sequence data 

The rate of synonymous substitution was reported to be 
relatively constant for all genes over a period of evolu- 
tionary time (Hayashida and Miyata 1983). Zurawski 
et al. (1984) reported that the synonymous substitution 
rate of ctDNA mutation was 1.1 x 10 .9 site -1 year -1 
based on the assumption that barley and maize diverged 
50 million years ago. This rate was applied to our data to 
calculate the divergence time between tobacco and toma- 
to. Using substitution at the third position of 177 codons 
(i.e., parts of rbcL and atpfl genes) in which the six syn- 
onymous substitutions were detected, divergence was cal- 
culated as having occurred 15 million years ago. Since the 
rate of substitution mutation was not the same in potato 
and tomato, the divergence time between the two species 
was inferred from the ratio of  the total number of nucle- 
otide substitutions of  the tomato lineage (24) to the to- 
bacco lineage (59). Divergence between potato and toma- 
to was calculated to have occurred 8.7 million years ago. 

Since nucleotide substitutions that occurred within 
lines (f), (h), and (g) were far less frequent than expected 
based on the tomato lineage [line (c, e)], the first appear- 
ance of tuber-bearing species of Solanum could be given 
within line (a), assuming that the tomato lineage was 
derived from non-tuber-bearing SoIanum. The four nu- 
cleotide substitutions of line (a) occurred before the ap- 
pearance of the first tuber-bearing Solanum. In this case, 
the time from the divergence of potato and tomato to the 
first appearance of tuber-bearing Solanum is calculated 
as 1.5 million years. Thus, the total period of line (a) is 
more than 1.5 million years because of the additional 
time for many generations to propagate themselves vege- 
tatively. For this reason, the two divergence times of both 
ends of line (b) could not be inferred from our sequence 
data. 

The method of propagation within line (b), including 
relatively recent ancestors of common potato, may have 
been by both vegetative and sexual means, by either self- 
ing or crossing, or by a combinations of line (b) could be 
considered relatively frequent as compared to the three 
lines (f), (h), and (g). The observation that the wild spe- 
cies in the series Tuberosa can hybridize readily with one 
another and with cultivated diploids (Ugent 1970) is evi- 
dent by the frequency of the nucleotide substitutions of 
line (b). 

S. stenotomum is a cultivated diploid with the S-type 
ctDNA (Hosaka 1986), which is also found in ssp. and# 
gena cv '150' (Fig. 1) and is considered to be the ancestor 
to all the modern, cultivated varieties of the potato 
(Simmonds 1976; Grun et al. 1977; Matsubayashi 1981). 
S. stenotomum as well as S. tuberosum appeared within 
line (a). Since the putative ancestors within line (a) must 
have contained W-type ctDNA, S. stenotomum, contain- 
ing W-type ctDNA, exists somewhere even now. 

Since both cv '150' and cv 'W553-4' are members of 
ssp. andigena, the time of appearance of ssp. tuberosum is 
within line (h). The deletion of 241 bp found in ctDNA 
of ssp. tuberosum had also occurred within line (h). The 
chronological order of the two events, the appearance of 
ssp. tuberosum and the 241-bp deletion in ctDNA, re- 
mains to be elucidated. The 241-bp deletion from ctDNA 
confirmed in this paper is one of the most useful charac- 
ters for the investigation of the origin of Solanum tubero- 
sum ssp. tuberosum. 
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