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                      ABSTRACT 

 Cytoplasmic relationship between 37 tuberous Solanum accessions and 
hybrids and two Lycopersicon species was investigated by restriction frag-
ment pattern analysis of chloroplast DNA using eight endonucleases. 
Variations found in their chloroplast DNAs were subjected to mutation 
analysis, from which a phylogenetic tree was constructed as shown in Fig. 4. 
The 30 species studied are classified into four groups from their chloroplast 
DNA similarities: (1) South American species and Mexican polyploid species, 
(2) Mexican diploid species, (3) S, etuberosum, and (4) S. lycopersicoides and 
Lycopersicon species. These groups correspond well to the groups established 
from crossability by Hawkes (1978). Cytoplasmic differences between 22 
species in the first group are so small that these species seem to be of recent 
origin. Mexican diploid species in the second group greatly differ from those 
in the first group, and also from each other. S. etuberosum differs from all 
others by, at least, 21 mutational changes. S. lycopersicoides is rather 
closely related to the Lycopersicon species, and is different from other 
Solanum species by, at least, 21 mutational changes. Cytoplasms of all 
cultivated species except common potato, S. tuberosum ssp. tuberosum have 
originated monophyletically from S. stenotomum. The cytoplasm of common 
potato is revealed to have derived from Chilean tuberosum as pointed out by 
some workers, but the cytoplasm donor to Chilean tuberosum remains 
unidentified.

                        1. INTRODUCTION 

 Tuberous Solanum species have been classified into 18 taxonomic series 
comprising about 160 wild and eight cultivated species, mainly distributed 
in South America and Mexico through Central America (Hawkes 1978). 
Nuclear genome constitutions of cultivated potato and close relatives have 
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been identified by cytogenetic analyses (Matsubayashi 1981), but, to what 

extent these species are related genetically to Mexican diploid species and to 
non-tuberous species involving tomato, and how wild relatives have evolved 
remain unknown. 
 Recently, restriction fragment pattern analysis of chloroplast DNA has 

become a powerful tool for studying the phylogenetic relationship between 
related species. Due to the specific nature of chloroplast DNA, i.e., its extreme 
conservatism, compared to nuclear DNA, and maternal inheritance in most 
cases (Atchison et at. 1976; Palmer and Zamir 1982), this approach provides 

phylogenetic information on both the macro-evolution, i.e., interspecific as 
well as intergeneric relationship (Vedel et at. 1980; Kung et at. 1982; Ogihara 
and Tsunewaki 1982; Palmer and Zamir 1982; Berthou et at. 1983; Bowman et 
at. 1983), and on the cytoplasm donor to polyploid species (Tsunewaki and 
Ogihara 1983; Erickson et at. 1983; Palmer et at. 1983). 

 In this paper, we present our results on the cytoplasmic relationship be-
tween tuberous Sotanum and Lycopersicon species which were obtained by 
restriction fragment pattern analysis of chloroplast DNA (hereinafter referred 
to ctDNA), and will discuss the origin of cultivated potato.

                    2. MATERIALS AND METHODS 

 The species and varieties used as the source of ctDNA and their introduc-
tion numbers are shown in Table 1. In this paper, all species and varieties are 
referred to by the abbreviations indicated in Table 1. V er, which is distributed 
in Mexico (Hawkes 1956a), is conveniently dealt as a South American species 
because it has the same genome as the latter species (Matsubayashi and Misoo 
1979). 

 In most cases, the leaf material used for ctDNA isolation was obtained 
from a single clone having the same genotype, but in some species they were 

prepared from a few different clones having the same introduction number. 
 All the species and varieties were grown in a glasshouse when they were 

young, then moved outdoors in spring or summer. 
 Intact chloroplasts were isolated from the homogenate of mature leaves or 

small whole plants, without destarching, and were purified using a discontinu-
ous gradient made with 15, 30 and 60% sucrose solutions which was centri-
fuged at 25000 rpm for 30 min at 4°C. Other procedures of ctDNA isolation 
were the same as those of Tsunewaki and Ogihara (1983). 
 The following eight restriction enzymes were used; BamHI, BgtII, EcoRI, 

HindIII, KpnI, PstI, XbaI and XhoI. CtDNA was digested with these enzymes 
according to the directions given by the supplier, Takara Shuzo Co. Ltd., 
Kyoto, Japan. The DNA fragments were separated by electrophoresis at 
1V/cm for 40-48 hr or 2V/cm for 20 hr, using 0.5 to 1.2% agarose slab gels 
containing 40 mM Tris (p17.8), 20 mM sodium acetate, 2 mM EDTA and 0.5
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Table 1, Materials used in the present study
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pg Jml ethidium bromide for DNA staining. The DNA fragments were made 
visible and were photographed under long wave UV light. From the photo-

graphs, the restriction fragment pattern of ctDNA was drawn by measuring 
the distance of each fragment from the origin. The molecular size of each 
restriction fragment was estimated from its mobility, as compared with those 
of the non-digested ADNA and its HindIII-digested fragments having known 
molecular weights.

                             3. RESULTS 

1) CtDNAs of tuberous Solanum and Lycopersicon species 

 CtDNAs were extracted from a total of 39 sources (Table 1). Several 
samples of ctDNAs particularly from sto and stn2 seemed to have been con-
taminated with nuclear or mitochondrial DNA, or to contain some inhibitory 
substance to restriction enzymes, because partial digestion or smeared back-

ground was observed. Estimated chloroplast genome size varied from 110.7 
kbp to 154.9 kbp depending on the enzyme used. As very small fragments could 
not be observed in all digests except with Pstl and Xhol, chloroplast genome 

size of tuberous Solanums is presumed to be about 155 kbp, which is quite 
close to the 156 kbp reported by Schiller et al. (1982). The reciprocal hybrids 
between i f d and spg gave the same patterns as their respective female parent

Table 1. (Continued)
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(Fig. 1). This confirms that ctDNA is maternally inherited. Autotetraploids 
of ifd and spg which were produced by colchicine treatment also gave the 
same pattern as their respective diploid parent (the patterns are not shown 
here). 

2) Interspecific variation in restriction fragment pattern 

 In the foregoing sections, the restriction fragment patterns of ctDNAs 
from 37 sources will be reported in two parts. All the fragment patterns are 

classified into different types. The most commonly observed type was named 
Type 1, and was used as the standard type. The mutational change seen in 
the restriction fragment of all restriction pattern types, as compared with 
Type 1, is analyzed, and classified into two types, i.e., informative and in-
dependent mutation, according to Palmer and Zamir (1982), informative muta-
tion referring to a mutation occurring in more than one species, thus useful 
for grouping ctDNA sources, and independent mutation being specific to a 

given species. This type of analysis will hereafter be referred to as ctDNA 
mutation analysis.

 BamHI restriction fragment pattern: The BamHI pattern of the ctDNA 
from 37 sources could be classified into 12 types, as shown in Fig. 2. In the 
Type 1 pattern, 27 fragments, including multiple copies, were observed, the 
total molecular size of which amounted to 128.3 kbp. Besides these fragments, 
at least six fragments, which were smaller than 2 kbp were detected. The

Fig, 1. Restriction fragment patterns of ctDNAs from spg (1), spg/if d (2) 
(3) and if d (4), showing the maternal inheritance of the unique fragments 
with asterisks). (a) and (b) : EcoRI and KpnI pattern, respectively.

 i f d/spg 

(marked
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restriction fragment changes are summarized in Table 2. All Mexican diploids 

(Types 8 and 9), non-tuberous species (Types 10 and 11) and Lycopersicon 
species (Type 12) differed from the South American species (Types 1-7) in their 
ctDNA by possessing two copies of 3.36 kbp fragments which had originated 
from 3.66 and 2.99 kbp fragments of Type 1, probably through a small inversion 

as described by Palmer et al. (1983); however, we deal with these fragment 
changes as two independent mutations.

 Bg1II restriction fragment pattern : The BglII pattern was classified into 

nine types, as shown in Fig. 2. In Type 1, 36 restriction fragments, the total 
molecular size of which amounted to 136.9 kbp were observed. In addition, at 
least eight bands, all of which were smaller than 1.5 kbp in molecular size, 
were noticed but could not be analyzed with certainty, and were thus excluded 
from the present analysis. The fragment changes observed in Type 2 to 9, as

Table 2. CtDNA mutation analysis on the BamHI restriction fragment 

                  patterns
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compared with the standard Type 1, are collectively shown in Table 3.

 EcoRI restriction fragment pattern : Eleven different types were found, 
as shown in Fig. 2. In Type 1, at least, 42 fragments, including multiple 
copies, which amounted to 110.7 kbp were observed: Fragments smaller than 
1 kbp were not accounted for it. The fragment changes observed in Type 2 to 
11, as compared with Type 1, are collectively shown in Table 4.

 Hindlll restriction fragment pattern : Eight different types were found 
among the HindIIl pattern of 27 ctDNA sources (Fig. 3). In Type 1, 21 
restriction fragments, the total molecular size of which amounted to 143.5 kbp 
were analyzable. In addition, at least, 12 fragments, the molecular size of 
which was smaller than 1.2 kbp, were noticed but could not be analyzed with 

certainty, thus being excluded from the present analysis. The fragment 
changes observed in Type 2 to 8, as compared with Type 1, are collectively 
shown in Table 5.

Table 3. CtDNA mutation analysis on the BglII restriction fragment 

                 patterns
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 Kpnl restriction fragment pattern : The patterns obtained from the Kpnl 
digests were the simplest of all the digests with the eight endonucleases we 
used (Fig. 3). In Type 1,11 fragments, the total molecular size of which was 
150.9 kbp were analyzed. In addition, at least, one fragment which was smaller 

than 2 kbp, was noticed but excluded from the present analysis. The fragment 
changes observed in Type 2 to 5, as compared with Type 1, are compiled in 
Table 6.

 Pstl restriction fragment pattern : The Pstl pattern was classified into 
seven types (Fig. 3). In Type 1,14 fragments, the total molecular size of which 
amounted to 154.9 kbp were analyzable. The fragment changes observed in 
Type 2 to 7, as compared with Type 1, are collectively shown in Table 7. 

 Xbal restriction fragment pattern : The Xbal fragment pattern was classi-

Table 4, Ct DNA mutation analysis on the EcoRI restriction fragment 

                 patterns



358 K. HOSAKA et al.



CtDNA restriction pattern of tuberous Sol anums 359

fled into ten types, as shown in Fig. 3. Type 1 pattern consisted of 19 frag-

ments, including multiple copies, total size of which amounted to 131.0 kbp : 

Fragments smaller than 2 kbp were not analyzed. All the fragment changes 

observed in Type 2 to 10, as compared with Type 1, are collectively shown in 

Table 8.

 Xhol restriction fragment pattern : The XhoI pattern was classified into 
seven types (Fig. 3). In Type 1, 24 fragments, the total molecular size of 
which amounted to 151.7 kbp were analyzed. The fragment changes in Type 2

Table 5. CtDNA mutation analysis on the Hindlll restriction fragment 

                  patterns

Table 6. Ct DNA mutation analysis on the Kpnl restriction fragment 

                 patterns
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Table 7. Ct DNA mutation analysis on the Pstl restriction fragment 

                patterns

Table S. Ct DNA mutation analysis on the X baI restriction fragment 

                 patterns
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to 7 are summarized in Table 9, as compared with Type 1.

3) Differences between ctDNAs of 28 Solanum and 2 Lycopersicon species 

 The restriction fragment pattern types of ctDNA digested with eight 
restriction endonucleases are collectively shown in Table 10. Interspecific 
relationship between these chloroplast genomes is shown in Fig. 4, in the form 

of a phylogenetic tree that was obtained by the following clustering method. 
Firstly, the order of clustering the species, the root of the tree and the simi-
larity distances among clusters were determined by the group-average 
method, using the matrix of similarity distances calculated from the number 
of identical informative mutations and total number of mutations between 
the two species. Secondly, each branch was extended by the number of 
independent mutations in each species.

                          4. DISCUSSION 

1) Phylogenetic relationships revealed from the ctDNA resemblance 
 As shown in Fig. 4, 28 tuberous Solanum species and two Lycopersicon 

species were classified into four groups based on their ctDNA resemblance; 

(1) South American species and Mexican polyploid species, (2) Mexican diploid 
species, (3) etb, and (4) lyc and Lycopersicon species. These groups correspond 
well to the groups established from crossability by Hawkes (1978). Inter-
specific relationships within each group are discussed below.

South American species and Mexican polyploid species : Although chc and

Table 9. Ct DNA mutation analysis on the Xhol restriction fragment 

                patterns
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Restriction fragment pattern types of ctDNAs of tuberous 
     Solanum and Lycopersicon species
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Fig. 4. A dendrogram showing the phylogenetic relationship between chloroplast 

genomes of tuberous Solanum and Lycopersicon species; obtained by the analysis of 
ctDNA restriction fragment patterns. The interspecific ctDNA difference between 

two given species is estimated by the sum of the length of all branches lying between 

the two species, divided by the unit length corresponding to one mutation that is 

indicated at the right-hand side.
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cmm are included in the series Commersoniana, the ctDNA of cmm shows 
three specific mutations, and is different from that of chc by, at least, one 
mutation. The nuclear genome of cmm differs from those of chc and Tuberosa 
species by small structural changes of chromosomes (Matsubayashi 1983). 
Therefore, cmm is slightly differentiated from other South American species 
in both the cytoplasmic and nuclear genome. 

 A Circaeifolia species, cap, differs from other South American species only 
by one ctDNA mutation from three Tuberosa species. Thus, the cytoplasm 

of cap is very closely related to those of the Tuberosa species, but, it has low 
crossability and clear morphological differences to other South American 
species (Hawkes, personal communication) . No cytological data are available 
on their relationship. 
 Of two Conicibaccata species, san has almost the same ctDNA restriction 

fragment pattern as dms, chc, blv and spg. On the other hand, msp differs 
from san by five ctDNA mutations. Since one of the msp genomes is identical 

to san genome (Lopez 1979), the cytoplasm donor to msp seems to be the 
donor of its second or third genome, providing san is the first genome donor 

to msp. The other possibility that ctDNA mutations have occurred in msp 
and san after their speciation can not be excluded because according to Haw-

kes (1979) this series differentiated a long time ago. 
 CtDNA of pur of the series Piurana greatly differs from those of all other 

South American species, at least, by eight mutations. Accordingly, pur shows 
low crossability to ifd, and their F1 hybrid exhibits more irregular meiotic 

behavior than those observed in F1 hybrids between ifd and the other South 
American diploid species (Nagasawa and Matsubayashi, personal communica-

tion). 
 CtDNA of act in the series Acaulia shows the same restriction fragment 

pattern as those of mlt, gon and phu in the series T uberosa. This species is 
a wild or weed tetraploid species possessing a genome constitution AAAaAa 

(Matsubayashi 1982). Thus, the act cytoplasm seems to have derived from 
mtt, gon, phu, or some unidentified species closely related to them. 
 As to two species of the series Cuneoalata and Megistacroloba, ifd has 

ctDNA different from those of l ph, spt and vrn by two mutations, and blv has 
the same ctDNA as that of spg. Therefore, ifd and blv are cytoplasmically 
closely related to T uberosa species, though their chromosomes have cryptic 
structural differences from those of Tuberosa (Matsubayashi 1981). 
 Close ctDNA resemblance is found among 10 T uberosa species except ver 

and tbr. CtDNA of ver that distributes in Mexico (Hawkes 1956a) differs 
from those of other T uberosa species, at least, by three mutations. These 
mutations might have occurred after this species was geographically isolated 
from the South American species. CtDNA of for will be discussed later in 
relation to those of other cultivated species in this series.
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 As stated above, all South American species show obvious ctDNA resembl-
ance with each other, irrespective of the taxonomic series they belong to 

(Fig. 4). This fact supports the previous view that all South American species 
possess the A genome or its slightly modified genomes by multiple gene sub-
stitution or cryptic structural differentiation of the chromosomes (Howard 
and Swaminathan 1952; Hawkes 1958,1978; Irikura 1976; Matsubayashi 1981). 
The present results are also in accordance with the data of peroxidase isozyme 
analysis (Hosaka and Matsubayashi 1983). 
 The two Mexican polyploid species, sto and dms, are very closely related to 

the South American species in their ctDNA. This fact suggests that these 
Mexican polyploid species originated recently in Mexico by amphidiploidiza-

tion, having a South American species as the female parent. In fact, sto and 
dms are allotetra- and allohexaploid, respectively (Hawkes 1958,1978; Matsu-
bayashi 1981), and one of their genomes seems to have derived from ver. 

(Irikura 1976). As ver is known to distribute in Mexico as previously described 
and has ctDNA closely resembling that of sto, it is highly probable that ver 

provided both the A genome and cytoplasm to sto.

 Mexican diploid species : The ctDNAs of all Mexican diploid species, i.e., bib, 

cph, pnt and pid, differ from those of the South American species and Mexican 

polyploid species by about 10 mutations. The difference in ctDNA between 
Mexican diploid species is rather large, i.e., seven to 14 mutations, except 
between two Pinnatisecta species, which differ by only two mutations. The 

greater cytoplasmic differentiation between the series of Mexican diploid 
species than that between the ,series of South American species is well cor-
related with the greater genomic differentiation in the former than in the 
latter that have been revealed by cytogenetical investigations (Matsubayashi 
and Misoo 1977; Ramanna and Hermsen 1979; Matsubayashi 1981), as well as 
by peroxidase isozyme. analysis (Hosaka and Matsubayashi 1983).

 S. etuberosum : CtDNA of a non-tuberous species etb shows 21 specific 
mutations and is most closely related to that of pnt, revealing 29 mutational 

changes from the latter. Evidently etb is cytoplasmically very far from all 
tuberous Solanums. This is in good accordance with the results of genome 
analysis that a unique genome, E, present in etb does not exist in pnt (Raman-
na and Hermsen 1981). CtDNA of etb possesses five to seven informative 
mutations in common with Mexican diploid species. Hence, etb seems to have, 
in part, a common evolutionary history with the Mexican diploid species, 
though at present they distribute in different subcontinents.

 S. lycopersicoides and Lycopersicon species : The present ctDNA data indi-

cate that iyc is cytoplasmically more closely related to Lycopersicon species
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than to tuberous Solanums. Palmer and Zamir (1982) already investigated 

the ctDNA restriction fragment patterns of seven Lycopersicon species and 
their three close relatives, including lyc, with 25 endonucleases reporting 
much less ctDNA difference between them than in the present results. 
 Resemblance of lyc to Lycopersicon species was already pointed out by 

Rick (1951) from the crossability test and by Hawkes (1956a) from morpholo-

gical comparison. Thus, lye seems to have evolved independently from both 
the tuberous Solanums and non-tuberous etb.

2) Origin of the cytoplasm of cultivated potato 
 Diploid cultivated species : CtDNAs of gon, phu and stn are almost identi-

cal, though two other mutations are stn-specific. This fact supports Hawkes' 
view that gon, phu and stn derived from a common ancestral type (Hawkes 
1956a).

  Triploid cultivated species: The ctDNAs of two cha clones resembled 
those of gon, phu and stn more closely than they did that of adg, implying 
that cha may have occurred from one of the first three species as the female 

parent. Hawkes (1956a) and Jackson et al. (1977) considered its origin to be 
natural crosses between adg as female and stn as male parent. Recently, 

Hawkes (1978) suggested the possibility that it originated by the union of 
reduced and unreduced gametes in stn. The present results support the 
latter possibility. 

  Tetraploid cultivated species: 

  (i) Ssp. andigena-Various hypotheses have been proposed on the origin 
of adg. Based on the morphological data, Hawkes (1956b) suggested its origin 
as an amphidiploid between stn and spl, while Brucher (1964) suggested its 
amphidiploid origin between stn and vrn. Both of them did not state which 
species was the female parent. On the contrary, Matsubayashi (1981) assumed 
that adg originated as an amphidiploid between phu as female and stn as 
male parent, based on the morphologies and cytological behaviors of the Fl 
hybrid and colchicine-induced amphidiploid between phu and stn. In addition, 
the autotetraploid origin of adg from stn was also suggested by some workers 

(Swaminathan and Magoon 1961; Gatenby and Cocking 1978). 
 CtDNA of adg differs from those of gon and phu by two fragment muta-

tions, and by three fragment mutations from those of spl and vrn. In addi-
tion, one common mutation is found among ctDNAs of gon, phu, stn and adg 

(Table 2). Thus, it is concluded that the female parent of adg is neither spl 
nor vrn, but one of cultivated diploid species. 

 (ii) Ssp. tuberosum-The ctDNAs of four for strains have been analyzed 
with two to eight restriction endonucleases. Of these, two cultivars and
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Chilean for have identical patterns with all enzymes, whereas one cultivar 
`Greta' (tbr3) has a pattern identical to that of dms . Their differences are 
simply explained by the fact that `Greta' was bred from the cross between 
dms as female and for as male in order to introduce late blight resistant 

genes of the former into common potato (Toxopeus 1964). 
 Salaman (1937) and Hawkes (1956b) suggested that European and Chilean 

for derived independently from adg by selection for long-day adaptation in 

Europe and Chile, respectively. Nevertheless, the present data reveal that 
the cytoplasm of for is remarkably different from those of adg and other 
cultivated species. The fact that European for and adg have a different large 
subunit of Fraction I protein (Gatenby and Cocking 1978) also supports the 

present data. Their cytoplasmic difference was already pointed out by Grun 
(1979) who compared the reciprocal hybrids between for and adg, and sug-
gested that the cytoplasm of European for is derived from S. chacoense f. 
gibberulosum through Chilean tbr. The present data, however, do not support 
his view, because the chc ctDNA (but not of f. gibberulosum) differs from that 
of for by three ctDNA mutations. 
 All these facts seem to suggest that Chilean for originated as a hybrid 
between an unidentified species as female and adg as male in the process 
migrating southward to Chile, though its nuclear genome has already been 
replaced mostly with the adg genome by backcrossing.
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