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Summary. The origin and evolution of a hybrid species 
complex in the genus B r a s s i c a  (cabbage, turnip, 
mustard, rapeseed oil) has been explored through 
mutational analysis of the maternally inherited chloro- 
plast genome. A detailed chloroplast DNA phylogeny 
enables identification of the maternal parent for most 
of the amphidiploids examined and permits quanti- 
tative resolution of the relative time of hybridization as 
well as the relative divergence of the diploid parents. 
Contradictory chloroplast and nuclear phylogenies ob- 
tained for two accessions of the amphidiploid B. n a p u s  

(rapeseed oil) lead to the hypothesis that introgressive 
hybridization has also figured in their recent evolution. 
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Introduction 

Interspecific hybridization is a common process among 
angiosperms and ferns. The origin of a new species 
directly from a natural hybrid generally requires some 
mechanism for stabilizing the breeding behavior of the 
hybrid (Grant 1981). Perhaps the most common mode 
of hybrid speciation, one which accounts for the ma- 
jority of polyploid species and 30-50% of all angio- 
sperm species (Grant 1981; Clausen etal. 1945), is 
amphiploidy (allopolyploidy). In this process fertility is 
restored in a sterile hybrid by doubling of both chro- 
mosome sets - either through the sexual functioning of 
cytologically non-reduced gametes or via spontaneous 
somatic chromosome doubling (DeWet 1980). 

Abbreviations: kb = kilobase pairs; bp = base pairs 

Analysis of hybrid and parent species relationships, 
particularly where multiple hybridizations have oc- 
curred leading to polyploid or hybrid species com- 
plexes, is often complicated and has classically been 
attacked through the combined approaches of com- 
parative morphology, cytogenetics and artificial hybri- 
dization and genome analysis (Grant 1981; Clausen 
et al. 1945). More recently, polyploid complexes have 
been analyzed at the molecular level using as markers 
either secondary chemical compounds (Crawford and 
Giannasi 1982), proteins (Gray 1980; Wildman 1979; 
Vaughan 1977) or nucleic acids (Verma 1974; Vedel 
etal. 1978, 1981; Timothy etal. 1979; Lebacq and 
Vedel 1981; Kung et al. 1982). 

In this report, mutational analysis (Palmer and 
Zamir 1982) of chloroplast DNA variation has been 
used to explore the evolution of a hybrid species 
complex in the agriculturally important genus Brass ica .  

We present results which demonstrate the potential of 
chloroplast DNA analysis for providing new insights 
upon evolutionary relationships within this already 
extensively-studied and well-understood group of crop 
plants. 

Materials and methods 

Chloroplast DNA was purified from flats of two-month old 
plants of accessions 1-14 and 16-21 (Table 1) according to the 
DNase I procedure of Kolodner and Tewari (1975) and from 
accessions 15 and 22 according to the sucrose gradient 
procedure of Palmer (1982). Restriction endonuclease diges- 
tions, agarose gel electrophoresis, bidirectional nitrocellulose 
filter transfers of DNA, labeling of recombinant plasmids and 
isolated fragments with z2p by nick-translation, and filter 
hybridizations were performed exactly as described (Palmer 
1982). Chloroplast DNA restriction fragments were prepared 
from agarose gels according to methods described previously 
for the isolation of fragments from acrylamide gels (Maxam 
and Gilbert 1980). 
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Fig. 1. Sma I chloroplast DNA mutations. Chloroplast DNAs from accessions 1 - 22 (Table 1) were digested with restriction endo- 
nuclease Sma I and fragments separated by electrophoresis on a 0.7% agarose gel. Each set of three horizontally staggered arrows 
indicates fragment size changes ascribable to a specific restriction site mutation (Table 2). Fragment sizes are given in kb. The 
broad arrow indicates fragment size variation resulting from small deletions/additions. A series of faint bands visible in the region 
of the gel between 5 kb and 15 kb arise from a small amount of mitochondrial DNA contamination of the chloroplast DNA prep- 
arations as judged by comparison with restriction profiles of purified mitochondrial DNA (data not shown) 

Table 1. Source ofBrassica DNAs. (sps)= seed for plants used were derived from a single plant selec- 
tion 

Species Origin Line information 

1. Brassica carinata 
2. Brassica carinata 
3. Brassica napus 
4. Brassica napus 
5. Brassica napus 
6. Brassicajuncea 
7. Brassica juncea 
8. Brassica juncea 
9. Brassica campestris 

10. Brassica campestris 
11. Brassica campestris 
12. Brassica campestris 
13. Brassica hirta 
14. Brassica hirta 
15. Brassica nigra 
16. Brassica nigra 
17. Brassica nigra 
18. Raphanus sativa 
19. Brassica oleracea 
20. Brassica oleracea 
21. Brassica oleracea 
22. Brassica oleracea 

Ethiopa 
India 
Japan 
Poland 
Canada 
China 
India 
Canada 
China 
India 
California 
Canada 
Ethiopia 
Europe 
California 
Europe 
India 
Korea 
Europe 
Europe 
Europe 
Europe 

Plant Introduction 193, 759 (sps) 
Plant Introduction 033, 181 (sps) 
cv. Norin 31 (sps) 
cv. Bronowski 
cv. Altex (oil seed) 
Plant Introduction (sps) 
Plant Introduction NU60039 (sps) 
cv. Domo (oil seed) 
Plant Introduction 
Subspecies trilocularis, PI180, 412 (sps) 
Volunteer weed population (sps) 
cv. Torch (oil seed) 
Plant Introduction 195, 922 (sps) 
Commercial white mustard line 
Volunteer weed population (sps) 
Commercial black mustard line 
Plant Introduction 179, 860 (sps) 
Plant Introduction (sps) 
cv. Oscar (cabbage) 
cv. Snowball (cauliflower) 
cv. Cruiser (broccoli) 
cv. Descicco (broccoli) 
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Results 

Evolution of  Brassica chloroplast genome structure 

Previous studies have shown that structural rearrange- 
ments, particularly frequent small deletions and inser- 
tions (Gordon etal .  1982; Fluhr  and Edelman 1981; 
Palmer etal .  1983a), but also rare large inversions, 
deletions and transpositions (Palmer and Thompson 
1982), often distinguish chloroplast DNAs of related 
taxa and in certain cases (Palmer and Thompson  1982) 
can be used to infer phylogeny. Comparative analysis 
of the 22 Brassica chloroplast DNAs examined in this 
study (Table 1) with 28 different restriction enzymes 
has located a number  of small deletions and insertions, 

ranging in size from 50 bp to 400 bp, in several regions 
of the Brassica chloroplast genome (Fig. 1). However, 

owing both to the small size of these changes and the 
inherent and difficulties in accurately assessing frag- 
ment size identities (1.6 kb fragment in lanes 14 and 
15, and also in lanes 18 and 19; Fig. 1), and also to 
the tendency for certain regions of the genome to be 
hotspots (Gordon et al. 1982; Palmer etal .  1983a) for 
small size changes, we have not considered these events 
in constructing phylogenies. 

No major rearrangements were evident in com- 
paring restriction patterns for the 22 lines tested 
(Table 2) and in constructing maps for 8 of the enzymes 
(Fig. 2). Comparison to much more distantly related 

Table 2. Chloroplast DNA restriction site mutations. The evolutionary direction of restriction site changes is given with reference to 
the ancestral pattern for each enzyme based on the root of the tree drawn in Fig. 4a. The direction of mutations at the root of the 
tree, i.e., those that distinguish samples 3-12 and 18-22 from 1, 2 and 13-17, cannot be determined; such mutations have been 
arbitrarily assigned to samples 3-12 and 18-22. Enzymes Pvu II through Sac II are Type I enzymes and the rest are Type II enzy- 
mes. No mutations were detected with BstEIl (12 bands), Kpn I (10 bands) and Sph I (6 bands), while no Type II mutations were 
detected with Hind III (27 bands), Nco I (20 bands) and S tu I (18 bands). Number of bands scored are given for sample no. 19 and 
represent all those bands, starting in order from the largest band, that could confidently b e separated and analyzed on a series of 
agarose gels of different percentages 

Enzyme No. Changed fragments (kb) Mutated Enzyme No. Changed fragments (kb) Mutated 
bands samples bands samples 
scored Losses Gains scored Losses Gains 

PvulI 12 17.2+8.7 26 10 SacII 7 30+21.2 . 52 18 
Sacl 15 1.1+1.05 2.2 18 35 17.4+17.0 3-12, 18-22 
Ball 10 21.5+9.9 27 +15.1 b 3-12,18-22 45 32 +12.2 1,2,15-17 

+5.2 a 45 22.2+22.0 3-12, 19-22 
15.1 b 14.2+ 1.1 3-12, 18-22 EcoRV 27 12.2 9.4+ 2.8 4,6-12, 19-22 

Bgll 9 21.9 15.3+ 6.3 3-12,19-22 MstlI 19 6.8+ 5.2 12.2 19-22 
27 19.7+ 7.2 3-12,18-22 BamHI 31 9.3+ 3.0 12.4 4,6-12 

SalI c 6 47 +9.9 58 18 XbaI 28 17.2 13.4+ 3.8 4,6-9,11,12 
5.2+4.1 9.4 3-12,18-22 BclI 27 13.5 11.7+ 1.9 3,5 

TthI 7 27 17.7+ 9.1 1,2,17 CfoI 39 3.3+ 1.2 4.5 3,5 
22.6 21.5+ 1.0 1,2,15-17 2.3 1.6+ 0.7 19-22 

PstI 12 19.2+4.9 24 19-22 NciI 29 6.7+ 2.8 9.4 15, 16 
30 28 + 2.0 3-12, 18-22 2.2+ 1.6 3.8 19-22 
12.5+2.6 15.2 3-12, 18-22 XmnI 40 4.3a+ 0.7 ~ 5.0 a 13, 14, 16 

SmaI 8 3.1a+0.9 a 4.1 a 3-12, 19-22 5.4 3.7+ 1.7 1,2,17 
25 16.0+ 9.5 1,2, 15-17 Clal 27 2.6+ 0.6 3.2 4,6-12, 19-22 
49 41 + 8.2 3-12,18-22 2.9+ 0.5 3.4 3,5 

Xho I 13 6.3+2.2 8.4 3-12, 18-22 2.6 2.2+ 0.4 15, 16 
15.3+9.8 16.2+ 8.8 3-12, 18-22 1.9 1.5+ 0.4 10 

HpaI 15 20.3 16.6+ 3.5 18 EcoRI 33 6.6 4.6+ 1.9 4,6-12 
8.8 5.4+ 3.4 18 1.8+ 1.4 3.2 4,6-9,11,12 
6.6+4.4 11.1 1,2,15-17 2.1+ 1.9 4.0 15 

25 20.3+ 4.7 3-12,18-22 8.2 5.4+ 2.7 1,2,17 
NruI  13 20.3 17.8+ 2.3 18 

3.2 a 2.1a+ 1.1 a 13, 14 
4.1 2.5+ 1.6 3-12 

25.1 20.3+ 5.2 3-12, 18-22 

Doublet bands 
b Fragment predicted to have existed, but destroyed by a second independent mutation within the same region of DNA 
~ Identical Sal I patterns for 6 of these species have been published by Lebacq and Vedel (1981), with the exception that their 
B. nigra pattern was identical to that of both our and their B. campestris and B. juncea. Based on the large evolutionary distance 
between B. nigra and the latter two species (Fig. 4a) we suggest that their B. nigra either was misidentified or had derived its cyto- 
plasm from a foreign source 
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Fig. 2A, B. Location of mutations on the Brassica chloroplast DNA restriction map. A Bal I, Bgl I, Hpa 1, Pst I and Sma I sites were 
mapped by heterologous hybridizations using cloned mung bean restriction fragments (Fig. 3), Sac II sites by hybridizations using 
cloned petunia fragments (Fig. 3) and Sal I and Xho I sites are from Link et al. (1981). In a few places additional mapping in- 
formation was kindly provided by G. Link (pers. commun.). Sites which are mutated among the 22 DNAs compared are given by a 
dashed vertical line (Table 2) and conserved sites by a solid linc. Fragment sizes are given in kb. The asterisk denotes two 
putative Xho I restriction site mutations, which may, alternatively, result from a single inversion (see text for discussion). Note that 
all the maps shown in Figs. 2 and 3 portray the chloroplast genome in only one of the two orientations in which it exists [the single 
copy regions are flipped relative to one another in half the native molecules (Palmer 1983)]. In addition, each enzyme map was 
constructed without reference to the others and thus the relative positions of sites within the small single copy region may be re- 
versed for any pair of enzymes. B Distribution of Brassica chloroplast DNA mutations. Of the 104 mapped restriction sites, 25, 
representing 23 independent mutations (2 are located within the inverted repeat and thus are shown twice), are variable (long verti- 
cal lines) and 79 nonvariable (short vertical lines). Heavy horizontal lines indicate the extent of the inverted repeat. The locations of 
the Brassica rRNA (ribosomal RNA), psbA (32,000 dalton photosystem II polypeptide) and rbcL (large subunit of ribulose-l,5- 
bisphosphate carboxylase) genes are from Link (1981) 
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F i g .  3. Evolution of Brassica chloroplast gcnome structure. Top panel Twelve nonoverlapping, cloned petunia Pst I chloroplast 
DNA restriction fragments (J. D. Palmer, K. J. Aldrich and W. F. Thompson, unpublished), which represent 84% of the petunia 
genome, were each hybridized to replica nitrocellulose filters containing Sac 11, Sal I and Sac ll-Sal 1 fragments from DNA 13, 
Sac II and Sac II-Sal I fragments from DNA 9, and Sac II fragments from DNA 18. The extent of the petunia fragments used as 
probes is indicated by the two lines that converge below the fragments, while the size of each fragment is given above in kb. The 
Brassica fragments to which the petunia probes hybridize are indicated by the lines leading from the petunia fragments to the 
Brassica fragments. The petunia Pst I fragments were ordered by hybridizing each of 12 cloned petunia Pst I fragments to nitrocel- 
lulose filters containing petunia Pst 1, Sal I (Bovenberg et al. 1981) and Sal i-Pst I fragments. The petunia 16S and 23S rRNA genes 
were mapped by Bovcnbcrg ct al. (1981) and pctunia rbcL gcne by J. D. Palmer, (unpublished). Restriction sites shown: (~) Pst I; 
(~) Sal I; (~') Sac II. Bottom panel Fourteen nonoverlapping, cloned (Palmer and Thompson 1981 a) mung bean restriction frag- 
ments were each hybridized to replica nitrocellulose filters containing Bgl I fragments from DNA 6 and Hpa I fragments from 
DNA 18. Mung bean mapping data are from Palmer and Thompson (1981 b) and Palmer et al. (1982). Restriction sites shown: (q)  
Pst I; (~)  Sal I; (~)  Bgl I; (~)  Hpa I 



J. D. Palmer et al.: Chloroplast DNA relationships in Brassica 185 

chloroplast DNAs by heterologous filter hybridizations 
reveals that, as a group, these Brassica chloroplast 
DNAs are colinear with petunia chloroplast DNA and 
differ from that of mung bean by the same large 
inversion of approximately 50 kb found also in petunia, 
spinach and cucumber (Palmer and Thompson 1982) 
(Fig. 3). 

Comparative restriction analysis reveals, that in 
addition to numerous small deletions-insertions and 
point mutations (see next section), one small inversion 
may have occurred during the evolution of the Brassica 
chloroplast genome. DNAs 1, 2 and 13-17 possess 
adjacent Xho I fragments (Link et al. 1981) of 15.3 kb 
and 9.8 kb which are replaced in DNAs 3-12 and 
18-22 by fragments of 16,2kb and 8.8 kb (Table 2, 
Fig. 2a). This result is equally consistent with two 
independent Xho I restriction site mutations 1 kb apart 
from one another or with a single inversion of 1-3 kb. 
For the present purposes of phylogenetic analysis we 
have considered these fragment changes to result from 
two independent site changes (Table 2 and Fig. 4). 

Mutational analysis of Brassica chloroplast DNA 
variation 

Analysis of the restriction fragment patterns produced 
with Sma I reveals a broad range of evolutionary 
divergence among the 22 Brassica chloroplast DNAs 
(Fig. 1). However, direct inspection of these gel profiles, 
involving the successive analysis of DNAs which differ 
at only 3 band positions, allows one to directly recon- 
struct the pathway of specific restriction site mutations 
which differentiate even the most divergent DNAs. For 
example, DNAs 3-12 and 19-22 are identical to DNA 
18 except for the presence of a 4.0 kilobase pair (kb) 
band which is replaced in DNA 18 by bands of 3.1 kb 
and 0.9 kb. The most likely explanation for these 
differences is a mutation, probably a single base substi- 
tution, that has created a new Sma I site within the 
4.0 kb fragment, or alternatively, has abolished the 
preexisting site between the 3.1 kb and 0.9 kb frag- 
ments. Similar logic suggests that DNA 18 differs from 
DNAs 13 and 14 only by a single Sma I restriction site 
mutation (49 kb=41 kb and 8.2 kb) and, in turn, that 
DNAs 13 and 14 differ from 1, 2 and 15-17 by a single 
site change (25 kb=  16.0 kb+9.5 kb) (Fig. 1). Thus, the 
9 fragment differences which distinguish DNAs 1, 2 
and 15-17 from DNAs 3-12 and 19-22 can be ex- 
plained by postulating mutations at three different Sma I 
sites. It is important to emphasize that these inspec- 
tional inferences concerning the map positions of mu- 
tated fragments were confirmed by constructing a 
complete map ofBrassica Sma I fragments (Fig. 2 a). 

Variation among these 22 chloroplast DNAs was 
analyzed using a total of 28 different restriction en- 
zymes (Table2). 15 of the restriction enzymes are 

classified as Type I enzymes. These cut the DNA rarely 
enough so that restriction fragment changes could be 
analyzed for the entire group of 22 DNAs (Table 2). 
The patterns for 7 of these enzymes, 3 of which are 
invariant for the 22 DNAs, were analyzed solely by 
inspection, while for 8 enzymes an independent map- 
ping approach (Fig. 2a) was used to confirm the 
inspectional analysis (Table 2). The 23 independent 
mutations mapped in Figs. 2a, b are distributed 
throughout the genome, with a very slight tendency to 
cluster at the ends of the large single copy region 
(Gordon et al. 1982; Kung et al. 1982; Palmer et al. 
1983a) and in the middle of the small single copy 
region. Conversely, mutations tended to be slightly 
underrepresented in the inverted repeat (Palmer and 
Zamir 1982) and central portion of the large single 
copy region. 

A total of 31 restriction site mutations were ob- 
served at 155 6-bp sites sampled with the 15 Type ! 
enzymes (Table 2). Four major lineages are defined 
solely on the basis of these Type I mutations (Fig. 1). 
These are: 1) B. carinata and B. nigra, 2) B. hirta, 3) 
R. sativus, and 4) B. oleracea, B. campestris, B. juncea 
and B. napus (Fig. 4a). 13enzymes, designated as 
Type II enzymes, an additional 19 mutations were 
was not possible to satisfactorily analyze all the varia- 
tion observed between these four major lineages, but 
were extremely useful in providing increased resolution 
within the four lineages (Table2, Fig. 4a). Using 
Type II enzymes, and additional 19 mutations were 
observed at 365 sites (2083 bp) within each of the four 
major lineages defined by Type I mutations (Table 2, 
Fig. 4 a). 

In order to determine the evolutionary direction for 
the Type II mutations, the largest changed fragment for 
each mutation was isolated by preparative agarose gel 
electrophoresis, labeled with 32p by nick-translation 
and hybridized to a nitrocellulose filter blot containing 
the mutated DNAs plus one or more DNAs from each 
of the other three major lineages (as defined by Type I 
mutations) to serve as outside reference groups (out- 
groups). For example, using the YypeII enzyme 
EcoRV, DNAs 3 and 5 were observed to differ from 
DNAs 4, 6-12 and 19-22 at three fragment positions 
(Table 2). The direction of this mutation, and also the 
physical relationships of the altered fragments, was 
determined by isolating the 12.2 kb EcoRV fragment 
and hybridizing it to filter-bound EcoRV-digested 
chloroplast DNAs from accessions 3, 8, 13, 17 and 18. 
The 12.2kb fragment hybridized to a fragment of 
similar size in the three outgroup DNAs (13, 17, 18) 
and to fragments of 9.4 kb and 2.8 kb in DNA 8 (data 
not shown). Thus, it was concluded that these fragment 
changes result from a site gain in DNAs 4, 6-12 and 
19-22, rather than a site loss in DNAs 3 and 5. 
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Type T Type T & TF 
Mutations Mutations 

1 
2 

4 

2U 
1 

1 

3 4 

3 I ~ ~ 9,11,12 

~ 3,5 
3 

Black Mustard 
1,2 B. carinata N=8 
17 B. nigra 

B. nigra 

15 B. nigra / B X 

16 B. nigra 
Abyssinian N = 17 N =18 Leaf 
Mustard 13,14 B. hirta B. carinata B. juncea Mustard 

18 R. sativa / BC AB X 

N=9 N=19 N=IO 
B. oleracea B. oleracea ~ B. napus ~ B.campestris 

C AC A B napus 
B. juncea cabbage oil rape turnip 
B. campestris cauliflower rutabaga turnip rape 

broccoli chinese cabbage B. campestris kale 
kohlrabi 
brussel sprouts B. napus 

A B 
Fig. 4. A Brassica chloroplast DNA phylogeny. Numbers at termination of branches indicates accession (Table 1). Numbers above 
branches indicate the number of Type I mutations specific to each branch, while numbers below branches indicate the number of 
Type II mutations (Table 2; see text). B Classical phylogeny for cultivated diploid and tetraploid species of Brassica based on cy- 
togenetic analysis (U 1935) 

Brassica chloroplast DNA phylogeny 

40 of the 50 Type I and II mutations are phylo- 
genetically informative - i.e. are shared by two or more 
DNAs - and were used to construct a chloroplast DNA 
phylogeny according to principles of parsimony analy- 
sis (Ferris etal. 1981; Palmer and Zamir 1982). The 
most parsimonious tree (Fig. 4a) requires a minimum 
of 41 independent mutations to account for the ob- 
served distribution of the 40 phylogenetically informa- 
tive DNA phenotypes. This tree postulates the in- 
dependent occurrence twice, once in DNAs 3 and 5 and 
once in DNAs4 and 6-12, of a Nru I mutation 
(4.1 kb=2.5 kb+ 1.6 kb) shared by DNAs 3-12. An 
alternative tree, less parsimonious by one mutation, 
would exchange DNAs 19-22 with DNAs 3 and 5 in 
Fig. 4 a, thereby postulating 2 cases of parallelisms (Eco 
RV and Cla I mutations, Table 2) involving DNAs 4 
and 6-12 and DNAs 19-22. Another instance of 
apparent parallelism in restriction site mutations, which 
does not, however, impinge upon the analysis presented 
in Fig. 4a, was observed with an Xmn I mutation 
shared by DNAs 13, 14 and 16 (Table 2). 

In order to root our tree we have assumed that the 
chloroplast genome is evolving at a fairly constant, 
clocklike rate (Wilson et al. 1977). This assumption 

results in a tree (Fig. 4a) in which the numbers of 
mutations are most nearly equal in all lineages. Formal 
cladistic analysis would use the best outgroup available, 
in this case radish (R. sativus), in order to root such a 
tree. This would result in an extremely lopsided phy- 
logeny, with 14-18 rooted mutations for DNAs 1, 2 and 
13-17 as compared to only 4-5 rooted mutations for 
DNAs 3-12 and 19-22. In similar phylogenetic analysis 
of chloroplast DNA variation in the genus Lycopersicon 
(Palmer and Zamir 1982) it was found that the same 
root was obtained when analysis was based either on 
the clock assumption or on outgroup comparisons. In 
the present case, we note the rather weak fertility 
barriers between radish and the Brassica species exam- 
ined (Karpechenko 1924), indicating not only much 
stronger genetic affinities than in the Lycopersicon case 
(Palmer and Zamir 1982), but also increasing the 
likelihood of cytoplasmic transfer between species via 
introgression, as appears to have happened with 
DNAs 3 and 5 (see below). 

Evolution of amphiploidy in Brassica 

A great diversity of taxonomic approaches (Prakash 
and Hinata 1980) - including comparative anatomy 



J. D. Palmer et al.: Chloroplast DNA relationships in Brassica 187 

(Berggren 1962), cytogenetics (U 1935), artificial resyn- 
thesis of  hybrids (Olsson 1960 a, 1960 b), and molecular 
analysis of  secondary chemical compounds  (Vaughan 
1977; Dass and N y b o m  1967), proteins (Uchimiya and 
Wildman 1978; Ga tenby  and Cocking 1978; Vaughan 
1977) and nuclear D N A  (Verma and Rees 1974) - are 
compatible with the so-called "triangle of  U"  (U 1935; 
Fig. 4b), hypothesized to explain relationships among 
the six agriculturally important  diploid and amphi-  
diploid species of  Brassica. The only evidence con- 
cerning the direction of  these crosses comes from 
isoelectric focusing studies (Uchimiya and Wildman 
1978) on the chloroplast-encoded (Link 1981), 
maternally-inherited (Palmer et al. 1983 b) large subunit 
polypeptide of  r ibulose-l ,5-bisphosphate carboxylase. 
Uchimiya and Wildman found two types of  large 
subunit patterns - one common  to B. nigra, B. carinata, 
and B. hirta and one shared by the other 5 species 
examined (Table 1). They  concluded that B. nigra and 
B. campestris were the maternal  parents for B. carinata 
and B.juncea, respectively, while no assignment could 
be made for B. napus. 

Chloroplast DNAs  from both accessions of  B. cari- 
nata examined are identical at 3013 bp sampled to that 
of  B. nigra no. 17, while DNAs from all three B.juncea 
and from B. napus no. 4 are identical to those of  
B. campestris no. 9, no. 11 and no. 12 (Fig. 4a). Thus 
one can not only identify the maternal  parent  species 
(and by subtraction, the paternal  parent  as well; 
Fig. 4 a, b) for each of  these amphidiploids,  but can also 
implicate specific types within each of  these diploids as 
the likely maternal  parent. Quite surprisingly, chloro- 
plast D N A  analysis indicates that B. napus no. 3 and 
no. 5 branched off  from a lineage containing their 
putative parents, B. oleracea and B. campestris, prior to 
the divergence of  the two diploids from one another  
(Fig. 4a). This result is contradictory to all published 
analyses (see above references) for a large number  of  
diverse accessions from these 3 species (Fig. 4b). In 
addition, analysis o f  nuclear r ibosomal D N A  sequences 
from the very plants examined in this study reveals that 
the nuclear genomes of  all 3 B. napus contain equal 
amounts  of  B. oleracea- and B. campestris-specific 
sequences (J. D. Palmer, unpublished).  

This contradiction between maternal ,  chloroplast 
DNA-based  and biparental,  nuc lear -DNA based 
phylogenies very strongly implicates introgressive 
hybridization - the repeated backcrossing of  a natural  
hybrid to one or both parental  populat ions (Anderson 
1953) - in the origin of  B. napus no. 3 and no. 5. We 
postulate that at some point either B. oleracea, B. cam- 
pestris or their F1 hybrid derivative served as the 
paternal parent  in a cross with some unknown species. 
Following this initial cross the new hybrid served as the 
maternal  parent  in a series of  backcrosses to the 

Table 3. Percent sequence divergence values for different chlo- 
roplast DNA pairs. Values are calculated as 100p, where p is 
the estimated substitutions per base pair from equation 3 of 
Brown et al. (1979). Panel A is based on Type I mutations only 
(Fig. 4a) and represents comparisons of 930 base pairs (155 
six-base pair restriction sites). Panels B and C are based on 
both Type 1 and Type II mutations (Fig. 4a) and represent 
comparisons of 3013 base pairs (452 six-base pair sites, 29 five- 
base pair sites and 39 four base-pair sites) 

B 

C 

1,2, 17 13, 14 18 3-9, 11, 
12, 19-22 

1,2,17 - 
13, 14 0.65 - 
18 2.59 2.15 - 
3-9, 11, 2.37 1.94 1.08 - 

12, 19-22 

1, 2, 17 15 16 
1,2,17 - 

15 0.20 - 
16 0.20 0.07 - 

19-22 4, 6-8  10 3, 5 
9,11,12 

19-22 
4, 6-8  0.30 - 
9,11,12 

10 0.30 0.13 - 
3, 5 0.33 0.37 0.37 - 

original paternal parent  population,  ultimately leading 
to the completely new combinat ion of  cytoplasm and 
nucleus now found in B. napus no. 3 and no. 5. 

The large number  of  mutat ions analyzed in this 
study allows quantitative conclusions concerning both 
the relative time of  hybridization and also the relative 
divergence of  the diploid parents (Table 3, Fig. 4a). 
The identity of  chloroplast DNAs from all assigned 
amphidiploids (B. carinata, B.juncea, B. napus no. 4) to 
those of  their respective maternal  parents indicates that 
all these hybridizations occurred very recently. Clearly, 
no equivalent conclusion can be reached for B. napus 
no. 3 and no. 5. B. oleracea and B. campestris are much 
more closely related (0.3% sequence divergence) to 
each other than either diploid is to B. nigra (2.4% 
sequence divergence), both now and also at the time of  
their various hybridizations. 

On the basis of  cytoplasmic relationships, both 
radish (R. sativus) and white mustard (B. hirta; syn. 
Sinapis alba in Europe) clearly belong in the genus 
Brassica. Radish is fairly closely related (1.1% diver- 
gence, Table 3) to the oleracea-napus-juncea-campestris 
complex and white mustard to the nigra-carinata com- 
plex (0.6% divergence). It is possible that introgression 
has also affected cytoplasmic relationships for these 
species; examination of  this issue requires detailed 
phylogenetic analysis of  nuclear D N A  variation and is 
currently in progress. 
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Discussion 

The wealth of  taxonomic information available on 
evolutionary relationships in the genus Brassica makes 
this an ideal case study group to examine the addi- 
tional evolutionary insights that can be gained by 
mutational analysis of  chloroplast D N A  variation. Our 
findings indicate that, even in this well-characterized 
group, chloroplast DNA analysis can yield new infor- 
mation concerning the origin of  polyploid species - 
including the revelation o f  an unexpected case of  
introgressive hybridization - and generally provides 
previously unattainable quantitative information on 
species relationships. 

The total range of  sequence variation encountered 
in Brassica (2.4%) is over 3 times that found in 
Lycopersicon (Palmer and Zamir  1982). Although this 
greater variation necessitated a two-tier system, in- 
cluding more tedious blot hybridizations, for evaluating 
mutations, it was still possible to delineate overall 
relationships for the entire group while at the same 
time making critical fine distinctions within terminal 
subgroups. The level of  sequence divergence observed 
within Brassica is still much less than the range of  
divergence values encountered in interspecific studies 
of  animal mitochondrial DNA variation (Avise et al. 
1979a, 1979b; Brown and Simpson 1981) and is consis- 
tent with the notion that the chloroplast genome is 
evolving relatively slowly (Palmer and Zamir  1982). 
However, more comparative data relating chloroplast 
and nuclear evolutionary rates, particularly in plant 
groups with good fossil records, are needed before this 
conclusion can be made with any certainty. 

The results presented in this and previous studies 
(Palmer and Zamir 1982; Timothy et al. 1979; Kung 
et al. 1982; Vedel et al. 1978, 1981; Lebacq and Vedel 
1981) demonstrate that chloroplast DNA  analysis can 
be used to study a wide range of  problems in plant 
evolution and systematics. A major question which 
remains is: What  are the practical limits, both in terms 
of  base sequence divergence and also in terms of  the 
taxonomic range of  plants that can be studied, to which 
chloroplast DNA analysis can be extended? In general, 
the major factor which limits phylogenetic interpreta- 
tion of  macromolecular sequence data, nucleic acid or 
protein, is the incidence of  parallel and back mutations. 
So far, the incidence of  these mutations is very low, 
4.0% in Brassica and 2.5% in Lyeopersicon (Palmer and 
Zamir 1982), which is to be expected given the ex- 
tremely low absolute rate o f  base change observed. 
Adaptation of  these techniques to study older and 
larger taxonomic groups, where one can expect to find 
a significantly greater amount  of  base change, accom- 
panied by a higher rate of  parallelisms, will probably 
involve direct sequence analysis (Brown etal. 1982; 

Zurawski etal. 1981; Tohdoh and Sugiura 1982) of  a 
small, relatively slowly evolving portion of  the genome. 
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