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Summary. The restriction profiles of chloroplast DNA
(cpDNA) from Nicotiana tabacum, N. sylvestris, N.
plumbaginifolia, and N. otophora were obtained with re-
spect to Aval, BamHI, Bgll, HindIIl, PstI, Pvull, Sall,
and Xhol. An efficient mapping method for the construc-
tion of cpDNA physical maps in Nicotiana was estab-
lished via a computer-aided analysis of the complete
cpDNA sequence of N. tabacum for probe selection.
The efficiency of this approach is demonstrated by the
determination of cpDNA maps from N. sylvestris,
N. plumbaginifolia, and N. otophora with respect to all of
the above restriction endonucleases. The size and basic
structure of the cpDNA from the three species are almost
identical, with an addition of approximately 80 bp in
N. plumbaginifolia. The restriction patterns and hence
the physical maps between N. tabacum and N. sylvestris
cpDNA are identical and there is no difference in the
Pyull digests of cpDNA from all four species. Restriction
site variations in cpDNA from different species probably
result from point mutations, which create or eliminate a
particular cutting site, and they were observed spanning
the whole chloroplast molecule but highly concentrated
in both ends of the large, single-copy region. The results
presented here will be used for the forthcoming charac-
terization of chloroplast genomes in the interspecies so-
matic hybrids of Nicotiana, and will be of great value in
completing the exploration of the phylogenetic relation-
ships within this already extensively studied genus.
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Introduction

The structural organization of chloroplast genomes has
been studied extensively in the past decade (see Palmer
1985). The chloroplast DNA molecules (cpDNA) in
most higher plants exist as a circular form with a length
ranging from 120 to 160 kb (Palmer 1985). One of the
most distinct features found in cpDNA is the existence of
two inverted repeat segments (IR, and IR;) which are
separated by a small and a large single-copy region (des-
ignated as SSC and LSC, respectively). This basic struc-
ture is highly conserved among most plant species rang-
ing from algae to higher plants, with only a few excep-
tions. For instance, the cpDNAs in broad bean, pea, and
chickpea lack the inverted repeats (Koller and Delius
1980; Palmer and Thompson 1981; Chu et al. 1981; Chu
and Tewari 1982).

With respect to a variety of restriction enzymes, there
have been many reports on the restriction patterns and
the construction of physical maps of cpDNA from algae,
Chlamydomonas reinhardtii (Rochaix 1978; Gauthier
etal. 1988), to lower plants, Marchantia polymorpha
(Ohyama et al. 1983), and higher plants, Zea mays (Bed-
brook and Bogorad 1976; Larrinua et al. 1983), Oryza
sativa (Hirai et al. 1985), Pinus monticola (White 1990),
Spinacia oleracea (Driesel et al. 1979; Herrmann et al.
1980), Glycine max (Spielmann et al. 1983), Dioscorea
bulbifera (Terauchi et al. 1989), Triticum (Bowman et al.
1981), Cucumis species (Perl-Treves and Galun 1985),
and Nicotiana species (Seyer et al. 1981; Fluhr and Edel-
man 1981; Hildebrand et al. 1985). Of all plant species,
the chloroplast genomes of tobacco have been studied
the most, and the complete sequence of the cpDNA
from N. tabacum was determined by Shinozaki et al.
(19864a,b). The cpDNA of N. tabacum is a circular mole-
cule (155,844 bp) that contains two copies of identical
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inverted repeats (25,339 bp), which are separated by a
large (86,684 bp) and a small (18,482 bp) single-copy re-
gion. In this molecule, the genes for four different
rRNAs, 30 different tRNAs, 39 different proteins, and 11
predicted protein coding regions were located (Shinozaki
etal. 19864, b).

The restriction patterns of the cpDNA are similar but
not identical among different Nicotiana species (Tassop-
ulu and Kung 1984). This characteristic was used as the
plastome marker in the studies of chloroplast segregation
(Belliard et al. 1978) and for evaluating genetic distance
between fused partners (Aviv et al. 1980). It has also been
used for investigating the mechanism of streptomycin-re-
sistant mutants that inherited maternally (To et al. 1989).
Although the restriction profiles alone can provide phy-
logenetic and evolutionary indications, the availability of
physical maps allows a much more detailed analysis of
cpDNA rearrangement in the fused cells (Medgyesy et al.
1985; Fejes et al. 1990) and deletions or additions of
particular sequences in different species (Shen et al. 1982;
Tassopulu and Kung 1984). The physical maps, together
with the evidence obtained from biochemical studies,
were also utilized to build the phylogenetic tree along the
course of evolution among the diverse species of the ge-
nus Nicotiana (Chen et al. 1976; Kung et al. 1982).

In this article, we demonstrate an efficient mapping
procedure for cpDNA from the genus Nicotiana, and we
present the restriction profiles and the maps obtained
from N. plumbaginifolia, N. otophora, and N. sylvestris
with respect to eight common restriction enzymes: Aval,
BamH]1, Bgil, Hind1ll, Pstl, Pyull, Sall, and Xhol. Phys-
ical maps of N. tabacum are also included for comparison
and the results are discussed.

Materials and methods

Plant materials

Four species of the Nicoriana genus were used in the present
study. N. plumbaginifolia, N. sylvestris, and N. otophora were
used extensively in the somatic genetic studies (Chen et al. 1985;
To et al. 1989), and N. tabacum was included mainly for compar-
ative analysis because the complete sequence of its cpDNA is
determined. The plants were grown at 25°+2°C with 12h of
illumination. Before the isolation of cpDNA, the plants were
kept in the dark for 3—5 days to reduce the starch content in the
leaves.

Chloroplast DNA extractions

The method for chloroplast DNA isolation was mainly based on
the procedures described by Fluhr and Edelman (1981), with the
modification that 30% —60% discontinuous sucrose density gra-
dients were used.

Restriction endonuclease analysis of the cpDNA

Restriction endonucleases were obtained from Boehringer-
Mannheim or Biolabs. Chloroplast DNA (5-10pug) was com-
pletely digested in a 25-ul reaction mixture, as recommended by

the suppliers, with 510 units of each enzyme at 37°C for 2 h.
Double digestions were carried out by adding the two enzymes
simultaneously and extending the digestion time to 3 h. The
electrophoresis analysis of the resulting DNA fragments was
performed as described by Maniatis et al. (1982). Fragment sizes
were calculated from the standard curve using HindIII digests of
A phage as size markers. In addition, theoretical values were
generated from the published sequence (Shinozaki et al. 1986a,
b) by a computer program.

Excision of DNA fragments from agarose gels
and probe preparation

The restricted DNA fragments were isolated from the gels by the
method of Vogelstein and Gillespie (1979) using a commercially
available Geneclean kit (Bio 101 Inc., La Jolla/CA). The frag-
ments were labeled by random-primed incorporation (Feinberg
and Vogelstein 1983) of digoxigenin-labeled deoxyuridine-
triphosphate, as described by the supplier (DNA Labeling and
Detection Kit, Boehringer-Mannheim).

DNA transfer and hybridization

After electrophoresis, DNA fragments on gels were denatured,
neutralized, and transferred onto Nylon 66 membrane (Hoeffer
Instruments, San Francisco) according to Southern’s method
(1975). The hybridization procedure was carried out under nor-
mal stringency as described by Maniatis et al. (1982). The hy-
brids were detected by enzyme immunoassay using an antibody-
conjugate (anti-digoxigenin alkaline phosphatase conjugate)
and subsequent enzyme-catalyzed color formation with 5-bro-
mo-4-chloro-3-indolyl phosphate and nitroblue tetrazolium salt
(DNA Labeling and Detection Kit, Boehringer-Mannheim).

Results

In the present study, 30—60% sucrose step gradients
were used for chloroplast isolation. The cpDNAs subse-
quently obtained were free from nuclear DNA contami-
nation since background staining on gel was negligible,
and they could be completely digested by restriction en-
donucleases without further purification. The average
yields varied from 5 to 10 ug cpDNA per gram of fresh
leaves, depending on the growth conditions and amounts
of starting materials used. In a typical preparation, ap-
prox. 100-200 pg cpDNA was obtained from 20 g green
leaves, which is enough for at least 20 gel electrophoresis
analyses.

Figure 1 shows the restriction patterns generated by
Aval, BamHI, Bgll, Hindl11, Ps:1, Sall, and XholI diges-
tion of cpDNA from the four Nicotiana species. The sizes
of each fragment are listed in Table 1. They were deter-
mined to single base-pair values if corresponding frag-
ments existed in the N. tabacum. Alternatively, the frag-
ment sizes were calculated from a standard curve con-
structed with molecular-size markers. The restriction
patterns highly resembled each other among all Nico-
tiana species studied, although obvious variations were
detected. In all of the restriction enzymes used, identical
restriction patterns were obtained from N, tabacum and
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N. sylvestris. In addition, the restriction profiles of N.
plumbaginifolia and N. sylvestris cpDNA generated by
BamHI, Bgll, Pvull, and Sall were the same as those
obtained from N. tabacum, while cpDNA from AN.
otophora exhibited the most different restriction patterns
except when digested with Pyull. In fact, no differences
could be found in either the number of bands or their
stoichiometries in Pvu/I digests of all four species. These
data indicate that the chloroplast genomes were very
similar, if not identical, in size and overall structural
organization. Therefore, the variations observed in the
restriction patterns were most likely due to point muta-
tion occurring in the cpDNAs. However, because of the
resolution limit of agarose gel electrophoresis, small dele-
tions or additions could not be characterized here.

In order to establish the physical maps of interest, the
maps of N. tabacum cpDNA were first obtained from the
previously published data and through sequence analysis
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Fig. 1. Restriction patterns of cpDNA isolat-
ed from four Nicotiana species. Tobacco
cpDNA was cut with eight restriction endonu-
cleases and the fragments were separated on
an 0.8% agarose gel. M. size markers, HindII1
digests of 1 phage DNA. T, P, S, and O repre-
sent N. tabacum, N. plumbaginifolia, N. sylves-
tris, and N. otophora, respectively. Fragment
sizes are listed in Table 1. It is difficult to visu-
alize bands smaller than 0.5 kb on these pho-
tographs, but the restriction fragment sizes
can be obtained from computer analysis of the
N. tabacum chloroplast genome

with the aid of a computer program (Fluhr and Edelman
1981; Tassopulu and Kung 1984; Shinozaki et al. 1986a,
b). For each physical map with respect to an individual
restriction endonuclease, the invariable fragments were
located and the inconsistent fragments (generated from
varied restriction sites) were resolved by (1) analysis of
restriction patterns from double digestions, or (2) cross-
hybridization of probes prepared from specific restric-
tion fragments of N. tabacum cpDNA to the digests of
cpDNA from other Nicotiana species, or a combination
of both. Suitable restriction enzymes and probes were
chosen according to the physical maps of N. tabacum
cpDNA. In the following descriptions, the designation of
restriction fragments was the same as those in Table 1,
unless otherwise specified. The maps are presented in
linearized forms by cutting at the junction (J; ,) between
IR, and LSC. J, , was designated as zero and nucleotides
are numbered proceeding towards the LSC, according to



518

Table 1. Nomenclatures and sizes of the restricted cpDNA fragments form Nicotiana tabacum, N. sylvestris, N. plumbaginifolia, and
N. otophora

Fragment Size?® Nicotiana species Fragment Size® Nicotiana species
designation®  (bp) designation®  (bp)
NT NS NP NO NT NS NP NO
Avgl BamH1
A69 13,533 + + - + B40 19,706 + + + +
A68 10,303 + + - + B39 17,481 + + + +
9.5kb B38 10,173 + + + +
A67 8,179 + + + + B37 9,007 + + + +
7.9 kb B36 (x2) 7,067 + + + +
7.5kb 6.6 kb
6.0 kb B35 (x2) 5,164 + + + -
A66 5,704 + + - + B34 4971 + + + +
A65 5,640 + + + + B33 4,790 + + + +
4.8 kb B32 4,537 + + + -
A64 4,385 + + + — B31 4,465 + + + +
A63 4218 + + + + B30 3,629 + + + +
A62 4,180 + + + + B29 3,619 + + + +
42 kb B28 (x2) 3,269 + + + +
Aol 4,116 + + + + B27 3,251 + + + +
A60 3,908 + + + + B26 3,181 + + + +
A59 3,829 + + - + B25 3,005 + + + +
A58 3,776 + + + + 3.0kb
AS57 3,622 + + + + B24 (x2) 2,949 + + + +
A36 3,561 + + + — B23 2,868 + + + +
AS55 3,550 + + + + B22 2,506 + + + +
3.3kb B21 2,322 + + + +
A54 3,271 + + + + 22kb
AS3 3,261 + + + + B20 2,126 + + + +
AS52 2,990 + + + + B19 2,098 + + + —
A51 2,790 + + + + B18 1,349 + + + +
A50 2,689 + + + + B17 1,238 + + + +
A49 2,638 + + - + B16 (x2) 1,226 + + + +
A48 2,567 + + + + B15 (x2) 1,190 + + + +
2.4kb Bi4 1,189 + + + +
A47 2,319 + + + + B13 (x2) 1,112 + + + +
Ad6 2,128 + + + + B12 1,063 + + + +
A45 1,896 + + + + B11 449 + + + +
Ad4 1,876 + + + +
Ad3 (x2) 1,597 + + + + Bgil sizes in kb
A42 1,479 + + + +
A4l (x2) 1319+ + + + ggg 233 * M - N
g 29. + + + +
A40 (x2) 1,283 + + + + Bg7 270 i i+ 1 4
A39 1,212 + + + + Bg6 23.0 T I + +
A38 (x2) 1,137 + + + + Bgs 12.5 4 n " L
A37 (x2) 1,060 + + + + Bgd 83 " 1 n _
A36 29+ oo f Bg3 (x2) 72 + o+ + o+
A35 771 + + + + 52kb
A34 (x2) 757 + + + + B2 2 g N + 4 N
A31 690 + + + +
A30 613 + + + -
A29 606 + + + +
A28 597 + + + +
A27 582 + + + +
A26 514 + + + +
A25 509 + + + +
A24 506 + + + +
A23 (x2) 498 + + + +
A22 458 + + + +
A2l (x2) 413 + + + +
A20 407 + + + —
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Fragment Size?* Nicotiana species Fr?{gmer_lt Size? Nicotiana species
designation® (bp) designation?® (bp)
NT NS NP NO NT NS NP NO
HindII1 Pvull
H33 20,994 + + + + Pvi12 41,704 + + + +
H32 11,487 + + + + Pvi1 20,124 + + + +
H31 (x2) 11,302 + + + + Pv10 17,350 + + + +
H30 9,758 + + + + Pv9 14,042 + + + +
H29 7,803 + + + + Pv8 12,129 + + + +
H28 7,667 + + + + Pv7 10,103 + + + +
H27 7,476 + + + + Pv6 9,876 + + + +
H26 7,010 + + + + Pv5 8,225 + + + +
H25 6,836 + + + + Pv4 6,043 + + + +
H24 5,904 + + - - Pv3 (x2) 3,979 + + + +
5.4kb Pv2 3,430 + + + +
H23 4,498 + + + + Pvl (x2) 2,430 + + + +
H22 4,305 + + + +
H21 4,146 + + + + Sall
3Bk S11 26,757 + + + +
Efg ;;7;;2 :ﬂ i i i $10 23,121 + + + +
H18 2,731 + + + + S9 21,671 + + + +
H17 2,575 + + + + S8 19,467 + + + +
H16 2,081 + + + + 87 16,511 + + + +
1.6 kb S6 15,469 + + + +
H15 (x2) 1,313 + + + + 15.4 kb
H14 1,166 + + + + 35 12,518 + + + -
Hi13 1,119 + + + + S4 11,344 + + + +
H12 (x2) 1,098 + + + + S3 5,471 + + + +
H11 (x2) 1,043 + + + + S2 2,880 + + + -
H10 (x2) 846 + + + + S1 653 + + + +
H9 688 + + + +
H8 544 + + + + Xhol
H7 B A + R ¢ 20,998  + + + +
: X23 17,751 + + + +
X22 15,260 + + — +
Pstl 14.0 kb
P14 23,689 + + + + X21 (x2) 12,059 + + + +
P13 21,492 + + + - X20 11,429 + + + +
21,0kb  X19 9,944 + + + +
P12 21,012 + + - — 9.1 kb
P11 18,949 + + + + X18 8,721 + + + -
P10 18,869 + + + + X17 8,492 + + + -
17.9kb 12.8 kb 8.0 kb
P9 9,047 + + + + 7.2kb
8.7kb X16 5,640 + + + +
P8 (x2) 7,607 + + + + X15 5,241 + + + -
P7 6,505 + + + + X14 3,728 + + + +
P6 (x2) 4,635 + + + + X13 (x2) 2,990 + + + +
40kb 4.0kb X12 (x2) 2,978 + + + +
P5 3,966 + + — - X11 2,954+ + + +
3.1kb X10 2,567 + + + +
P4 2,876 + + + + X9 2,128 + + + +
2.5kb X8 1,479 + + + +
P3 2,395 + + - + X7 825 + + + +
P2 1,573 + + + + X6 (x2) 795 + + + +
P1 987 + + + + X5 639 + + + -

* Designations and sizes of the restriction fragments are obtained by computer-aided analysis of the cpDNA sequence. Fragments
smaller than 0.4 kb are not detected on gels, therefore they are not included in this table
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Panel A (N.oBgll)
Bg4 = 8.3 kb

Panel B (N.p Hindll)
H24* = 6.0 kb
=42 kb+1.8kb

Bgll Bgll Bgll HindIll HindIl HindIll HindII
Pyvull Pvul  Prull
No 31kb52kb Np 1.8kb+—4.2kb -

Bgl(l HindIl
Pvul 0.5K pyull
- 8.3kb- 6.0 kb—
Bg4 H24*

Shinozaki et al. (19864a). In the following, descriptions
concerning the left and right side of the specific fragment
are in accordance with those mentioned above. For in-
stance, the left and right side of the subfragments in N.
otophora corresponding to B4 in N. tabacum are desig-
nated as B4L and B4R, respectively.

Figure 2 demonstrates the determination of the sub-
fragment orders by analyzing the restriction patterns ob-
tained by double digestions. The regions concerned are in
the Bgll maps of N. otophora, as well as the Xhol and
HindIII maps in N. plumbaginifolia. All of the regions
involve an additional restriction site when compared to
those obtained in N. tabacum. In the Bgll digest of N.
otophora cpDNA, a fragment corresponding to the B4
band in N. tabacum did not exist, while two other smaller
fragments were generated instead. Because the sum of
their sizes (3.1 and 5.2 kb) is equal to B4 (8.3 kb), the
most likely explanation is that an additional restriction
site appears in N. otophora. It is already known that a
Pwull site exists on the right side of B4; therefore, the
same cutting site should also exist in one of the subfrag-
ments in N. otophora. The cpDNA from N. otophora was
then double digested with Bg/l and Pyull, and the result-
ing fragments were resolved using the single digest of
Bgll as a reference (Fig. 2, panel A). The results show

Panel C (N.p Xhol)
X22 = 153 kb
=80kb +7.3kb

Fig. 2A—C. Determination of sub-
fragment orders by double diges-
tions. cpDNA of N. plumbaginifolia
and N. otophora cpDNA were dou-
ble digested with restriction en-
zymes as indicated. Fragments were
separated by electrophoresis for
10—15hin 1.0% agarose gels. Pan-
els A, B, and C indicate the three
double digestions by which sub-
fragment order was determined
(N.o. Bgll, N.p. Xhol, and N.p.
HindIII). Results are summarized

Xhol Xhol Xhol Xhol at the bottom of the figure. In Panel
P.vuIl Sc; i B, the H24* in N. plumbaginifolia is
homologous to H24 (5,904 bp) in
N. tabacum, but with a size addition
Np —8.0kb+7.3kb of approximately 80 bp. Therefore,
Xhol its size is estimated to be about
LIL_—J 6.0 kb
Pvull Sall
—15.3kb—
X22

that the 3.1-kb fragment remained (indicated by the ar-
rows), while the 5.2-kb fragment disappeared, indicating
that the Pvull site was located in the 5.2-kb fragment in
N. otophora. This leads us to conclude that B4L is 3.1 kb
while B4R is 5.2 kb. Likewise, the subfragment orders of
H25L (1.8kb) and H25R (4.2kb), as well as X22L
(8.0kb) and X22R (7.3kb) in N. plumbaginifolia, are
determined (Fig. 2, panels B and C). It should be pointed
out that the recognition site of Xhol (C/TCGAG) and
Aval (C/PyCGPuG) overlap, with Xhol being more
specific; therefore, all alternations recognized by Xhol
will be reflected in Aval patterns. Accordingly, an extra
Aval site, which split the A68 into a 7.9 and a 2.4-kb
fragment in N. plumbaginifolia is correspondingly deter-
mined.

The other type of mutation involved restriction site
eliminations in N. plumbaginifolia and N. otophora when
compared to those in N. tabacum. For instance, in com-
paring the Xhol and Aval restriction profiles, larger frag-
ments were found in N. plumbaginifolia and N. otophora,
while other smaller fragments in N. rabacum no longer
existed. Size calculations indicate that the addition of the
smaller fragments eliminated in N. rabacum is always
equal to those of the larger ones found in N. plumbagini-
folia and N. otophora, suggesting the eliminations of re-
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Panel B: (N.o HindIl)
Probe: N.t Pst] P3 (2,395 bp)

AB9 = 13.5 kb H24 = 59kb
=75kb +6.0kb =38kb +1.6kb +0.5kb
MP P M MP O OP M
kb
kb 3.8
7.5 3.8
47.5
6.0
1.6 -2

Fig. 3 A,B. Determination of subfragment orders
by probe hybridizations. Panels A and B show the
hybridization of probes prepared from N.
- - . % tabacum cpDNA fragments to HindIIl and Aval
Aval Aval HindIL HindIl  HindIl HindIl digests of N. otophora and N. plumbaginifolia
H P3 cpDNA, respectively. Solid arrows indicate the
———— fragments that could be hybridized by the probes.
Np No ! 1 38kb |1.6Kb For experimental details of nonradioactive probe

Aval M Hind1l 0.5kb I_l_____k_l_. labeling, see “Materials and methods’

—13.5kb— 5.9kb ——
AB9 H24

Table 2. Various Aval (C/PyCGGpuG) and Xhol (C/TCGAG) restriction site eliminations found in N. plumbaginifolia and N.

otophora compared to those in N. tabacum

Nicotiana species Restriction Original fragments Corresponding fragments
enzymes found in N. tabacum generated in N. plumbaginifolia
(in bp) and N. otophora
N. plumbaginifolia Aval., A66 (5,704) + A59 (3,829) 9,533
Aval A49 (2,638) + A32 (696) 3,334
N. otophora Aval A64 (4,385) + A20 (407) 4,792
Xhol X18 (8,721) + X15 (5,241) 13,962
Aval AS56 (3,561) + A30 (613) 4,174
Xhol X17(8,492) + X5  (639) 9,131

striction sites. This is summarized in Table 2. Due to the
overlapping recognition sites of Aval and Xhol men-
tioned above, two pairs of such “common restriction site
elimination” are found in N. otophora (Table 2). In addi-
tion, a Sa/l site elimination has also been detected in
N. otophora, which occurs between S2 (2,880 bp) and S5
(12,518 bp) corresponding to the N. tabacum map.

In addition to the alternations in Aval and Xhol sites
listed in Table 2, an additional Aval site that is not recog-
nized by Xhol is detected in N. plumbaginifolia. This N.
plumbaginifolia Aval site is within A69 (13.5 kb) corre-
sponding to the N. tabacum map. Due to the complexity

of the Aval pattern in N. plumbaginifolia, this Aval site
cannot be located by fragment size analysis. Therefore,
H31 (9,758 bp, overlapping with the right side of A69)
was used as a probe to determine the subfragment order
within A69 in N. plumbaginifolia. The data show that
H31 hybridizes with a 7.5-kb Aval fragment in N.
plumbaginifolia; therefore, the 7.5-kb fragment is identi-
fied as A69R (Fig. 3, panel A). The same method was
used to construct a HindIIl map of N. otophora cpDNA,
in which a 3.8-kb HindIII fragment could be hybridized
by the probe P3 (2,395 bp) and is identified as the H25L
(Fig. 3, panel B).
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Probe: N.t Pvull
Pv4 (6,043 bp)

P M P M

Probe: N.t Pst]+Sall
PS12 = 7.0 kb

P T

-

Pstl Pstl Pstl Pstl Pstl Pstl Pstl Pstl P:s”
) Sall Sall Sall
Probe: N.t HindIll
H23 (4,498 bp)
OP T MO pigOM
N.t/N.s Pstl
P13 P12 | I
L 21402 21012——} Iaees
PS12 £
N.p Pstl 7.0 kb
Pvd
|—— 21402 ——J psa|—17.9k0——] || I
f ’ ? 3p.1kb
N.o Pstl —— "
H23 4kb 3kb
e

P8a

21.0kb—|

indicate the

..?..

Pst]

Pstl

Pstl + Sall

8.7 kb—l—i?g kb—l Psa L—
f ¥

Sallcutting site.

Fig. 4. Construction of PstI maps of N. plumbaginifolia and N. otophora cpDNA corresponding to the P13-P12-P5 region of .
tabacum. Both double-digestion analysis and probe hybridization data are required to resolve these maps. PS12, Pv4, and H23 are

the probes used and the results are summarized at the lower right.

The construction of PstI maps is more complicated.
The restriction profiles generated by this restriction en-
zyme are not only different in number but also in staining
intensity of bands migrating to the same positions among
the Nicotiana species examined (Figs. 1 and 4). From the
sequence data, it is known that the P12—-13 band in N.
tabacum consists of two fragments, P12 (21,102 bp) and
P13 (21,492 bp), which are adjacent to one another on
the physical map. Examination of the overall PstI restric-
tion patterns revealed that the P12-13 intensity in N.
tabacum was twice as high as those in N. plumbaginifolia
and N. otophora; thus, additional PstI restriction sites

See text for details

should be located either P12 or P13 in N. plumbaginifolia
and N. otophora. After double digestion with PstI and
Pyull, it became clear that an additional Ps¢I site is locat-
ed in P12 in N. plumbaginifolia (data not shown).
Subsequently, Pv4 (6,043 bp, overlapping with the
right side of P13 and the left side of P12) was used as a
probe to hybridize with the Ps¢I digests of N. plumbagini-
folia, and it could recognize the P12—13 band and a
fragment with a size of about 4.0 kb, which migrated to
the same position as P5 (3,066 bp) on agarose gels. Since
Pv4 and P5 are distant from one another, the 4.0-kb
fragment is designated PSa and assigned to the leftside of
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Probe: N.o BamH]I (6.6 kb) Probe: N.t BamHI (5,164 bp)
66 kb=21kb + 45kb B35 =52kb =3.0kb +22kb
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-e kb
+52
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4.5 3.0
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sall Jt_ HindIll Fig. 5. Double digestion and recipro-
cal hybridization arec combined for the
construction of the BamHI map of
kb N.o BamHI cpDNA from N. otophora. The probes
3.0 L ; used were the specific fragment of
' B35 5.2kb y 6.6 kb found in N. otophora cpDNA
2.2 2 2kb } X ] and B35 (5,164bp) of N. tabacum
" cpDNA
Sall HindIll

SamHIBQmHI Ba:nHl
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the P12. Another line of evidence to confirm the identity
of P5a came from the PstI+.Sall double digestion fol-
lowed by hybridization experiments: a fragment of ap-
prox. 7.0 kb (as indicated by an arrow in Fig. 4 and
designated as PS12) originally from the left side of P12 in
N. tabacum was separated into two smaller fragments
with lengths of 4.0 kb and 3.0 kb in N. plumbaginifolia.
Obviously there is a N. plumbaginifolia-specific PstI site
in the PS12 region and the 4.0-kb fragment is P5a. As
also shown in Fig. 4, a 3.2-kb fragment exists in N.
plumbaginifolia but not in N. tabacum. This fragment
migrates to a position between P4 (2,876 bp) and P5,
(3,966 bp) and was therefore labeled P4a. It was eluted
and used as a probe to hybridize with several enzyme
digests of N. tabacum cpDNA (data not shown), and was
found to be derived {rom P5 in N. tabacum with a size
reduction of approx. 0.8 kb (3.2 kb versus 3,966 bp). Be-
causc a fragment of 0.8 kb was not observed in any of the

Pstl digests of N. plumbaginifolia c)pDNA, the most likely
explanation is that a new PsiI site appears 3.2 kb away
from the left end of P5, and the original PstI site between
the P12 and P5in N. tabacum was simultaneously erased.

In the case of PstI mapping in N. otophora, different
features were involved. As mentioned above, at least one
of the fragments in P12-13 is cleaved. Moreover, there
are two additional bands, which were designated P8a and
P9a, with sizes of approx. 8.7 and 12.8 kb, respectively.
By the same strategy used above, a double digestion with
Pstl+ Pvull was carried out (data not shown) and it
showed that P13 should contain a N. otophora-specific
Pst1 site, which splits P13 into P8a and P9a. This result
was further substantiated by size summation. The order
of these two fragments was obtained by hybridization
analysis using H23 (4,498 bp, overlapping with the left-
side of P13) as a probe, which was found to recognize the
P8a fragment. In addition to a new Pstl site within the
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P13 region of N. otophora, the Pstl+ Sall double diges-
tion of the cpDNA showed the 3.0 kb and a 4.0 kb bands
identical to those found in N. plumbaginifolia. These re-
sults indicated that P5a (therefore as the PstI site on the
left end of P5a) also exists in N. otophora and the new site
should split the P12 into a 4.0-kb (P5a) plus a 17.0-kb
fragment. However, no fragment with a size of 17.0 kb
was detected, while a band of 21.0 kb still existed at
P12-12. This result can be explained by the elimination
of the PsiI site between P12 and P35, resulting in another
fragment of 21.0 kb in N. otophora, which is partially
overlapped by the P12 in N. tabacum. The region corre-
sponding to the N. tabacum P13-P12-P5 section of the
Pstl map in N. plumbaginifolia and N. otophora is sum-
marized as a schematic drawing in Fig. 4.

Aval LII lss [ [Y1l l62{IGSII I |54 | so JILILLLULINMIs7 es LINELILLIN S
6 59 46 61 5060 474852 54 55 53 555154
P
LAII LI 100 d g IIIAIII Ui am LMLy o
BamH] 23 26 19 22 20
solllov |11 Al s0 (] 0 |pslipell s ol lbdl) S
29 25 30 31 21 27 34 24 28 24
||l IIIIIAIII L1l IIIIIVII I Ll o
1
Bgll s | & el 7T s [ 2] s
| L ¥] R | |
. 18 17 22
HindIl 24 [ ]| ]250 |20 by [os] 32 |27 30 [ |31 s ]l | 28f 32 | S
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Lot we 1idd [ I 1 M1 WP
B 1001 I I 1 ko
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Pstl 3] 11 Jof7]l 13 | 12 |5{ls |¢] 14 [ 10 [6]8]S
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Fig. 6. Restriction maps of chloroplast ge-
+L L[ 1 A Aﬂ [ 1] l [l 1P nome from N. tabacum, N. plumbaginifo-
| [ 1l | ¥ |l ] i1 |o lia, N. sylvestris, and N. otophora with re-
z spect to Aval, BamHI, Bgll, HindIII, Pst1,
Pyull, Sall, and Xhol. The maps are pre-
Pyull |8 2] 2 ]s5]7 |4 12 HE] | 6 [3)] 10 S sented in linearized form by cutting at the
junction (J; ) between IR, and LSC. J ,
Sail | , | . 6 13 ) was designated as zero and nucleotides are
a 0 | |3 4 19 5 | 11 I numbered proceeding towards the LSC
1 | | [ | [ ' | o (Shinozakiet al. 1986a). Only those physi-
A cal maps of N. plumbaginifolia and N.
11 otophora that bear site variations with re-
Xhol 1720 [] 2a  |spsjae] 23 JIJIkd [ 2t [Jzo | 22 JJJ2r || S spectto N. tabacum (and hence N. sylves-
9 8 10 13 12 12 13 tris) are listed. Solid and open arrows mark,
I 1 [ TN Ll v 1 Ll respectively, the addition and the elimina-
o tion of cleavage sites detected in the
AI 1 || x | 1NN L] 1 L cpDNA molecules. The asterisk indicates
P3in N. plumbaginifolia coDNA, which is
hot spot IRy IRy . >
approximately 80 pb larger than that in N.
| | | ] | l 1 tabacum
Okb 20kb 40kb 60kb 80kb 100kb  120kb  140kb 155.8kb

During the course of the present study, some previ-
ously published mapping data were found to be inconsis-
tent with the physical maps derived from the cpDNA
sequence. For instance, inconsistency in the large, single-
copy region was found in the BamHI map of N. otophora
described by Kung et al. (1982). The N. otophora-specific
fragment with a size of 6.6 kb was then labeled and used
as a probe to hybridize with the BarmHI digest of cpDNA
from N. tabacum. The results show that this fragment
derived from the cutting site elimination between B32
(4,537 bp) and B19 (2,098 bp) (Fig. 5). It was also found
that the segment corresponding to B35 (5,164 bp) in V.
tabacum cpDNA no longer existed in N. otophora and
appeared as two fragments with sizes of 3.0 and 2.2 kb.
Again, the subfragment order was determined by double
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Table 3. Physical maps of cpDNA from Nicotiana species completed in the present study and in previously published studies

Nicotiana species Aval BamHI  Bgll Hindlll  Sall Smal Pstl Pyull Xhol
N. accuminata — — 44 — 4+ 4c _ +a _
N. knightiana - + ¢ — —_ - +e _ _ B
N. longsdorffii — - — _ _ +° _ _ B
N. otophora + +5B + + + 4+ b + + N
N. plumbaginifolia + + + + + +c + i M
N. sylvestris + + + + + + T 1 +
N. tabacum® + + + + - L + + +
N. tomentosiformis - - - - _ L _ _ N

* Shen et al. (1982)
b Zhu et al. (1982)
¢ Tassopulu and Kung (1984)

4 The complete sequence of cpDNA was determined by Shinozaki et al. (19862,b) and some of the maps are contructed by

computer-aided sequence analysis

digestion and the results indicated that the 2.2-kb frag-
ment is B35L and the 3.0-kb fragment is B35R (Fig. 5).
In addition, the locations of P6 and P9 in the Pyvull maps
of N. tabacum presented by Fluhr and Edelman (1981)
were found to be assigned in reverse.

According to the evidence presented above and other
published data, physical maps of N. sylvestris (same as N.
tabacum), N. plumbaginifolia, and N. otophora cpDNA
with respect to 4Aval, BamHI, Bgll, HindIIl, Pst1, Pyull,
Sall, and Xhol are summarized in the form of linear
schematic drawings (Fig. 6). In these maps, those of N.
sylvestris are deemed to be identical to those of N.
tabacum, because the restriction profiles of these two
species are identical with respect to all the enzymes stud-
ied. Likewise, the Pyull maps of all species are deemed to
be the same. The BamHI and Sa/l maps were obtained by
Kung and coworkers (Zhu et al. 1982; Tassopulu and
Kung 1984) are corrected and included for comparative
analysis.

Discussion

An efficient procedure to construct the physical maps of
Nicotiana cpDNA has been established, using the se-
quence data of N. tabacum cpDNA as a guide. Its effi-
ciency was demonstrated by the construction of the
cpDNA maps of N. sylvestris, N. plumbaginifolia, and N.
otophora with respect to eight restriction endonucleases;
Aval, BamHI, Bgll, HindIIl, Pstl, Pvull, Sall, and Xhol.
Although many cpDNA physical maps in Nicotiana are
already availabe, as indicated in Table 3, the data were
mainly concentrated in N. tabacum (Fluhr and Edelman
1981; Seyer et al. 1981; Hildebrand et al. 1985). For other
species in same genus, the data were rather incomplete
and scattered (Kung et al. 1982; Zhu et al. 1982; Tasso-
pulu and Kung 1984).

In general, the construction of physical maps of
cpDNA was accomplished by analyzing the restriction
patterns generated by multiple digestion of the cpDNA
molecules with two or more restriction endonuclease,
followed by reciprocal hybridization between the restric-
tion fragments obtained (Palmer 1986). There, in order
to acquire a specific map, individual fragments generated
by two or more restriction enzymes must be isolated,
cloned, and made into radioactive probes. The procedure
is both arduous and time-consuming. Moreover, if sever-
al fragments with similar sizes migrated as a single band
on the agarose gels, erroneous assignments would result.
Since the cpDNA sequence of N. tabacum is now avail-
able and physical maps with respect to any restriction
enzyme can be obtained by computer analysis, it is possi-
ble to locate the varied restriction sites by comparing the
restriction profile of one species with that of N. tabacum.
Subsequently, relevant physical maps can be constructed
by choosing appropriate fragments from N. tabacum as
probes to derive the altered restriction sites with accuracy
and efficiency. Although maps of only three species were
presented, this approach should be applicable to the con-
struction of cpDNA maps of all other Nicotiana species
or to other genera in which one of the cpDNA sequence
is determined, such as rice (Hiratsuka et al. 1989) and
liverwort (Ohyama et al. 1986).

Restriction pattern is an excellent molecular marker
for the identification of cpDNA in somatic hybrids of
plants, including Nicotiana (Belliard et al. 1978). Howev-
er, it is arduous to screen a large amount of somatic
hybrids by purifying the chloroplasts from each hybrid
lines and subsequently extracting their DN As for restric-
tion analysis. The task will become much easier if physi-
cal maps with respect to several restriction enzymes are
available. In our particular case, comparative analysis of
the physical maps revealed that certain cpDNA restric-
tion fragments from N. tabacum could be used as a probe
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to distinguish cpDNA from N. tabacum (or N. sylvestris),
N. plumbaginifolia, and N. sylvestris without purification
of their chloroplasts and cpDNA. For example, chloro-
plast genomes of these three species demonstrate distinct
site (and thus fragment size) alterations over the regions
of H24 in the HindIll map, while P3, one of the bands
after Pstl digestion which is located at the position corre-
sponding to H24 (see Fig. 5), could be cloned and labeled
for subsequent hybridization to restriction endonuclease-
treated total cellular DNA. By eliminiating the chloro-
plast purification step, labor as well as time is saved.
Furthermore, only very little starting material is needed
for this purpose. Nevertheless, this method would
provide unambiguous identification of cpDNA in these
species or somatic hybrids derived from them.

Aside from greatly assisting in the construction of
phylogenetic trees, restriction maps of cpDNA could also
help to localize the taxonomic position of specific species
during the evolutional process (Kung et al. 1982; Palmer
et al. 1983; Perl-Treves and Galun 1985). Limited by the
small number of species involved in this study, only a
little of such information was obtained. However, the
wealth of restriction site variation in N. otophora cpDNA
compared to N. plumbaginifolia and N. sylvestris (same
as N. tabacum) suggests that N. otophora is distantly
related to the other three species, while N. sylvestris and
N. tabacum show the same restriction patterns in all re-
striction enzymes examined, indicating these two species
are closely related. This observation is in accordance with
the hypothesis that N. tabacum is the progeny of a cross
between N. sylvestris and N. tomentosiformis (Kung et al.
1982). Moreover, it was shown that Smal patterns of
cpDNA from N. tabacum and N. tomentosiformis are
different (Tassopulu and Kung 1984). Therefore, the data
attest that N. sylvestris is the maternal and N. fomentosi-
formis is the paternal parent of N. tabacum. This argu-
ment is also supported by other cytogenetic (Goodspeed
1954) and biochemical (Gray et al. 1974; Chen et al.
1976) studies.

Our data and previous studies (Zhu etal. 1982;
Tassopulu and Kung 1984) show that restriction site vari-
ations in Nicotiana cpDNA are generally derived from
base-pair mutations which create or eliminate a cutting
site. The distribution of differences in restriction sites
varies quite a bit, depending on the enzymes used. In the
present study, all site alterations were found beyond the
inverted repeats but site variation in this region (a N.
otophora-specific BamHI site) was reported (Tassopulu
and Kung 1984). On the other hand, we detected a N.
plumbaginifolia-specific Aval site in the small, single-copy
region which is considered to be highly conserved
(Tassopulu and Kung 1984). Therefore restriction site
variation is observed over the span of the cpDNA mole-
cule, only with different frequency over cach localized
region. For example, at least seven variations are located

in the LSC (86,7 kb) within 13 kb to J; ,. This region was
designated as the “hot spot” (Kung et al. 1982; Tasso-
pulu and Kung 1984). However, at least five variations
are detected on the other side of the LSC (within 14 kb
to Jpg). In comparison with the IRs (25.3 kb each) and
the SSC region (18.5 kb), where only one site change was
detected in each, the region close to the junction between
IR; and LSC could possibly be classified as a “second
hot spot.” It is noteworthy that the 80-bp addition in
N. plumbaginifolia was also situated in the “hot spot;”
thus, it would be of interest to determine whether such
regions contain structures or other specific sequences
that could favor rearrangement.
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