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Abstract We investigated the molecular phylogeny of
conifers using restriction endonuclease fragment length
polymorphism of six polymerase chain reaction-amplified
chloroplast genes — frxC, rbcL, psbA, psbD, trnK, and 16S.
We detected 227 total site changes among species, repre-
senting 23, 26, 38, 48, 67, and 25 site changes in frxC,
psbA, psbD, rbcL, trnK and 168, respectively. The mean
nucleotide substitution was 10.75% (SD 0.573) among spe-
cies in five families. Forty maximally parsimonious trees
were obtained using the Wagner parsimony method, and a
50% majority-rule consensus tree was obtained from them.
Data analysis produced similar basic patterns when both
the Wagner parsimony and the neighbor-joining methods
were applied, and the main lineages were clearly separ-
ated. Taxaceae and Cephalotaxaceae species were used as
the out-groups when applying Wagner parsimony methods.
With the Wagner method, the consistency index was 0.510,
the retention index was 0.879, and tree length was 435
steps. Our results indicated that Cupressaceae and Taxodi-
aceae are closely related families and that Sciadopitys ver-
ticillata is the basal lineage of Cupressaceae and Taxodi-
aceae. The neighbor-joining tree is similar to the 50% ma-
jority-rule consensus of the 40 Wagner parsimony trees ex-
cept for the position of Keteleeria daversifolia, the Picea
and Cedrus group, and the divergence within Cupressa-
ceae.
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Introduction

Conifers are extensively distributed worldwide and impor-
tant for forestry and natural conservation. On the basis of
fossil records, conifers dominated the forest vegetation in
the Mesozoic Era and although they are the largest and
most diverse group of living gymnosperms, the phyloge-
netic relationship between families and genera is not clear.
Based on morphology and some aspects of secondary prod-
uct chemistry, Eckenwalder (1976) concluded that Taxo-
diaceae and Cupressaceae have a great degree of overall
similarity. Immunological data also supported this conclu-
sion (Price and Lowenstein 1989). In Taxodiaceae, a num-
ber of characters distinguish the position of Sciadopitys as
unusual, these include its chromosome number and karyo-
type (Khoshoo 1961; Schlarbaum and Tsuchiya 1984,
1985), embryology (Doyle and Brennan 1971), wood anat-
omy (Phillips 1941), and immunological data (Price and
Lowenstein 1989). In the Taxodiaceae family, the chloro-
plast DNA (cpDNA) structure of Cryptomeria japonica

. (Tsumura et al. 1993) is quite different from species in the

Pinaceae family (Strauss et al. 1988; Lidholm and Gustafs-
son 1991; Tsudzuki et al. 1992). Recently, as more sophis-
ticated molecular biology techniques have been developed,
molecular phylogenetic trees based on rbcL sequence data
have been reported (Soltis et al. 1992; Chase et al. 1993;
Brunsfeld et al. 1994). The phylogeny based on the rbcL
sequence also showed that Taxodiaceae and Cupressaceae
form a monotypic group (Brunsfeld et al. 1594). The mo-
lecular phylogeny of other conifer species has also been
studied: namely, Pinus species, using restriction endonu-
clease fragment length polymorphism (RFLP) of cpDNA,
mitochondrial DNA (mtDNA), and several other nuclear
genes (Strauss and Doerksen 1990); Pinus species, using
ribosomal DNA RFLP (Govindaraju et al. 1992); Asian
pine species, using RFLP of cpDNA (Wang and Szmidt
1993); Pinus species using RFLP of 5S RNA spacer region
(Moran et al. 1992); Pseudotsuga species, using RFLP of
c¢pDNA, mtDNA, and other nuclear genes (Strauss et al.
1990); the phylogenetic position of Taxaceae, based on 185



rRNA sequences (Chaw et al. 1993); a Miocene Taxodium
species, using the rbcl sequence (Soltis et al. 1992); and
seed plants including conifers, using the rbcL sequence
(Chase et al. 1993; Bousquet et al. 1992). However, most
studies have used only a few genus or rbcL sequence data.
Actually, the literature is replete with rbcL sequence data
giving us abundant information on the phylogenetic stud-
ies among genera. However, to clarify the species phylog-
eny, we investigated many other genes.

In this study, we focused on conifer phylogeny, in par-
ticular, the evolutionary position of species in Taxodiaceae.
We used the RFLP analysis of six polymerase chain reac-
tion (PCR)-amplified chloroplast genes and investigated
site changes between species to construct a phylogenetic
tree.

Materials and methods
Plant materials

Needle samples were collected from 45 conifer species in the arbo-
retums listed in Table 1. These included all of the Taxodiaceae spe-
cies, 6 species of the Cupressaceae, 19 Pinaceae species, 2 Taxaceae
species, and 1 Cephalotaxaceae specie.

Manipulation of DNA

Total DNA was extracted from the needles of each species by a mod-
ified method of Greenwood et al. (1989). Five grams of each needle
was frozen in liquid nitrogen and ground in an Iwatani grinder (IFM-
150). The ground tissue was added to 50 ml of ice-cold buffer I
(50 mM TRIS-HCI, pH 8.0, S mM EDTA, 350 mM sorbitol, 0.1%
BSA, 0.1% B-mercaptoethanol, and 10% polyethylene glycol 6000)
and then homogenized in the Iwatani grinder for 30 s. The homog-
enate was filtered through two layers of cheesecloth and one layer
of miracloth and pelletized by centrifugation at 3 000 rpm for 10 min
at 4°C. The pellet was then resuspended in 10 ml of ice-cold buffer
1T (50 mM TRIS-HCI, pH 8.0, 5 mM EDTA, 350 mM sorbitol, 0.1%
BSA, 0.1% B-mercaptoethanol, and 1% sodium sarcosyl) and incu-
bated for 30 min at room temperature. An aliquot of 10 ml of
2xCTAB buffer (100 mM TRIS-HC], pH 8.0, 20 mM EDTA, 1.4mM
NaCl, 2% Cetytrimethylammoniumbromide, 0.4% (-mercaptoetha-
nol; Murray and Thompson 1980) was added, followed by incuba-
tion at 60°C for 10 min It was then extracted with 20 ml of chloro-
form-isoamy) alcohol (24:1) and the layers separated by centrifuga-
tion at 4 000 rpm for 10 min at room temperature. The aqueous layer
was transferred to a new tube and the DNA precipitated by adding a
two-thirds volume of cold isopropanol. The DNA was recovered with
a disposable pipette, washed with 70% cold ethanol, and subsequent-
ly dissolved in TE (10 mM TRIS-HCI, pH 8.0, 0.1 mM EDTA). To
remove RNA contamination, 20 ul/ml of RNase was added to each
DNA sample and incubated at 37°C for 60 min, followed by phenol
extraction and precipitation with ethanol.

Six genes found in cpDNA (frxC, rbcl, pshA, psbD, trnK and
165) were amplified by PCR (Table 2). Primers were designed us-
ing the DNASIS program (Takara Co., Kyoto) based on nucleotide
sequence data from the EMBL database and synthesized by Nippon
Gene Co. PCR amplification of these cpDNA regions was performed
as follows: reaction mixtures (100 ul) contained 10 mM Tris-HCI,
pH 8.3, 50 mM KC1, 1.5 mM MgCl,, 0.1% Triton X-100, 0.01% gel-
atin, 9.1 mM of each dANTP, 100 pmol of each primer, 200 ng of tem-
plate DNA, and 2.5 units of Tag polymerase. Amplification was car-
ried out for 5 min at 94°C, followed by 35 cycles of 1 min at 94°C,
1 min at 55°C, and 2 min at 72°C, with a final 5-min incubation at
72°C with a PC700 model of Astech Co. The amplified DNAs were
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purified by ethanol precipitation and dissolved in 100 ul of TE. In
order to detect changes in specific genes among species the DNAs
were digested separately into the following groups: Sau3Al, Taql,
Xbal, Styl, Scal, Rsal, Mspl, Hinfl, EcoRV, Haelll, and BglII for
SrxC; Pstl, Mspl, Rsal, Sau3Al, Tagl, Styl, Haelll, Hinfl and Hin-
dIlI for psbA; Haelll, Hinfl, Mspl, Sau3 AL, Styl, Alul, Rsal, Bsml,
Hhal, and Tagl for psbD; Haelll, Bgll, BamHI, Bsml, Mspl, Pstl,
Rsal, Sau3Al, Styl, Xbal, Hhal, and Taql for rbcl; EcoRV, BamHI,
Styl, Scal, Mspl, Dral, and Bsm] for trnK; and Hhal, Hinfl, EcoRI.
Styl, Sau3 Al, Smal, Tagl, and Rsal for 16S. Electrophoresis was per-
formed on 2% agarose gel in TAE buffer (40 mM Tris-HCI, 20 mM
sodium acetate and 2 mM EDTA, pH 8.0).

Scoring of site changes and construction of a phylogenetic tree

After PCR amplification 5 ul of the reaction mixture was used for
estimating the sizes of fragment-amplified genes by gel electro-
phoresis on 2% agarose gel in TAE buffer before digestion with re-
striction endonucieases. The digested DNAs were also subjected to
electrophoresis on 2% agarose gel and the molecular size of each
fragment was estimated by comparison with the size marker, Hincll-
digested @ X174, using the DNASIS program. Each fragment’s
estimated molecular size included 5% error. Site changes between
specific genes in the various species were determined from these
data.

Phylogenetic analysis was conducted using the heuristic search
condition of the PAUP 3.0 program (Phylogenetic Analysis Using
Parsimony; Swofford 1991) with the Wagner parsimony option and
also by using the neighbor-joining (NJ) method (Saitou and Nei 1987)
in the MEGA (Molecular Evolutionary Genetics Analysis) program
(Kumar et al. 1993). Using the NJ method, we calculated a matrix
of pairwise distances between species with the PAUP program. If
phylogenetic trees constructed by several different methods agree,
confidence in the phylogenetic tree and the data used for its construc-
tion will increase.

Estimation of nucleotide substitutions

To estimate nucleotide substitutions, we used the equation,

p=piZri (mi—my) 1= (1-p)°} {2-(1-p)" 1)/
(Zrym/(2~(p =p))"}

where pi is a trial value of p (Nei and Tajima 1983). When p=p],
p is the maximum-likelihood estimate of p. In this equation my and
my indicate the number of restriction sites in DNA sequences X and
Y, and myy is the number of restriction sites shared by the two se-
quences. The value of mi can also be calculated from the formula
mi=(mx+my)/2. In the first equation, / refers to the ith type of en-
zyme with ri recognition nucleotides, and k is the number of differ-
ent kinds of restriction enzymes. The proportion of nucleotide dif-
ferences is p. We also calculated the rate of nucleotide substitution
(d) from the formula, d=—3/4log e (1-4p/3). The variance of d thus
obtained is given by V(d)=1/{1/V(di)}.

Results
Variation among species

We amplified six chloroplast genes. The predominant frag-
ment sizes of the different genes showed no variation
among species. After digesting these fragments by restric-
tion endonucleases, we investigated site changes between
species (Fig. 1). In total, 227 site changes were detected
by RFLP analysis of PCR-amplified specific genes in
c¢pDNA (Appendix 3). The length of the amplified genes
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Table 1 Species subjected to

an analysis of molecular phylo- ~ NO-  Species Family Origin®
geny, and their origin - - } " "

1 Athrotaxis cupressoides Taxodiaceae Tasmania, Australia

2 Athrotaxis laxifolia Taxodiaceae Tasmania, Australia

3 Athrotaxis selaginoides Taxodiaceae Tasmania, Australia

4 Cryptomeria japonica Taxodiaceae For. and For. Prod. Res. Inst.

5 Cryptomeria fortunei Taxodiaceae For. and For. Prod. Res. Inst.

6 Cunninghamia konishii Taxodiaceae Univ. Forest of Chiba, Univ. Tokyo

7 Cunninghamia lanceolata Taxodiaceae Univ. Forest, Univ. Tsukuba

8 Glyptostrobus pensilis Taxodiaceae Botanical Barden, Univ. Tokyo

9 Metasequoia glyptostroboides Taxodiaceae For. and For. Prod. Res. Inst.
10 Sequoia sempervirens Taxodiaceae For. and For. Prod. Res. Inst.
11 Sequoiadendron giganteum Taxodiaceae Univ. Forest, Kyoto Univ.
12 Taiwania cryptomerioides Taxodiaceae Univ. Forest of Chiba, Univ. Tokyo
13 Taiwania flusiana Taxodiaceae Univ. Forest, Kyoto Univ.
14 Taxodium mucronatum Taxodiaceae Botanical Barden, Univ. Tokyo
15 Taxodium ascendens Taxodiaceae For. Tree Breed. Inst.
16 Taxodium distichum Taxodiaceae For. Tree Breed. Inst.
17 Sciadopitys verticillata Taxodiaceae For. and For. Prod. Res. Inst.
18 Chamaecyparis obtusa Cupressaceae For. and For. Prod. Res. Inst.
19 Chamaecyparis pisifera Cupressaceae For. and For. Prod. Res. Inst.
20 Juniperus chinensis Cupressaceae For. and For. Prod. Res. Inst.
21 Juniperus rigida Cupressaceae For. and For. Prod. Res. Inst.
22 Thuja standishii Cupressaceae For. and For. Prod. Res. Inst.
23 Thujopsis dolabrata Cupressaceae For. and For. Prod. Res. Inst.
24 Abies homolepsis Pinaceae For. and For. Prod. Res. Inst.
25 Abies mariesii Pinaceae For. and For. Prod. Res. Inst.
26 Abies sachalinensis Pinaceae For. and For. Prod. Res. Inst.
27 Abies veitchii Pinaceae For. and For. Prod. Res. Inst.
28 Cedrus deodara Pinaceae For. and For. Prod. Res. Inst.
29 Keteleeria davidiana Pinaceae For. and For. Prod. Res. Inst.
30 Larix kaempferi Pinaceae For. and For. Prod. Res. Inst.
31 Picea abies Pinaceae For. and For. Prod. Res. Inst.
32 Picea jezoensis Pinaceae For. and For. Prod. Res. Inst.
33 Pinus densiflora Pinaceae For. and For. Prod. Res. Inst.
34 Pinus koraiensis Pinaceae For. and For. Prod. Res. Inst.
35 Pinus pentaphylla Pinaceae For. and For. Prod. Res. Inst.
36 Pinus strobus Pinaceae For. and For. Prod. Res. Inst.
37 Pinus thunbergii Pinaceae For. and For. Prod. Res. Inst.
38 Pseudolarix amabilis Pinaceae For. and For. Prod. Res. Inst.
39 Pseudotsuga japonica Pinaceae For. and For. Prod. Res. Inst.
40 Pseudotsuga wilsoniana Pinaceae For. and For. Prod. Res. Inst.
41 Tsuga diversifolia Pinaceae For. and For. Prod. Res. Inst.
42 Tsuga sieboldii Pinaceae For. and For. Prod. Res. Inst.
43 Taxus cuspidata Taxaceae For. and For. Prod. Res. Inst.
44 Torreya nucifera Taxaceae For. and For. Prod. Res. Inst.
45 Cephalotaxus harringtonia Cephalotaxaceae For. and For. Prod. Res. Inst.

@ Plant materials were sampled in the arboretums of the universities and institutes listed, except for Athro-
taxis, which was from natural populations found in Tasmania, Australia

Table 2 Primers, fragment

sizes. and sources of informati-  G¢ne Primer (forward and reverse) Size Source
lification by PCR of
o fscgeacrff‘ﬂ ‘gones in chloroplast  MC  S-ATAGCAGTTTACGGGAAAGG-3'  779bp  Pinus contoria
DNA 5-TGAATAATTCCCGATCTGGA-3’ (Lidholm and Gustafsson 1991)
rbcL. 5-TGTCACCAAAAACAGAGACT-3 1387 bp Pseudotsuga menziesii
5-TTCCATACTTCACAAGCAGC-3’ (Hipkins et al. 1990)
psbA 5-TACGTTCGTGCCATAACTTCC-3’ 939 bp Pinus contorta
5-CTAGCACTGAAAACCGTCTT-3' (Lidholm and Gustafsson 1991)
psbD 5-TATGACTATAGCCCTTGGTA-3’ 1042 bp Nicotiana tabacum
5’-TAGAACCTCCTCAGGGAATA-3’ (Shinozaki et al. 1986)
trnK 5-AACCCGGAACTAGTCGGATG-3’ 2569 bp Oryza sativa
5-TCAATGGTAGAGTACTCGGC-3’ (Hiratsuka et al. 1989)
168 5-ACGGGTGAGTAACGCGTAAG-3’ 1375 bp Nicotiana tabacum

5’-CTTCCAGTACGGCTACCTTG-3’ (Shinozaki et al. 1986)
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Fig. 1A-D RFLP patterns of specific PCR-amplified genes of chlo-
roplast DNA. A Hinfl-digested frxC region, B HinsIlI-digested
psbA region, C Hinfl-digested psbD region, and D Styl-digested rbcL.
Numbers above each photograph refer to numbering in Table 1. Num-
ber 8 of C is Pinus strobus and no. 30 of A and D is Ginkgo bibora.
M indicates molecular size markers, namely, a Hincll digestof @ X174

ranged from 779 bp for frxC to 2569 bp for trnK. The PCR-
amplified DNA fragments were mostly coding regions ex-
cept for trnK. The 1ruK genes usually have a large intron,
for example, 2504 bp long in rice, 2526 bp long in tobacco,
and 2111 bp long in liverwort. We detected the following
site changes among the species in each gene -23, 26, 38,
48, 67, and 25 in frxC, psbA, psbD, rbcL, truK, and 168,
respectively. Nucleotide substitution also ranged from
8.30% in psbD to 27.05% in trnK (Tables 3 and 4. The
mean nucleotide substitution was 10.75% (S.D. 0.00573)
among species in the five families.

Phylogenetic tree

Forty maximally parsimonious trees were obtained when
the Wagner parsimony method was used, and a 50% ma-
jority-rule consensus tree was obtained from these
(Fig. 2). The NJ tree is shown in Fig. 3. Data analysis pro-
duced similar patterns when both the Wagner parsimony
and the NJ methods were applied, and the main lineages
were clearly separated (Figs. 2 and 3). Pinaceae species
were used as the out-groups when Wagner parsimony meth-
ods were applied. The Wagner method produced a consis-
tency index of 0.510, a retention index of 0.879, and a tree
length of 435 steps. Our results indicate that Cupressaceae
and Taxodiaceae are closely related families and that Scia-
dopitys verticillata is the basal lineage of Cupressaceae
and Taxodiaceae (Figs. 2 and 3). Cupressaceae species are
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derived from Taxodiaceae. Cunninghamia is a basal line-
age of Taxodiaceae and Cupressaceae. Cunninghamia is
the sister to Taiwania. Sequoia and Sequoiadendron are
closely related species and the sister to Metasequoia. Cryp-
tomeria fortunei and Cryptomeria japonica share exactly
the same data (Appendix), and Cryptomeria is the sister to
Glyptostrobus and Taxodium. Athrotaxis selaginoides and
A. laxifolia have exactly the same data, and A. cupressoides
forms one group with two Athrotaxis, and that group be-
comes the sister to Cryptomeria, Glyptostrobus, and Tax-
odium. Genera in Pinaceae are clearly separated, with Pi-
nus species diverging first, and the Picea, Cedrus, Pseu-
dotsuga, and Larix group and the Abies, Tsuga, Ketelleria,
Pseudolarix group, second.

The NJ tree is similar to the 50% majority-rule consen-
sus of the 40 Wagner parsimony trees except for the posi-
tion of Keteleeria daversifolia and the divergence within
Cupressaceae. In the NJ tree, K. daversifolia lies between
Abies and Tsuga, and the positions of Thuja and Thjopsis
do not match the Wagner tree where the Picea and Cedrus
group lies between the Abies, Ketelleria, and Tsuga group
and Pseudolarix (Fig 3).

Discussion
Relationship between Taxodiaceae and Cupressaceae

Our results show Taxodiaceae and Cupressaceae to be a
monophyletic group that does notinclude Sciadopitys. Hart
(1987) suggested that, based on morphological and chem-
ical traits, Taxodiaceae and Cupressaceae form a single
monophyletic family. Results from an investigation on the
immunological similarity of seed proteins (Price and Low-
enstein 1989) indicate no major discontinuity between Tax-
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Fig. 2 The 50% major consen-
sus tree obtained from 40 maxi-
mally parsimonious Wagner
trees using RFLP analysis of
six PCR-amplified chloroplast
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odiaceae and Cupressaceae. Based on rbcL sequencing
data, Chase et al. (1993) and Brunsfeld et al. (1994) also
suggested that Taxodiaceae and Cupressaceae form a sin-
gle monophyletic family. Our results suggest that Sciadop-
itys is abasal lineage of Taxodiaceae and Cupressaceae and
that Cupressaceae diverged from Taxodiaceae. The molec-
ular phylogeny using rbcL. sequence data also suggests
similar results (Chase et al. 1993; Brunsfeld et al. 1994).

Species positions within Taxodiaceae and Cupressaceae

Brunsfeld et al. (1994) stated that (1) Cryptomeria and
Glyptostrobus form a group; (2) Metasequoia, Sequoia and

L— Cephalotaxus harringtonia

Sequoiadendron also form a group; (3) Cunninghamia is
the basal lineage of Taxodiaceae; and (4) although the po-
sitions of Athrotaxis, Taxodium and Taiwania are not fully
resolved, at least Athrotaxis is basal to Taxodium and Tai-
wania. Our phylogenetic tree is basically similar to this
tree, however, we determined that (1) the positions of 7ai-
wania and Taxodium are different; (2) Taiwania lies
between Cunninghamia and the other genera of Taxodia-
ceae, and (3) Taxodium forms a group with Cryptomeria
and Glyptostrobus. In the Wagner tree, the Cryptomeria,
Glyprostrobus, and Taxodium group, the Athrotaxis group,
and the Sequoia, Sequoiadendron, and Metasequoia group
are each considered to be well-defined groups. However,
the divergence between them is not fully resolved by the



Fig. 3 The neighbor-joining
tree constructed from RFLP
analysis of six PCR-amplified
genes in conifer chloroplast
DNA
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T this length is approximately equal to the genetic distance of 0.004174

Wagner method because the divergence between the Se-
quoia, Athrotaxis, and Cryptomeria groups exhibit low re-
liability with probability values of 50 and 75, respectively
(Fig. 2). ‘

We consider the 3 Taxodium species to be closely re-
lated because they have exactly the same data sets in this

analysis. There has been considerable disagreement with
respect to the number of species recognized within Taxo-
dium (Hart and Price 1990). The 3 varieties recognized are
indistinguishable in reproductive characteristics and are
continuously intergrading in morphological and phenolog-
ical characteristics, although extremely pure populations
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Table 3 Estimated percentage of nucleotide substitutions (below diagonal)
diagonal) for 45 conifer species (as identified in Table 1)

and the number of changes of restriction sites (above

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23
1 - 6 6 18 i8 27 26 24 25 25 27 37 40 22 22 22 49 31 31 43 41 29 28
2 09 - 0 18 18 27 26 24 25 27 29 35 38 20 20 20 49 31 31 43 41 31 30
3 09 000 - 18 18 27 26 24 25 27 29 35 38 20 20 20 49 31 31 43 41 31 30
4 328 345 345 - 0 29 30 10 17 19 21 35 36 8 8 8 51 23 23 35 35 23 22
5 328 345 345 0.00 - 29 30 10 17 19 21 35 36 8 8 8 51 23 23 35 35 23 22
6 492 495 495 495 495 - 1 31 34 34 34 36 39 31 31 31 52 36 38 50 48 36 35
7 466 469 469 517 517 020 - 32 35 35 35 37 40 32 32 32 51 37 30 51 49 37 36
8 436 455 455 1.82 1.82 543 566 - 23 25 27 37 38 6 6 6 57 27 27 35 39 29 26
9 4.08 441 441 3.03 3.03 595 617 395 - 6 6 32 33 21 21 21 56 28 26 34 34 26 25
10 427 477 477 336 336 6.00 623 430 095 - 4 34 35 23 23 23 56 28 28 36 36 26 25
11 4.51 5.02 502 344 344 592 6.15 454 129 1.02 - 34 35 25 25 25 56 26 26 34 34 34 26
12 652 657 657 639 639 664 687 621 588 627 620 - 7 37 37 37 62 40 38 48 46 38 35
13 698 685 6.85 6.32 632 7.10 734 631 598 620 596 165 - 38 38 38 63 37 35 45 47 35 32
14 420 391 391 1.68 168 560 583 1.11 379 4.14 438 621 631 - 0 0 55 25 25 35 35 35 27
15 420 391 391 168 168 560 583 1.11 379 414 438 621 631 000 - 0 55 25 25 35 35 27 24
16 420 391 391 1.68 168 560 583 1.11 379 4.14 438 621 6.31 0.00 000 - 55 ° 25 25 35 35 27 24
17 9.56 9.62 9.62 10.64 10.64 11.11 10,75 11.90 11.19 11.29 11.21 13.14 13.30 11.68 11.68 11.68 - 56 58 70 70 54 55
18 6.13 634 634 446 446 695 7.19 513 531 536 511 7.83 6.81 479 479 479 11.82 - 2 22 20 12 9
19 590 6.11 6.11 459 459 7.08 7.32 509 478 515 524 739 658 475 4.75 475 11.94 043 - 20 18 10 7
20 7.7 8.01 8.01 675 675 920 925 6.74 6.05 6.45 637 898 8.15 674 6.74 6.74 13.06 430 3.79 - 8 22 19
21 7.48 771 771 682 682 870 8.76 7.34 6.12 651 6.44 848 879 6.63 6.63 6.63 13.13 421 3.70 1.04 - 22 19
22 550 5.87 5.87 438 438 6.64 6.87 503 472 476 4.69 730 6.68 470 470 4.70 1090 220 1.88 4.06 4.46 - 5
23 525 562 562 414 414 656 679 462 448 452 445 685 606 429 429 429 1125 167 136 351 390 092 -
24 15.65 15.53 15.53 15.04 15.04 13.71 13.76 15.74 16.08 15.73 15.67 16.41 16.09 15.98 15.98 15.98 17.30 15.50 15.61 15.06 15.84 14.22 15.07
25 1593 15.81 15.81 15.32 15.32 14.21 14.25 16.02 16.36 16.27 15.95 16.71 16.38 16.27 16.27 16.27 17.60 15.79 15.90 15.33 16.12 14.49 15.35
26 15.74 15.62 15.62 15.13 15.13 13.80 13.85 15.83 16.16 15.82 15.76 16.50 16.18 16.07 16.07 16.07 17.38 15.60 15.70 15.15 15.93 14.31 15.17
27 15.59 15.47 15.47 14.98 14.98 13.65 13.70 15.68 16.02 15.67 15.61 16.35 16.03 15.92 1592 15.92 17.24 15.44 15.55 15.00 15.78 14.16 15.01
28 16.32 16.20 16.20 15.70 15.70 14.14 14.18 16.65 15.56 16.16 16.10 17.10 16.78 16.65 16.65 16.65 17.22 16.43 16.54 16.19 16.75 15.35 15.99
29 17.01 16.89 16.89 16.38 16,38 14.98 15.03 17.11 17.20 16.60 16.54 17.83 17.50 17.36 17.36 17.36 18.50 16.90 17.00 15.67 16.47 15.78 16.43
30 16.20 16.08 16.08 15.58 15.58 14.45 14.50 16.54 16.63 16.79 16.46 16.99 16.66 16.54 16.54 16.54 17.63 16.31 16.42 16.32 16.88 15.45 16.12
31 16.55 16.43 16.43 15.93 15.93 14.58 14.63 16.89 15.78 16.64 16.32 17.34 17.01 16.89 16.89 16.89 17.19 16.67 16.78 16.42 16.98 15.57 16.22
32 16.29 16.17 16.17 15.68 15.68 14.34 14.39 16.63 15.53 16.39 16.07 17.07 16.75 16.63 16.63 16.63 16.93 16.41 16.51 16.17 16.72 15.32 15.96
33 17.08 16.70 16.70 16.45 16.45 15.52 15.57 17.44 16.53 17.18 16.85 17.91 17.85 17.44 17.44 17.44 18.84 17.24 17.34 15.98 16.54 15.85 16.76
34 16.39 16.27 16.27 15.01 15.01 14.37 14.42 15.95 16.58 16.47 16.41 17.19 16.86 15.95 15.95 15.95 18.10 16.51 16.62 15.53 16.09 15.15 16.05
35 16.28 16.16 16.16 14.90 14.90 14.04 14.08 15.84 16.47 16.37 16.30 17.09 16.75 15.84 15.84 15.84 18.00 16.40 16.51 15.42 15.98 15.04 15.94
36 15.67 15.54 15.54 14.31 14.31 13.46 13.51 15.24 15.86 15.75 15.69 16.45 16.12 15.24 15.24 15.24 17.60 15.77 15.88 15.54 16.11 14.44 15.32
37 16.96 16.58 16.58 16.33 16.33 15.40 15.45 17.32 16.41 17.06 16.73 17.79 17.46 17.32 17.32 17.32 18.72 17.12 17.22 15.86 16.42 15.73 16.64
38 16.11 15.99 15.99 15.50 15.50 14.38 14.43 16.20 16.29 16.21 15.89 16.89 16.56 16.45 16.45 16.45 18.05 15.97 16.08 15.51 16.30 14.90 15.53
39 16.40 16.28 16.28 15.79 15.79 14.45 14.50 16.74 16.59 16.74 16.42 17.19 16.68 16.74 16.74 16.74 17.31 16.52 16.63 17.26 17.83 15.44 16.07
40 16.14 16.02 16.02 15.53 15.53 14.19 14.23 16.48 16.33 16.48 16.16 16.92 16.60 16.48 16.48 16.48 16.78 16.26 16.36 17.00 17.57 15.17 15.81
41 17.06 16.94 16.94 16.43 16.43 15.27 15.31 17.16 17.49 17.41 17.08 17.62 17.29 17.41 17.41 17.41 18.82 1694 17.05 16.44 17.25 15.82 16.48
42 17.03 16.91 16.91 16.39 16.39 15.22 15.27 17.13 16.72 17.38 17.05 17.60 17.27 17.39 17.39 17.39 18.52 16.92 17.02 16.40 17.22 15.78 16.44
43 7.17 775 775 739 739 692 6.64 792 772 7.79 771 851 881 7.74 7.74 7.74 10.13 8.68 880 9.82 9.70 832 7.87
44 7772 689 689 7.95 795 820 7.89 7.94 8.10 8.17 809 9.11 9.04 7.22 722 7221098 7.57 7.70 947 935 7.60 7.16
45 751 7.1% 7.19 647 647 725 731 6.82 735 7.60 7.52 672 845 6.11 6.11 6.11 11.05 7.54 7.67 989 956 7.39 6.94
Table 4 The amplified frag- N ) -
ment size, the surveyed sequen- Gene Eragment Surveyed sequence Site change Nucleotide Standard
ce, the mean estimates of size substitution deviation
nucleotide substitutions (%), (bp) (%)
and the corresponding standard
deviations in sri)x chlo%oplast frxC 779 127 bp (16.30%) 23 8.92 0.0031
genes rbcL 1387 241 bp (17.36%) 48 8.35 0.0021
psbA 939 123 bp (13.10%) 26 8.30 0.0028
psbD 1042 167 bp (16.03%) 38 11.0 0.0032
trnK 2569 310 bp (12.07%) 67 28.47 0.0261
16S 1375 141 bp (10.25%) 25 11.17 0.0057
Total 8091 1109 bp (13.71%) 227 10.81 0.0033

appear to be morphologically and ecologically distinct
(Watson 1985). We used 3 species butdidn’t detect any dif-
ferences between the species; therefore, based on cpDNA,
the 3 Taxodium varieties can be considered to be geneti-
cally very similar. Tuxodium has often been thought to be

2 Surveyed sequence means the surveyed number of nucleotide sequence and the percentage against the
amplified fragment sizes, which was inferred from restriction endonuclease analysis

closely related to Glyptostrobus, which is similar in its hab-
itat, possession of knees, pattern of cone-scale develop-
ment, relatively large number of cotyledons, winter-decid-
uous branchlets, and immunological characteristics (Hart
and Price 1990; Price and Lowenstein 1989). Our results
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24 25 26 27 28 29 30 31 32 33 34 35

36 37 38 39 40 41 42 43 44 45

87 88 86 86 87 94 % 9% 89 92 88 86
87 88 8 8 87 94 % 90 8 92 8 86
87 88 86 86 &7 94 9 % 8 92 88 86
87 88 86 8 87 94 90 88 87 92 84 82
&7 88 86 86 87 94 90 88 87 92 84 82
82 83 81 81 82 89 85 85 84 87 83 81
83 84 82 82 83 90 86 86 85 88 84 82
93 94 92 92 93 100 % 94 93 98 90 88
92 93 91 91 88 99 95 91 90 95 93 91
90 91 89 89 90 95 95 93 92 95 93 91
90 91 g8 89 90 95 95 93 92 95 93 91
88 g9 87 &7 88 95 91 91 90 93 & 87
&7 88 86 86 87 94 9% 9 89 92 88 &6
93 94 92 92 93 100 96 94 93 98 90 88
93 94 92 92 93 100 9% 94 93 98 90 83
93 94 92 92 93 100 9% 94 93 98 90 88
90 91 &% 89 92 97 91 8 88 91 89 87
84 85 83 83 86 91 8 8 8 89 g7 85
86 87 85 85 88 93 91 91 90 91 89 87
92 93 91 91 94 97 97 97 9% 95 93 91
90 91 89 89 92 95 95 95 94 93 91 89
82 83 81 81 84 89 87 87 8 8 85 83
85 8 84 84 87 92 9% 9 8 90 88 86
3 1 1 24 15 33 27 28 31 23 25
2 2 23 16 32 26 25 32 22 24
0 23 14 32 26 27 32 22 24

0.57
0.76
0.19
2.94
2.55
5.33
4.64
4.49
5.60
431
4.79
5.28
5.79
3.44
5.34
5.81

0.94
0.38
2.86
2.87
5.07
4.40
411
5.66
421
4.69
5.18
5.38
2.80
5.10
5.56

0.57
3.47
1.86
5.29
4.46
431
5.41
3.98
4.45
4.93
5.13
3.00
4.57
5.62
386 3.49 299 3.65
371 375 339 350
16.05 16.33 16.14 15.99 15.05
17.64 17.69 17.47 17.33 17.28
15.87 16.17 1597 15.81 15.09

2.88
249
5.27
4.58
4.42
5.85
4.25
4.73
5.22
5.57
3.24
528
5.75

21 23 3 4 25 19 17

5.04
3.49
3.80
5.32
3.75
422
4.24
5.04
3.20
3.63
4.62
3.33
3.74
16.17
16.75

6.01

3.11
3.37
5.40
5.72

3.60
2.50
4.28
4.13

16.19 17.52 17.25 17.81

16.11 15.27 15.03 16.72 15.56 15.21

16.49 14.95 15.31 15.06 17.85 16.11 15.75

84 90 85 92 8 93 90 42 44 45
8 90 85 92 89 93 90 44 38 4]
84 90 85 92 89 93 90 44 38 41
80 90 85 92 87 93 90 42 44 4]
80 9 85 92 87 93 90 42 44 41
79 85 80 87 84 88 85 39 43 42
80 86 81 88 85 89 86 38 42 43
86 96 91 98 83 99 96 44 44 43
8 93 90 97 94 98 93 45 47 46
89 93 &8 97 94 9% 93 45 47 48
89 93 88 97 94 96 93 45 47 48
85 91 86 93 9 94 91 47 51 48
84 90 &5 92 8 93 90 50 52 49
86 96 91 98 93 99 96 42 40 39
86 96 91 98 93 99 96 42 40 39
86 96 91 98 93 99 9% 42 40 39
85 89 90 3 8 9% 91 55 57 58
83 87 8 51 88 90 87 47 43 44
85 8 84 93 90 92 89 49 45 46
91 93 90 101 98 98 95 57 53 56
89 91 88 99 9% 9% 93 57 53 54
81 85 80 89 86 88 85 47 45 46
84 88 83 92 89 91 88 44 42 43
27 31 2229 32 20 19 91 99 86
26 30 19 28 31 19 20 92 100 87
26 30 21 28 31 19 18 9% 98 85
26 30 21 28 31 19 18 9% 98 85
19 23 16 17 14 22 21 87 97 81
22 26 19 22 27 19 20 94 98 91
24 32 29 18 19 20 32 94 94 g7
20 26 19 20 13 25 24 90 100 87
27 16 19 12 26 25 25 8 99 86
20 227 30 33 27 32 92 100 93

4 18 21 26 23 23 24 8 98 87

2 16 21 24 21 25 24 84 96 85

- 18 21 22 19 27 26 82 94 83
353 - 25 28 31 25 30 90 98 91
445 451 - 23 22 20 21 8 95 8
387 541 440 - 7 2 28 92 104 89
343 604 454 105 - 28 29 B89 101 86
5.04 435 311 384 513 - 11 95 105 92
505 510 3954 513 544 185 - 90 100 87
14.62 16.60 15.77 15.14 14.88 16.94 16.65 - 46 37

16.90 17.44 16.83 17.62 17.36 18.84 18.55 7.36 - 35
15.13 17.46 15.35 15.18 14.90 16.79 16.50 6.42 592 -

also support the relationship that Taxodium is most simi-
lar to Glyptostrobus and Cryptomeria.

On the basis of morphological traits, Athrotaxis laxifo-
lia is said to be most certainly a hybrid between A. selag-
inoides and A. cupressoides (Cullen and Kirkpatrick 1988).
In our study, data on A. laxifolia coincided with A. selag-
inoides completely. The difference between A. cupres-
soides and the other 2 species was 6 site changes. Chloro-
plast DNA in coniferous species has been reported to be
paternally inherited (Neale et al. 1986, 1989, 1991; Szmidt
etal. 1987; Neale and Sederoff 1989; Stine et al. 1989; Sut-
ton et al. 1991). Thus, as shown by our data, if A. laxifo-
lia is the hybrid between A. selaginoides and A. cupres-
soides and if cpDNA is paternally inherited, then A. selag-
inoides must be a pollen donor for A. laxifolia.

The difference between the 2 Cunninghamia species is
only 1 site change, the Bg/II site in the rbcL. gene. Within
the Taiwania species, we detected 7 site differences, 1 in
frxC, 2 in rbcL, 3 in truK, and 1 in 16S.

Sequoia and Sequoiadendron have 4 site differences,
the Hhal site in psbD, 2 Dral sites in ¢rnK, and the Rsal
site in 16S. The tree based on rbcL sequence data also in-
dicated that these are closely related species (Brunsfeld et
al. 1994) and immunological data showed similar results
(Price and Lowenstein 1989).

We investigated only 6 species of four genera of Cu-
pressaceae, these were found to be closely related to the
Taxodiaceae species, an observation supported by morpho-
logical traits (Hart 1987) and rbcL sequence data (Bruns-
feld et al. 1994),

The position of Sciadopitys

Sciadopitys has often been classified as a morphologically
isolated species of Taxodiaceae or as the separate family
Sciadopityaceae (Hayata 1931; Hart 1987; Schlarbaum and
Tsuchiya 1985). However, Sciadopitys is closely related to
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Cupressaceae and Taxodiaceae in some morphological
traits (Hart and Price 1990). Its chromosome number is
n=10, which suggests that it apparently branched from its
ancestors Cupressaceae and Taxodiaceae (n=11) by aneu-
ploid reduction (Schlarbaum and Tsuchiya 1985). Using
rbceL sequence data, Chase et al. (1993) and Brunsfeld et
al. (1994) concluded that Sciadopitys is not closely related
to Taxodiaceae and Cupressaceae and should be excluded
from the family on the basis of molecular phylogeny. An
immunological comparison between Taxodiaceae and Cu-
pressaceae species indicated that Sciadopitys is quite dis-
tant immunologically from all of the other groups exam-
ined and is as distant from the cupressaceous-taxodiace-
ous group as the other families are from one another (Price
and Lowenstein 1989). Our results also show that Sciadop-
itys is quite different from Taxodiaceae and the other fam-
ilies. In our tree, based on cpDNA, Sciadopitys is not in-
cluded in Taxodiaceae but is considered to be a basal lin-
eage of Taxodiaceae and Cupressaceae.

Phylogenetic relationship within Pinaceae

Pinaceae is also considered to be a monophyletic group and
is separated into two major sub-groups, Pinus and the other
genera. Genus Pinus is also clearly separated into two
groups, diploxylon and haploxylon. Hart (1987) suggested
that the monophyly of the Pinaceae is well-established.
However, our data do not completely support his results in
the position of each genus. Hart (1987) concluded that the
grouping of Pinaceae into two lineages is based on only a
few characteristics: the presence of resin ducts in the seeds
and of cleavage polyembryony supports the monophyly of
Abies, Pseudolarix, Keteleeria, Cedrus, and Tsuga, while
resin ducts in the secondary wood and leaves with an en-
dodermis having a thickened Casparian strip support the
monophyly of Cathaya, Pinus, Larix, Pseudotsuga, and Pi-
cea. Immunological comparison data showed that the
Abietoid group (Keteleeria, Abies, Cedrus, Tsuga, and
Pseudolarix) is clearly separate from the Pinoid group (Pi-
cea, Pinus, Larix, and Pseudotsuga) (Price et al. 1987).
The tree based on rbcL sequence data also supports this,
except for Cedrus. In our tree, Abies, Tsuga, Keteleeria,
and Pseudotsuga are of the same group, but the other
2 groups (Pinus species and Picea, Cedrus, Pseudotsuga,
and Larix species) are not supported by our results. Thus,
in our phylogenetic tree the placement of these latter
2 groups were not completely supported by the results of
Hart (1987), Price et al. (1987), and Brunsfeld et al. (1994).
When the Wagner and NJ trees are compared, the diver-
gence between the Picea-Cedrus group and the Abies,
Tsuga, Keteleeria, and Pseudolarix group is not fully re-
solved, but the Abies, Tsuga, Keteleeria and Pseudolarix
group is considered to be well-defined.

PCR-RFLP method for molecular phylogeny

The PCR-RFLP method is very effective and convenient
for the determination of molecular phylogeny (Liston

1992) for if we have some primers to amplify the specific
regions, we can survey many species simultaneously and
investigate many regions conveniently. Currently, many
sequencing data are available from the database; for exam-
ple, whole chloroplast (Ohyama et al. 1986; Shinozaki et
al. 1986, Hiratsuka et al. 1989; Wakasugi et al. 1994) and
mitochondrial sequence data (Oda et al. 1992) and much
nuclear gene sequence data. When sequencing methods are
used for molecular phylogeny, it is not so easy to survey
many genes simultaneously. When using the PCR-RFLP
method, we can also choose the target region depending
on the level of classification. Meanwhile, we can choose a
highly stable region like the coding region of mitochon-
drial genes or chloroplast genes when we survey the rela-
tionship between a genus or family, and when we survey
within a genus (as with closely related species), we can
choose the spacer regions between coding regions.
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Identification number (see Table 1)

Gene Enzyme Site change

(bp = 5%)
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Identification number (see Table 1)

Gene Enzyme Site change

(bp % 5%)
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