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Abstract We have generated 66 sequence-tagged-site
(STS) markers from cDNA clones of Cryptomeria ja-
ponica, and 60% of them have already been mapped
into C. japonica linkage groups. All of the STS markers
showed a single fragment following polymerase chain
reaction (PCR) amplification. We investigated by poly-
morphism of these STS markers in a mapped F, popu-
lation and 15 plus trees by means of a restriction
endonuclease analysis. Polymorphism levels were
10.6% and 22.7% in the F, population and the 15 plus
trees, respectively. PCR amplification levels of the 66
STS markers in 14 conifer species varied depending on
their genetic relationship with C. japonica. Taxodium,
which is closely related to C. japonica, had the most
amplifications (31.82%), followed by Sequoiadendron
giganteum, which is of the same family. The average
proportion of PCR amplifications in each family grad-
ually declined in the following order: from Taxodiaceae
to Cuppresaceae, Sciadopityaceae, Pinaceae, and
Taxaceae. These results are in general agreement with
a molecular phylogenetic relationship based on chloro-
plast DNA. The 66 STS markers will be useful as on
anchor point for genome mapping and population
genetics, and some of them will also be useful when
studying other conifers.
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Introduction

Sequence-tagged-site (STS) mapping has been used to
construct a physical map of the human genome (Olson
et al. 1989; Hudson et al. 1995). In plant species, an
STS-based physical map has also been constructing
for rice (Inoue et al. 1994). Some STS primers have
been used to generate polymerase chain reaction
(PCR)-based markers in barley (Tragoonrung et al.
1992), lettuce (Paran and Michelmore 1993), Populus
(Bradshaw et al. 1994), and wheat (Talbert et al.
1994).

Genetic maps of conifer species using restriction
fragment length polymorphism) (RFLP) have been
constructed for loblolly pine (Devey et al. 1994), sugi
(Mukai et al. 1995), and radiata pine (Devey et al. 1996).
RFLPs have a stable genetic background but are lim-
ited by the need for clone banks and the requirement
for large amounts of DNA. Meanwhile, megagameto-
phyte-based mapping in conifers using random ampli-
fied polymorphic DNA (RAPD) has been widely
adopted because of its speed, lack of clone banks, and
requirement of very little DNA (Williams et al. 1990;
Tulsieram et al. 1992). However, RAPDs also pose
a problem since they often do not show simple
Mendelian inheritance (Echt et al. 1992; Halward et al.
1992; Reiter et al. 1992). Therefore, it is necessary to
develop a reliable and convenient PCR-based marker
for genomic mapping and population genetics. Com-
plementary DNAs (cDNAs) contain the exact coding
regions of genes and express some protein or some
closely related morphology. Therefore, the use of STSs
of cDNAs to develop molecular markers may prove
most useful for providing the anchor points of genomic



mapping and other genetic studies. In the investigation
described in this paper, we developed STS markers
from cDNA clones of Cryptomeria japonica and sur-
veyed them for polymorphisms using RFLP analysis.
We also evaluated the usefulness of the STS markers in
other conifers.

Materials and methods

Sequence of cDNA clones and their sequence-tagged site

We used 66 cDNA clones for primer sequencing, half of which have
already been mapped on RFLP linkage groups (Fig. 1; Mukai
et al. 1995). These clones were sequenced by the dideoxy termina-
tion method using universal and reverse fluorescence dye primers
with an ABI DNA sequencer model 373. We determined the
nucleotide sequence for at least 200 bp at both ends of the cDNA
inserts. PCR primers were carefully designed using the OLIGO
program (version 4.0 National Bioscience) and then synthesized
(Toagousei Co.).

The PCR amplification conditions were as follows: reaction mix-
tures (100 p1) contained 10 mM TRIS-HCI, pH 8.3, 50 mM KCl,
1.5 mM MgCl,, 9.1 mM each dNTP, 100 pmol of each primer, 50 ng
of template DNA, and 2.5 units of Taq polymerase. A basic PCR
amplification was carried out for 5min at 94°C, followed by 32

Fig. 1 The location of loci generating the STSs. Long and short bars
indicate loci for which map positions were determined or ambigu-
ous, respectively. The map distance in centiMorgans (cM) are shown
on the left (Mukai et al. 1995)
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cycles of 40 s at 94°C, 40 s at 60°C, and 80 s at 72°C, with a final
5-min incubation at 72°C with a PC700 model of Astech Co. or a MJ
RESEARCH Programmable Thermal Controller PTC100. The
DNA fragments were checked on ethidium-stained 0.85% agarose
gels. When there was a low reaction yield, the number of PCR cycles
was increased to 36, 40, and 42 cycles or the annealing temperature
was decreased to 58°C and 56°C. If multiple PCR fragments were
observed, the annealing temperature was increased until only
a single band remained.

Polymorphism of STS markers

PCR amplification was done using both cDNA and genomic DNA
as templates for each STS, and the fragment size of the PCR
products of the two templates was then compared. Nineteen STS
markers which contained introns were selected from 66 STSs. The 19
STSs were investigated using the PCR-RFLP method in 15 plus
trees to evaluate the polymorphism level of this kind of marker.
These 15 plus trees mostly originated from locations distributed
throughout their natural distribution in Japan, and they were se-
lected from artificial stands in each region. One sample of Crypto-
meria fortunei which originated in China was also included in the
sample of 15 plus trees.

After PCR amplification, the products were purified using ethanol
precipitation, and the purified DNA was then digested with seven
different four base-cutter enzymes (Alul, Haelll, Hhal, Mspl Hinfl,
Tagql, and Rsal) and electrophoresed on 2% agarose gels. Polymor-
phisms of the other 47 STSs were also investigated in the
Okinoyama-sugi (?) x Kumotooshi (3) family (Mukai et al. 1995)
and 15 plus trees using only one restriction endonuclease to make
a new molecular marker in Cryptomeria japonica. Of the five restric-
tion endonucleases (Alul, Haelll, Hhal, Mspl, and Rsal), we selected
the one which had the most restriction sites for each STS. Because
the size of each STS was not large, only a few restriction sites were

6
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expected even from the four-base cutters. Their sizes ranged from
196 bp to 2000 bp, with an average, size of 662.12 bp.

PCR amplifications in other conifers

PCR amplifications of the 66 STS markers were tried in 14 species of
conifer under two different PCR conditions in order to determine if
these markers could be useful in other conifers. The first, or high-
stringency, PCR conditions were same as those found in Table 1; the
second (i.e., low-stringency) PCR conditions were a modification of

Table 1 STS primers and their PCR amplification conditions

the basic PCR conditions as follows: annealing temperature of 52°C,
2.5mM MgCl,, and 40 cycles. After PCR amplification, the DNA
fragments were checked on an ethidium-stained 0.85% agarose gel.
The following species were investigated: 7 Taxodiaceae species (T ax-
odium disticum, Athorotaxis cupressoide, Metasequoia glyptostrobo-
ides, Sequoiadendron giganteum, Sequoia sempervirens, Taiwania
cryptomeioides, Cunninghamia lanceolata), 2 Cupressaceae species
(Chamoecyparis obtusa, Thuja standishii), 3 Pinaceae species (Abies
firma, Pseudotsuga japonica, Pinus taeda), 1 Sciadopityaceae
species (Sciadopitys verticillata), and 1 Taxaceae species (Taxus
cuspidata).

STS no. Primer sequence (forward and reverse) Annealing PCR conditions® Length Linkage
temp. (°C) (bp)© group?
Cycles TmP®
CD334 5" AAGGCGTGTGAGAATCCAGTY 60 32 63.3 883 1
5" GTCATG CAAGCCAACAATAA3Y 61.0
CD1309 5" AGCAAAACCTTGGGATTCTTY 60 32 62.8 1284 2
5 TAGAGCCGCACTATTCAGATY 594
CD548 5" CACACCCGTTCCTTTATTCTY¥ 60 32 61.1 507 2
5 AGGTTGTGGACTTGGATTTG 3 612
CD515 5" GCCTGGACAACTCATTGCTAY 60 32 624 823 2
5" GAAAGT GGAAAGGGCAGTAAY 61.5
CD1232 5 TTTGTT GGACATTGGGTTCT¥ 58 32 61.7 927 Unlinked
5 GCAGAGCCTAAGTGATTITGCY 61.9
CD1237 5" GGAATCGGATGGGTTATCTGY 60 32 63.5 915 3
5" AGAATCCGG GACCAAATCTAY 63.0
CD1613 5" GGT GAACAAGAAAGG GAAATY 58 32 60.2 852 3
5 ATGTGTTGTCTGGCTTGGTAY3 59.7
CD13821 5 TGCGTATGGATGGTG AAAAGY 58 32 634 384 3
5" CCAAAAGTAGCCACAGAAGAY 59.6
CD1769 5 CTTCCTGTTTGG CAATGAGT3¥ 60 32 61.6 791 4
5" GATTATGGA GGTGCCTGCTAY 61.9
CD620 5" AGGCCAAACCCTCAGAAGTAY 56 32 63.2 333 6
5 GCTGGGAAGTCCTCTAAGAAY 60.4
CD526 5 TCTTGCATGACTTGGTTGCT?3 60 32 62.7 1625 6
5 GGGGATTTGGAGATTTTCAG? 63.0
CD523 5" GGTTACCCAGGGGAGGTCTTY 58 32 66.2 251 6
5" ACAAATGCG CCTTGA AATACY 62.5
CD622 5" CCCTGGTACTCCTGTGGTAAY 58 32 61.3 373 7
5" CCGGCAGTGTAATCACCAACY 65.1
CD1514 5" GGTCGGTCTGACATTCCATT3 58 32 63.2 563 7
5" CGAGAAGCGTCCAAACATTAY 63.2
CD1852 5" GCATAGCATTTTCCCAATCAY 58 36 62.9 483 7
5" AAGGGATCGAAGAGG GTCAT3 64.2
CD19 5" TCAAACAGCGTAGTCAACCAY 58 32 61.0 996 Unlinked
5" TGGAAG GAAAGGAGGAGGATY3 62.1
CD41 5" GAATCCAAAACCACTTGCTAY 58 32 59.6 1067 Unlinked
5" ACATTCACGACCCTCCGTAT3 63.2
CD95 5" GTG GGA GAG CGA GTCAACATY 60 32 634 805 Unlinked
5" GATTGA AATTGG CGAGAGAT3 61.0
CD471 5" AGGCTCTGCTCTCCATCTGT?3 60 40 62.5 443 Unlinked
5" GCCGCAGTG CATAGGATTACY 65.1
CD579 5" CACTGG CCTAAGAATCAGAAY 60 32 59.3 639 Unlinked
5" GAATCCTGCTCACCCAACACY 63.7
CD657 5" TCCTGATACTGTGGG CAACTY 60 32 61.5 703 6
5" CCCCGATATGCTCTTCAACTY 63.6
CD1761 5" AGTCAACTCAATGCCCTCAAY 60 32 61.6 486 7
5" TAAACAGGTCGCTCCCAGATY 63.8
CD630 5" TCGAGA CGTACTGGTGGTGTY¥ 60 32 61.8 530 9
5" CTCCCAAGG CTGAGAAGAAAY 63.7
CD1943 5" GGGGACAGATCCAACTAACAY 60 32 60.9 613 9
5" GCCATTTTATTTGCCACAGAY 63.1
CD1545 5 TTGCTGATGAACGGAAACTTY 60 36 62.3 1995 10
5" TGAGCGAAACAGAGCCATAAY 634
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Table 1 Continued

STS no. Primer sequence (forward and reverse) Annealing PCR conditions® Length Linkage
temp. (°C) _ (bp)© group?
Cycles TmP®

CD1067 5 TTTAGGGTTTTGGGTTTTAG 3 58 32 59.4 724 10
5 AACATACCATCTGCCCTCTTY¥ 60.3

CD189%4 5 ACCCTTTCCTCGCCTACATT?3 60 36 65.0 767 11
5 GCCGACTGA GTAAACAAACCY 61.5

CD1234 5 CCGTGGAAAGATGAGCACTAY 62 32 62.5 442 3
5" AGCCGTTGTTGCCATTCTTAY 65.2

CD482 5 GGGGTTTCGTCCAAGGTTATJ3' 60 32 65.0 611 4
5 TCCACAGGGTTTTTGCTTCAY 65.4

CD511 5" ATAAACCTTGCCACACTCTAY 62 36 61.1 443 7
5 AAGGCACTTGAATCATCCATY 60.9

CD414 5" GCATGATGGAGCAAATGGTAY 62 32 63.1 519 8
5 TAGATGGGCAATGCTTGGAG ¥ 65.2

CD1617 5" TGCCAACTCCACCTACTTCAY 62 32 62.6 1478 7
5" TAT GGCCCT CAAAACAGTTC3 61.9

CD737 5" CAACCAGGGGAGTATTGATGY 58 32 61.6 405 8
5 TGCACCCAATTATTITTCACAY 61.4

CD1195 5 TCCCACTGAATCTCCTGTGA Y 58 40 61.5 2000 8
5" AATGGCAATGGCGTTATTCT 3 64.4

CD13831 5" GACCATTGTCACCACTGTCAY 60 36 59.4 360 8
5" ATACCGTGCATTGGGTTACT3 61.5

CD1126 5" CACAGCATACCCCACTACCCY 60 36 64.1 336 4
5 GGCTTGTAGCGGAAGAAAGAY 64.3

CD461 5" AGGCGATGCTTACAGAGGTGY¥ 60 32 64.4 307 2
5" CGTAGCCAG GATTATGACCAY 62.6

CD470C 5" GGCCTACGAACATTGAACATY 60 32 61.7 536 8
5" ACCCTTACCGGAAAGACCATY 64.6

CDA485 5" TTGATG CCACACAAAGACAAY 60 40 614 196 11
5 TGAGCAATTATG CCAAGCAGY 64.0

CD776C 5" CTTGCTCACCGCATAAACTGY 58 36 63.5 595 8
5" GTTGATCTGCGTGGGTTTAGY 62.2

CD785 5 TGTAATGGGTTTCGGCTTCT?3 58 32 64.2 271 2
5" AGTGCGTCATGGTTTCTTCAY 62.5

CD1841 5" ATGAGCACCAGCAACGATGTY 60 32 64.9 543 5
5" GTACGGGGTTAGAACTTGGAY 61.1

CD857 5" ACCCTGATGCAGCGATTITCTY 60 32 66.2 421 Unlinked
5" ACGACAATTCCAAGGTCCTCY 62.8

CD1712 5" CCAGGTCAGCAGCAGACTAAY 60 32 62.5 810 Unlinked
5 CATTGCTGG GCTGGT GAATAY 65.9

CD133 5" AACAGCAACCCCAATGAAAGY 60 32 64.3 390 Unlinked
5 CTCTGCAGA CCCAACTGGAAY 64.6

CD618 5" CAAGGA CAACGG GCAAAAATY 60 32 67.0 1491 Unlinked
5" GAACTGGGTTCCAAG GCTAT3 62.7

CD568 5" CAAGAG CGAGAAGAGCAGAAY 58 36 62.2 745 Unlinked
5" ATTGGAATCAGGAGGAGAAG3 59.7

CD15 5" CAGAGCAACCGCCACAAGAGY 60 32 68.0 393 3
5" TGAGGCGGCGATAACTTGTAY 66.1

CD541 5 CTGCATGACTGGACTGAACT 3 60 36 58.7 656 Unlinked
5" TGA GGT GAAGAAGGAGAACAY 58.7

CD312 5 CCCGACGGACCAACAGAACTY 60 32 68.6 662 Unlinked
5" CCCCTGTGCCGTTCCAATAC3 69.2

CD402 5 CCTGCCCATGGTGAAAGTAAY 58 36 65.0 306 Unlinked
5" TTGAATCCAGAGGCTTGAAA3Y 62.3

CD574 5" GGAGCTTGAGAAGGAACCTAY 60 32 60.4 419 Unlinked
5 AAAGCGCATCTCCAAACACTY 64.2

CD671 5" AAAAGCACAACTTCCTGACAY 56 36 59.5 866 Unlinked
5 GAGTGGAGAAGGCAATGAGAY 61.0

CD672 5" GAGTCTGGGAACTGGTTGTCY¥ 60 32 59.9 347 Unlinked
5 CGAGCACTTTCT GAGGAGAGY 61.3

CD1064 5 TGAAAAATGTCGTTGGTGTG 3 58 36 61.1 377 Unlinked
5 TGCCTCAGGGTTTAGCAGTAY 62.7

CD1071 5 GATCGTACCCAGCCCTTITTT?3 58 36 65.4 583 Unlinked
5" CAGAGCTTCTGGGGTCTTTAY 61.3

CD1117 5 TCACATTCG GCACAAGTTGA3 56 36 64.0 752 Unlinked

5" ATATGAACCGCCCAAAAATCY 63.9
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Table 1 Continued

STS no. Primer sequence (forward and reverse) Annealing PCR conditions® Length Linkage
temp. (°C) _ (bp)© group?
Cycles Tm®

CD1624 5 CTCTCC GCAACGAAG GAAAAY 58 36 67.3 443 Unlinked
5 CACCGCGAGAACACGATTATY 65.2

CD1640 5 TCG GCAGCATGACAGAAAACY 58 36 65.8 1204 Unlinked
5" GATCTTCGG CAGCATCTCTT 3 63.4

CD1675 5 AAGATGGGGCTCAATAAGTT? 56 36 60.3 1767 Unlinked
5" GGCGGTCTCAGGATTCTTAGY 63.2

CD1706 5 ATAGGCGACGCAGGTCAAAAY 58 36 67.6 387 Unlinked
5 TCTGCGGCTGTAGTTCCAGT? 64.7

CD1216 5 GCCAAGACCCTGAGCAAATCY 58 36 66.2 739 Unlinked
5 CCTGTG CGAAAGCCAATCAAY 68.6

CD1179 5" TGGGTTTGGGCATAAGTCTG3 56 36 65.0 1101 Unlinked
5 TTGCCCCTGTTGTTITTATCCY 64.5

CD1444 5" GGCAGACAAGGCTTACAAGAY 58 36 62.0 583 Unlinked
5 CCTGCGACATAGACAAATCAY 60.6

CD2026 5 TGTGAATATGGCGAGTGCTAY 56 36 61.4 784 4
5 GCTTTG AGACAAGGTGGTATY 582

CD1091 5 GGTTTTCTTCAGAGGCAAGGY 58 36 63.4 683 2
5" GAAACCCTGGACTGGCATAGY 63.6

#Basic PCR amplification was carried out for 5 min at 94°C, followed by 32 cycles of 40 s at 94°C, 40 s at 60°C, and 80 s at 72°C, with a final

5-min incubation at 72°C. Only modified conditions are shown
®Melting temperature

¢ PCR-amplified fragment size from genomic DNA

4 Mukai et al. (1995)

Results
PCR amplification of STSs

A single fragment was observed for all 66 STS primer
sets after PCR amplification using Okinoyama-sugi (%),
Kumotooshi (3), and 142 (F1) genomic DNAs (Mukai
et al. 1995) (Fig. 2). PCR products of the three samples
gave approximately the same yield and did not show
any size variation. PCR conditions for each STS was
decided independently, but we were able to use a basic
PCR protocol, for about 40% of them. In the case of

Fig. 2A, B RFLP patterns of STS markers in 15 plus trees. A CD657
STS digested by Hhal, B CD1309 STS digested by Alul. M Molecu-
lar marker, lanes 1-15 plus trees

A
M 1 2 3 4 5

6 7 8 9 10 11 12 13 14

B
M 1 2

low yield and/or multiple bands, we modified the PCR
conditions (Table 1).

Polymorphism detection in
the Okinoyama-sugi (?) x Kumotooshi (3) family
and 15 plus trees

PCR amplification of 66 STSs was carried out in each
PCR condition in the Okinoyama-sugi (?)x Kumo-
tooshi (§) family and 15 plus trees. As 2 of the plus trees
did not yield any PCR products, one of the STSs,
CD579, may be a deletion mutant. To evaluate levels of
polymorphism, we digested the 19 STSs which con-
tained a intron with the seven different four-base cutter
enzymes. The digested products were electrophoresed
on 2% agarose gels (Fig. 2). Restriction fragment length

3 4 5 6 7 8 9 10 11 12 13 14 15
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Table 2 Sixteen STS markers showing polymorphisms using a restriction endonuclease analysis

STS PCR conditions®* Intron Length Linkage RFLPin RFLP Polymorphic enzymes
(bp)® (bp) group® plus-tree  in F§

Annealing  Cycles Extension

temp (°C) time (s)
CD41 58 32 80 147 1067 Unlinked 1 Hhal
CD471 60 40 80 177 443 Unlinked 1 Hinfl
CD526 60 32 80 0 1625 6 1 1 Rsal, Haelll
CD657 60 32 80 112 703 6 1 1 Mspl, Haelll, Rsal, Hinfl, Hhal
CD671 56 36 80 0 866 Unlinked 1 Rsal
CD776 58 36 80 0 595 8 1 Alul
CD1067 58 32 80 159 724 10 1 1 Alul, Haelll, Rsal
CD1091 58 36 80 0 683 2 1 Alul
CDI1195 58 40 120 841 2841 8 1 1 Hhal, Haelll
CD1216 58 36 80 0 739 Unlinked 1 Hhal
CD1237 60 32 80 265 915 3 1 Hhal, Mspl, Rsal, Alul
CD1309 60 32 80 442 1284 2 1 1 Alul, Rsal, Hinfl, Mspl
CDI1545 60 36 80 1000 1995 10 1 Haelll, Taql, Alul, Hinfl
CDI1675 56 36 80 644 1767 Unlinked 1 Alul, Haelll, Rsal, Ndell
CD1706 58 36 80 0 387 Unlinked 1 Hhal
CD18%4 60 36 80 0 767 11 1 Rsal

2PCR reaction was conducted under basic conditions (see methods) but only modified conditions are shown

®Length of each intron
¢ Mukai et al. (1995)
4-¢Number 1 showed a polymorphism

polymorphisms were detected in 9 (47.4%) of the STSs
(Table 2). Of these 19 STSs, 3 showed variation with
only a single enzyme, while the others showed variation
with at least two different enzymes. Polymorphism in
the other 47 STSs was investigated by selecting an
enzyme for each STS which was expected to yield the
most restriction sites. In this latter survey, we found
8 polymorphic STSs (17.0%). In all, we found 16
(24.2%) polymorphic STSs using RFLP analysis. We
were also able to compare STSs with and without
introns (Table 3). The only difference between the two
kinds of STSs was size, with the average length of an
STS with an intron being larger than that without an
intron. Polymorphism levels were greater in STSs with
introns (26.26%) than in STSs without an intron
(18.09%).

PCR amplification of STSs generated
from Cryptomeria japonica in conifers

PCR amplifications of the 66 STSs were carried out in
14 conifers under two different PCR conditions (Fig. 3).
The amplification results are shown in Table 4. Under
high-stringency conditions, which were the same as
those used for Cryptomeria japonica, the sizes of the
PCR products were not different from those from C.
japonica. In Taxodium, 31 STS markers could be ampli-
fied, but in the other Taxodiaceae species the number of
amplified STSs was only 4—14. The average number of
amplified STSs found in Taxodiaceae species was 12.00
(18.18%) out of 66 STSs; for the 2 Cupressaceae species

Table 3 Polymorphisms of 16 STSs in 15 plus trees using RFLP
analysis

STS Intron Length Polymorphism
(bp) (bp) (%0)*
With intron
CD1675 644 1767 13.00
CD41 147 1067 20.00
CD1067 159 724 23.33
CD1195 841 2841 13.33
CD1237 265 915 13.33
CD1309 442 1284 13.33
CD657 112 703 56.66
CDA471 177 443 40.00
CD1545 1000 1995 43.33
Mean 420.78 1304.33 26.26
No intron
CD776 - 595 13.33
CD1706 - 387 20.00
CD1091 - 683 40.00
CD526 - 1625 6.66
CD18%4 - 767 33.33
CD671 - 866 6.66
CD1216 - 739 6.66
Mean - 808.86 18.09

*This polymorphism was estimated by the following formula:
P =(n—x)/nx100, where n is the total number of individuals
investigated, and x is the number of major variants

this was 10 (15.15%) and 6 (9.09%), respectively. The
3 Pinaceae species used for STS amplification showed
fewer amplifications than the Taxodiaceae and Cupres-
saceae species. For Sciadopitys verticillata, which has
been a problem taxonomically, speaking only 4 STSs
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Fig. 3 PCR amplification of STS marker in 14 conifers. A CD622
STS under high-stringency conditions, B CD622 STS under low-
stringency conditions, C CD1831 under high-stringency conditions,
D CD1831 under low-stringency conditions. M Molecular marker,
lanes 1-14 conifer species (see Table 4)

were amplified, as in Pinaceae. In Taxaceae, no STSs
were amplified.

Under low-stringency conditions, more PCR
fragments were observed than under high-stringency
conditions. While the number of PCR amplifications
increased in most species, in 4 species, Taxodium,
Sequoiadendron, T aiwania and Cunninghamia, the num-
ber decreased from the point of view of a single frag-
ment. This was especially true for Taxodium in which
the number decreased from 31 to 18. This decreased
number of single fragment STSs is offset by many with
multiple fragments. In Cupressaceae, Sciadopitaceae,
Pinaceae, and Taxaceae species, the number of single-
fragment PCR products increased and the number of
multiple PCR fragments increased even more. Overall,
the proportion of amplified STSs under low-stringency
conditions including a single and multiple fragments,
was 60.71%, 54.17%, 53.33%, 51.11%, and 18.33% in
Taxodiaceae, Cupressaceae, Sciadopitaceae, Pinaceae,
and Taxaceae, respectively.

Discussion
STS of cDNA clones and their polymorphism

We generated 66 STSs from cDNA clones of C. japon-
ica, half of which had already been mapped (Mukai

B

M 1 2 3 4 5 6 7 8 9 10 11 12 13 14

7 8 9 10 11 12 13 14

et al. 1994). We surveyed the genetic diversity of these
STSs using a restriction endonuclease analysis. Sixteen
of the STSs were polymorphic with more than one
restriction endonuclease. Most of the segregation pat-
terns were just like those for co-dominant traits; how-
ever, a few segregation patterns were not. The reason
these patterns were considered is that these STSs may
not be single copy. While we selected for single- or
low-copy cDNA clones when we screened the RFLP
probes during mapping, some of them must have been
multiple-copy clones. These co-dominant markers will
be most useful as landmark STSs for future mapping of
Cryptomeria. Of the 16 polymorphic STSs 9 have in-
trons with lengths varying from 112bp to 841 bp
(Table 2). We expected STSs having introns to be more
polymorphic; however, differences between STSs with
and without introns were not significant (Table 3). This
kind of polymorphism would be caused mainly by
point mutations; therefore, these events are closely
related to the mutation rate of the nuclear genome.
Generally, the sequences of cDNAs are more highly
conserved than other regions, and the expressed se-
quence regions would be more highly conserved than
the introns. Accordingly, STSs with introns might be
expected to have much higher polymorphism levels
than those without introns, as shown in Table 3.

Application of Cryptomeria STS markers
to other conifers

The average number of amplified STSs in observed
Taxodiaceae was 12.00, which is about one-fifth of the
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Table 4 PCR amplification of 66 STS markers generated in Cryptomeria japonica in 14 conifers

Number of amplified STSs

Proportion of amplified STSs (%)

High conditions?® Low conditions® High Low conditions®
conditions®
Single® Multi¢ Single Multi Single Single + Multi
Taxodiaceae
1 Taxodium distichum 31 - 18 27 46.97 27.27 75.00
2 Athrotaxis cupressoides 9 - 12 21 13.64 18.18 55.00
3 Metasequoia glyptostroboides 4 - 11 28 6.06 16.67 65.00
4 Sequoiadendron giganteum 9 - 8 21 13.64 12.12 48.33
5 Sequoia sempervirens 14 - 17 17 21.21 25.76 56.67
6 Taiwania cryptomerioides 7 - 6 24 10.61 9.09 50.00
7 Cunninghamia lanceolata 10 - 12 33 15.15 18.18 75.00
Average 12.00 - 12 24.43 18.18 18.18 60.71
Cupressaceae
8 Chamaecyparis obtusa 10 - 21 16 15.15 31.82 61.67
9 Thuja standishii 6 - 15 13 9.09 22.73 46.67
Average 8.00 - 18.00 14.50 12.12 27.27 54.17
Sciadopityaceae
10 Sciadopitys verticillata 4 - 8 24 6.06 12.12 53.33
Pinaceae
11 Abies firma 2 - 5 26 3.03 7.58 51.67
12 Pseudotsuga japonica 2 - 5 21 3.03 7.58 43.33
13 Pinus taeda 4 - 4 31 6.06 6.06 58.33
Average 2.67 - 4.67 26.00 4.04 7.07 5111
Texaceae
14 Taxus cuspidata 0 — 3 8 0.00 4.55 18.33

?Basic PCR conditions (see Methods)

®PCR conditions were the same as basic PCR conditions except for an annealing temperature of 52°C, 2.5 mM Mg,Cl,, and 40 cycles

¢ A single fragment was amplified
dSeveral fragments were amplified

total number of STSs found under high-stringency
conditions. The number of amplified STSs decreased
in the following order: Cupressaceae, Sciadopyaceae,
Pinaceae and Taxaceae. The number of amplified STSs
shared with Cryptomeria is not considered to be related
to the phylogeny of these families. The molecular
phylogenies of the Taxodiaceae based on a PCR-RFLP
analysis of chloroplast genes (Tsumura et al. 1995) and
the sequence of rbcL (Brunsfeld et al. 1994) are also
very similar to our results. On the basis of those studies,
Taxodium is the species most closely related to Crypto-
meria, and in our study approximately half of their
STSs could be amplified, the highest of any of the
species studied. The values for the 2 Cupressaceae spe-
cies were not very different from those of the Tax-
odiaceae, indicating that these two families may be
closely related. Molecular phylogenies have shown very
similar results (Tsumura et al. 1995; Brunsfeld et al.
1994). In the 3 Pinaceae species, fewer STSs were ampli-
fied than in Taxodiaceae and Cupressaceae. Physical
maps of cpDNA between C. japonica (Tsumura et al.
1993) and Pinaceae species (Strauss et al. 1988) were
quite different from each other. Our results show that
the nuclear genomes may not be closely related in these
families either. Sciadopitys verticallata, a taxonomic
problem, amplified as few STSs as Pinaceae species.

This result may indicate that the evolutionary position
of this species is not within the Taxodiaceae; molecular
phylogenies based on chloroplast (cp) indicate the same
DNA. However, since the amplified fragment sizes were
exactly, the same as those of Cryptomeria, the frag-
ments may be the same genes as found in Cryptomeria
japonica.

Under low-stringency conditions, the number of
amplified STSs with only a single fragment mainly
increased, especially in Cupressaceae, Sciatoptyaceae,
Pinaceae and Taxaceae, in which the number doubled.
The amplified fragment sizes were mostly the same as
those of Cryptomeria, but some did change. Under the
low PCR conditions, many multiple bands were ob-
served, although most had only a few bands. In the
Taxodiaceae species, Taxodium, Sequoiadendron, and
Taiwania, the number of amplified STS with a single
fragment decreased because some amplified STSs
have become multiple-banded. This is not a problem
because under a modified PCR conditions these ampli-
fied fragments may be a single band. Therefore, if the
STSs generated in Cryptomeria are to be used in other
species, the PCR conditions must be decided separately
for each STS and species.

The STSs of CD1613, CD1769, CD1821, CD471,
CD620, CD1514, CD618, CD776, CD785, CD312,
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CD1147, and CD1064 were amplified in more than
5 species. It is likely that these cDNA sequences are
relatively conserved in conifers. Four of them also
showed a homology at a high significance with specific
genes using BLAST (Altschul et al. 1990). These are:
CD471, homologous to Arbidopsis thaliana-transcribed
sequence clone YAPO78T; CD620, homologous to Ara-
bidopsis thaliana ¢cDNA clone 118A8T7; CD1514,
homologous Pinus sylvestris CHS gene for chalcone
synthase; and CD312, homologous to Linum usitatissi-
mum allene oxide synthase mRNA. About 60% of
STS cDNA sequences showed a hit with a BLAST
homology test (data is not shown). The sequence of
cDNA usually is thought to be conserved in related
species, genera, or families. Therefore, if the primer
sequence was changed somewhat, the probability of
PCR amplification in conifer species might be in-
creased.

We have tried to detect polymorphisms in these STSs
using RFLP analysis in other conifers. The CD1237
STS digested by Mspl showed polymorphism in Tax-
odium (data not shown). If the RFLP analysis had been
conducted in each species, variation within species
might have been detect. Other methods such as SSCP
or CFLP might be more efficient in detecting more
variation within species. The STS markers could also
be used as DNA probes for conifers, in which case, we
might expect a lot of variation within species (Ahuja
et al. 1994). Use of the same DNA markers as those for
genome mapping will be valuable for understanding
speciation and evolution within a family or genus of
related species.

The STS markers which we are developing in
Cryptomeria japonica might also be useful as anchor
points of genome mapping for quantitative trait loci
(QTL), and MAS (marker-assisted selection) and in the
study of genetic diversity and structure of natural for-
ests in the future.
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