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Phylogenetic relationships among 43 species within the family Zamiaceae and Stangeriaceae
were examined using 4 non-coding regions of chloroplast DNA (atpB-rbcL, psbM-trnD, trnL-trnF
and trnS- trnfM). Maximum likelihood (ML), Maximum parsimony (MP) and Neighbor- joining
(NJ) analyses were performed on separated and combined data sets to generate phylogenetic trees.
Zamiaceae and Stangeriaceae are not monophyletic entities based on these analyses with Bowenia
and Stangeria embedded and separated within the former family. Stangeria was closely related with
Ceratozamia in MP and N1J trees. Dioon was clearly showed as the most basal genus. Encephalartos
and Lepidozamia were closer to each other than Macrozamia with these three genera forming a
monophyletic group. Furthermore, in confirmation to recent publications, Chigua was found to be
paraphyletic with Zamia. The trnL-trnF sequences were more informative than other regions in
helping resolve relationships in the cycads. A new, simplified suprageneric classification for the
extant cycads was presented whereby two families are recognized. The subfamily Dioonioideae was
newly recognized. Further investigation on the infrageneric relationships among 27 species of five
Cycas sections was made using the same methods. Three data sets were combined (trnS-trnG, pshM-
trnD and trnL-trnF) because they did not differ significantly in structure. All three methods showed
similar topology which divided Cycas into two main clades. The first clade consisted of two sections,
Cycas and Indosinenses, while the other clade contained Asiorientales, Wadeanae and Stangerioides.
Base substitution pattern, further revealed that subsection Rumphiae of the section Cycas could be
separated into two groups (C. rumphii and C. edentata). In addition, C. taitungensis was closely
related to C. revotuta while other species of the section Wadeanae (C. wadei and C. curranii) were
closely related which agreed with the morphology. The trnS-trnG sequences were more informative
than other regions in addressing phylogeny. Microsatellite and minisatellite detected in this region
also indicated the high rate of evolution in Cycas species. The minisatellite identified in this study is
the first report. RAPD and ISSR primers were tested on Cycas to identify sex-specific molecular
markers. Sixty different RAPD primers and twenty-nine ISSR primers were screened out of which
only two RAPD primers (OPB-8 and UBC 485) and three ISSR primers (001, 836 and 864) were
found to be polymorphic. These sequences were converted into specific Sequence Characterized
Amplified Region (SCAR) markers. However, none of SCAR markers showed sex specific fragment

when testing using DNA of individual males and females Cycas.
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PHYLOGENETIC ANALYSIS OF CYCAD AND SEX
IDENTIFICATION IN CYCAS USING MOLECULAR MARKERS

INTRODUCTION

Cycads are the most ancient now living of seed plants which their fossils
record extents back to at least the early Paleozoic period, approximately 250 million
years ago (MYA) (Zhifeng and Thomas, 1989; Schwendemann et al., 2009). They
are a monophyletic group classified as a single order, Cycadales, which has been
divided into two suborders with three families and approximately 300 species
(Stevenson, 1992; Hill et al., 2004). The family Cycadaceae contains only a single
genus - Cycas; the family Stangeriaceae consists of two genera, Bowenia and
Stangeria; whereas the family Zamiaceae is the most diverse with the genera
Ceratozamia, Chigua, Dioon, Encephalartos, Lepidozamia, Macrozamia,
Microcycas and Zamia (Stevenson, 1992). However, the genus Chigua has recently
been taxonomically merged with Zamia (Lindstrom, 2009). The relationship
amongst these genera using only morphological characters remains unclear and there
have been considerable differences of opinion as to the disposition of genera and
within families. In particular, the continued recognition of the family Stangeriaceae
as distinct from Zamiaceae (Stevenson, 1992; Norstog and Nicholls, 1997; Artabe et

al., 2005) can be viewed as controversial.

Recent phylogenetic studies have been based on various DNA regions of
which chloroplast genes appear the most useful due to their relatively slow evolution
in comparison with nuclear genes (Curtis and Clegg, 1984). There have been a
number of previous studies of phylogenetic relationships of the cycads based upon
molecular evolution of chloroplast DNA regions (Treutlein and Wink, 2002; Hill et
al., 2003; Rai et al., 2003; Bogler and Francisco-Ortega, 2004; Chaw et al., 2005;
Zgurski et al., 2008). All of these phylogenetic analyses indicated that the positions
of Bowenia, Stangeria and Dioon were incongruent with the earlier classification

based on morphology (Stevenson, 1992). The differing placement of three genera



within these various studies has meant that a stable phylogenetic classification for the

inter-generic relationships of the cycads has remained elusive.

In the present study, the atpB-rbcL, psbM-trnD, trnL-trnF and trnS-trnfM
non-coding sequences of the chloroplast genome were used for reconstruction of
phylogenetic trees and compared the phylogenies inferred from each region and then
combined data to resolve intra and inter-relationship within the family Stangeriaceae
and Zamiaceae to investigate utility of selected markers. In addition, the phylogeny
of 27 species of Cycas was inferred using data of trnS-trnG, psbM-trnD, trnL-trnF
and trnS-trnfM non-coding regions to investigate genetic relationships of Cycas and
compared the utility of four non-coding regions for resolving intrageneric relationship

within Cycas.

Cycas, the only genus in the Cycadaceae family, is composed of 98 species.
Cycas are dioecious plant, male and female reproductive structures are borne on
separate plants and reproduction is by seeds. The male reproductive structure is a
determinate cone, comprising a central cone axis bearing numerous microsporophylls
spirally attached. Female Cycas do not produce a compact but bear successive and
repeated zones of vegetative leaves, cataphylls and megasporophylls (Zhang et al.,
2002). Cycas are now cultivated as an ornamental landscape tree. The demand for
female plants has increased in recent years because they are commercially valued for
production of seed. Therefore, cultivation of female plant in such cases is preferred to
the respective male plants. Although male and female cones are generally dissimilar
in shape and size, the sex of cycad cannot be distinguished at the juvenile stage. Most
of cycads have a very long life cycle; the time from the germination of a seed until
that seedling grows into a reproductive plant is unknown for most species and would
appear to be a very long period (Stevenson, 1990). Moreover, no morphological
markers have been found which consistently identifies the sex before the first cone
appears. The inability to determine the sex in an early stage is as major problem for

plant breeding and plant improvement.



Modern DNA technologies provide a variety of techniques to produce sex-
linked molecular markers. Random Amplified Polymorphic DNA (RAPD) is a rapid
and inexpensive method for studies the genotypic relationships and selection of traits
of interest (Williams et al., 1990). Recently, a novel molecular technique for sex
determination is Inter Simple Sequence Repeats (ISSR) which is semiarbitrary
markers amplified by PCR in the presence of one primer complementary to a target
microsatellite (Zietkiewicz et al., 1994; Danilova and Korlov, 2006). Moreover, they
are widely used to identify the sex of several plants (Prakash and Staden, 2006;
Hormanza et al.,1994; Urasaki et al.,2002; Di Stilio et al.,1998). However, these
techniques can be difficult to reproduce because of its high sensitivity to reaction
conditions. Therefore, sequence characterized amplified regions (SCAR) markers
were developed by sequencing a single RAPD or ISSR bands and designing primers
(approximately 20 bases) to amplify the band of specific size. By increasing the
specificity, the results are less sensitive to changes in reaction conditions and are more
reproducible. Therefore, attempts to identify the sex of Cycas before the seeding

stage using these molecular marker techniques are also made.



OBJECTIVES

1. To reconstruct phylogenetic trees and determine phylogenetic relationships

within the family Stangeriaceae and Zamiaceae.

2. To evaluate the utility of four non-coding regions of chloroplast DNA
(atpB-rbcL, psbM-trnD, trnL-trnF and trnS-trnfM) at the intergeneric level in the

family Stangeriaceae and Zamiaceae.

3. To reconstruct phylogenetic trees and investigate phylogenetic

relationships within the genus Cycas.

4. To compare the utility of four non-coding regions of chloroplast DNA
(trnS-trnG, psbM-trnD, trnL-trnF and trnS- trnfM) for resolving intrageneric
relationship within Cycas.

5. To develop molecular markers for identification of males and females

Cycas.



LITERATURE REVIEW

Cycads are ancient plants with a long continuity line of heredity. They
appeared in the Pennsylvanian and have existed for approximately 250 million years.
Cycads are collectively and commonly referred to as gymnosperm (Cycads, Ginkgo,
Conifer, Gnetales). They are classified into 3 families, 11 genera (Stevenson, 1992)
and 300 known species (Hill et al., 2004). Cycads are found in the tropical,
subtropical and warm temperate regions of both the north and south hemisphere.
Although they distribute themselves all over the world but are mainly found along the

intertropical belt, i.e., Africa, India, Indonesia, and North Australia.

All cycad species were classified in to a single family, the Cycadaceae. Later
they were separated into three families, Cycadaceae, Stangeriaceae and Zamiaceae
(Johnson, 1959). Although in 1981 Stevenson created a fourth family, Boweniaceae,
composed of the genus Bowenia, but further study placed this genus in subfamily
Bowenioideae of the family Stangeriaceae. However, Stevenson (1992) has carried
out a series of detail cladistic analyses on the cycads, based on the analysis of fifty-

two characters resulted in a single cladogram. That classified is as follows.

Order Cycadales

Suborder Cycadineae
Family Cycadaceae

Genus Cycas

Suborder Zamiainea
Family Stangeriaceae
Subfamily Stangeriodideae
Genus Stangeria
Subfamily Bowenioideae

Genus Bowenia

Family Zamiaceae



Subfamily Encephalartoideae
Tribe Diooeae
Genus Dioon
Tribe Encepharateae
Subtribe Encephalartinae
Genus Encephalartos
Subtribe Macrozamiinae
Genus Macrozamia, Lepidozamia
Subfamily Zamioideae
Tribe Ceratozamieae
Genus Ceratozamia
Tribe Zamieae
Subtribe Microcycadinae
Genus Microcycas
Subtribe Zamiinae

Genus Zamia, Chigua

1. Plant chloroplast DNA

About 50% of the chloroplast DNA ranging in size from 120 to 160 kb
belongs to the protein-coding genes. The significant feature of the chloroplast DNA
in most plants is the presence of a large inverted repeat (IR) which is separated by one
large single-copy (LSC) and small single-copy (SSC) segments. In accordance with
the chloroplast DNA pattern of Cycas, the complete chloroplast DNA of Cycas is
163,403 bp composed of 2 typical large inverted repeats (IRa and IRB) separated by
LSC and SSC regions (Wu et al., 2007). The complete chloroplast genome of Citrus
sinensis contains a pair of IRs and separated by a small and a large single-copy
(Bausher et al., 2006). Like most of green algal chloroplast DNA, Mesostigma,
Chaetosphaeridium glabosum, Oltmannsiellopsis viridis and Nephroselmis olivacea
represent the same pattern of cpDNA (Turmel et al., 1999; Turmel et al., 2005 and
Pombert et al., 2006). The chloroplast DNA of pea, alfalfa and pine do not show this
pattern and lack IR. In addition, the chloroplast DNA of Euglena gracilis contains 3



tandem repeats and rDNA gene cluster (Hallick et al., 1993). Therefore, the three
group of chloroplast DNA are classified into chloroplast DNA lacking IRs (groupl),
chloroplast DNA containing IRs (groupll) and chloroplast DNA having tandem
repeats (grouplll).

2. Phylogenetic analysis using non-coding chloroplast DNA

In recent years, the most phylogenetic studies have successfully used
chloroplast DNA for evolutionary relationships and molecular systematic of plants
because chloroplast genes evolve slowly in comparison with nuclear gene (Curtis
and Clegg, 1984). The conservation of chloroplast DNA suggests that any change
in structure, arrangement, or content of chloroplast genome may have significant
phylogenetic implication (Downie and Palmer, 1991). Several studies focused on
protein-coding gene sequences such as rbcL, ndhB, matK and trnL for
investigation phylogenetic relationships among higher-level taxa (Suyama et al.,
2000; Xiang et al., 2002 and Selvaraj et al., 2008). However, slow evolution of
the coding regions of chloroplast DNA cannot resolve relationship among lower-
level taxa but the variation of non-coding regions is higher than the coding regions
and provides more informative characters in phylogenetic studies (Xu et al.,

2000).

2.1 atpB-rbcL region of chloroplast DNA

The non-coding region between atpB and rbcL genes is located in the
large single-copy region. This region has been used in phylogenetic studies within
some plants. Universal primers for amplifying and sequencing the atpB-rbcL region
were designed by comparing sequences of liverwort, fern, tobacco and rice. The
atpB-rbcL primers were used to amplify genomic DNA from two mosses, one fern,
one gymnosperm, three monocots and three dicots and the results indicated that the
evolution was increased from liverwort, through mosses, to vascular plants. These
sequences showed variation of chloroplast DNA (base substitutions, insertion,

deletion and length mutation) (Chiang et al., 1998). In addition, Chiang and Schall



(2000) found the nucleotide variation of the atpB-rbcL region and used it to estimate
phylogeny of 11 species of true mosses. The sequences were highly conserved within

mosses and between mosses and liverwort.

The sequence of the atpB-rbcL region and rbcL gene in 15 species of
tribe Rubieae (Rubiaceae) were phylogenetically reconstructed and compared the
evolution between two regions. The results showed that the rate of nucleotide
substitution at synonymous sites of rbcL was higher than the atpB-rbcL region. It
could be explained that rbcL sites were changing at higher rate in these plants and
the atpB-rbcL region contained several unknown sequences but important
regulatory elements. However, the atpB-rbcL phylogenetic tree was more
congruent with morphological data than the rbcL (Manen and Natali, 1995).
Huang et al. (2005) successfully used this region to study phylogeography and
genetic conservation of Hygraphila pogonocalyx (Acanthaceae) and two
geographical groups of western and eastern were identified in NJ tree and the
minimum-spanning network. These two groups may be separated from each other
since the formation of the Central Mountain Range about 5 million year ago
which was consistent with the rate estimates based on molecular clock of
chloroplast DNA. Furthermore, sequence variations of the atpB-rbcL region were
employed to examine the population genetic structure and phylogeographical
pattern of eight relict Alsophila podophylla populations (Su et al., 2005). The
phylogeographic pattern of Cycas taitugensis was also investigated base on the
atpB-rbcL region, ribosomal DNA (rDNA) and internal transcribed spacer (ITS)
of mitochondria (Huang et al., 2001).

2.2 The trnS-trnG region

The trnS-trnG is located in the large single-copy. Several studies showed
that this region is highly variable. Xu et al. (2000) showed that the trnS-trnG region
of Glycine provided highly informative among nine non-coding chloroplast DNA
regions within two closely related subgenera of Glycine (Glycine and Soja). Shaw et

al. (2005) evaluated the relative level of variability among 21 non-coding chloroplast



DNA regions in seed plants and divided them into three tiers. The trnS-trnG region
(tier 1) provided the greatest numbers of Potentially Informative Character (PICs).
Moreover, the phylogenetic relationships of disjunctly specimens of Tristicha trifaria
were analyzed using matK, rbcL, trnK intron, trnS-trnG, trnT-trnL-trnF, trnL intron
and nuclear ribosomal ITS regions which also showed that the trnS-trnG region was
the most extensive sequence divergence. In addition, Yuan and Olmstead (2008) used
trnS-trnG region combined with trnG, trnT-trnL, trnL, trnL-trnF, trnS-trnfM and

trnD-trnT to study intergeneric chloroplast transfers of Verbena complex.

2.3 The trnL-trnF region

This region is located in the large single-copy region of chloroplast
genome and is composed of the trnL intron and the trnL-trnF intergenic spacer (IGS).
It is usually used in phylogeny studies of closely related species. Sequences from the
trnL-trnF elucidated the phylogenetic relationships in the tribe Diseae (Orchidoideae:
Orchidaceae) and the results showed that the utility of the trnL-trnF region was used
to resolve the phylogenetic relationships within the Disinae (Bellsted et al., 2001).
Hao et al. (2008) investigated the evolution of the trnL-trnF region from all taxa of
Taxaceae and Cephalotaxaceae which was variable and contained tandem repeats.
Small et al. (2005) screened 30 lycophyte and monilophyte species to determine the
potential utility of PCR amplification primers for 18 non-coding chloroplast DNA
regions as the trnL-trnF intergenic spacer provided the highest percentage of variable
and parsimony-informative sites. In addition, the trnL-trnF and rbcL regions were
used to calculate molecular-based age estimates of Equisetum which are an ancient
lineage of seed-free vascular plant. These molecular-base age estimates agreed with
the fossil record (Des Marais et al., 2003). The interspecific relationships in
Osmorhiza (Apiaceae: Apioidae) were evaluated using ITS region, ndhF gene and
trnF-trnL region. The trnF-trnL sequences exhibited a wide range of size from 878 to
960 bp among species of Osmorhiza and contained a large deletion. This region
provided fast nucleotide substitution rates and successfully employed at interspecific
level (Yoo et al., 2002). Stoneberg Holt et al. (2004) found the insertion/deletion

(indel) patterns from sequences of the trnF-trnL region in the genus Pao (Poaceae).
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Indels provided a meaningful infrageneric classification criterion for Pao and has
proven to be useful tools in examining relationships within this genus. Although the
trnL-trnF region presented a few PICs by Shaw et al. (2005), these studies indicated
that the trnF-trnL region was more informative in helping resolve relationships in

intra and interspecific taxa.

2.4 The psbM-trnD region

The psbM-trnD region is located in the large single-copy region. Shaw et
al. (2005) indicated that the psbM-trnD region was identified as potentially useful to
clucidated phylogenetic relationships. Lee and Wen (2004) amplified the psbM-trnD
region along with trnC-petN intergenic spacer, the petN gene, the petN-psbM
intergenic spacer and the psbM gene to evaluate the utility of these regions at the
interspecific level among species in Panax. The psbM-trnD region ranging from
1144 to 1174 bp in length had 7 deletions and 5 insertions. The phylogeny of Panax
inferred from these regions was congruent with morphology. Yue et al. (2009)
studied the phylogeny of Solms-Laubachia (Brassicaceae) s.1., based on the data from
two nuclear genes (LEAFY and G3pdh) and two chloroplast intergenic spacers (petN-
psbM and psbM-trnD) as the psbM-trnD region showing high percentage of variable
sites. In addition, the psbM-trnD region of the phlox family was reported to be varied
in length from 320-1,123 bp and were used to combine with nuclear ITS, chloroplast
matK, trnL intron plus trnL-trnF, trnD-trnT, trnS-trnG and psbM-trnD to assess
relationships within the phlox family (Johnson et al., 2008).

2.5 The trnS- trnfM region

The trnS- trnfM region is located in the large single-copy region. Shaw
et al. (2005) identified that the trnS-trnfM region could provide the greatest number of
Potentially Informative Character (PIC) from 21 non-coding regions. The inter- and
intraspecific differences in the genus Citrullus were analyzed using PCR-RFLP of
trnS- trnfM region combined with ndhA and trnC-trnD regions (Dane et al., 2004).
Minami et al. (2009) showed that DNA polymorphisms in the trnS- trnfM region
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could be used to identify curcuma plants. In addition, the number of AT repeats in
this region could detect the curcumin content in the rhizome of Curcuma longa. Plant
molecular systematic of closely related data was investigated using the sequence data
from trnS- trnfM, rpl16, psbM-trnD, rpoB-trnC, rps16, trnD-trnT, trnS-trnG, trnT-
trnL and ycf6-psbM and nuclear ITS (ITS1, 5.8S and ITS2). This trnS- trnfM region
has shown to provide the greatest number of informative characters in several plants
(Mort et al., 2007). Yuan and Olmstead (2008) suggested that trnS- trnfM could give
the highest number of PIC compared to the other regions from the phylogenetic study

of Verberna complex (Verbenaceae).

3. Simple sequence repeats (SSR) of chloroplast

Simple sequence repeats (SSR) are short tandem repeats and are classified into
two groups as microsatellite and minisatellite depending on the number of base in the
repeat sequence. Microsatellite characterized by short (<6 bp) and minisatellite
characterized by long (>6 bp), are present in coding and non-coding regions of
genomes. Length variable microsatellites are the result of microstructural mutations.
Microstructure change such as insertions/deletions (indels) and inversions in
chloroplast genome can be useful tool for resolving phylogenetic relationship in
several plants. Microsatellites are abundant and spread throughout the chloroplast
genome and are used as genetic markers. Furthermore, microsatellite and
minisatellite of non-coding regions reveal high polymorphism and have been used to

population and systematic studies.

Deguilloux et al. (2004) successfully used chloroplast microsatellite to test
differentiate oak population in two economically tree species: Quercus petraca and Q.
robur. Furthermore, Pakkad et al. (2008) studied the level of genetic diversity and
differentiation of 10 populations of Quercus semiserrata Roxb. in northern Thailand.
The variation at eight nuclear (nSSR) and nine chloroplast (cpSSR) microsatellite loci
was detected which indicated the highest genetic diversity of these populations.
Tesfaye et al. (2007) detected regions in the chloroplast genome within infraspecific

variation in Coffea. Seven variable of microsatellite were characterized in Coffea and
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all microsatellites were mononucleotide repeats of (A/T),. This study was supported
by Arroyo-Garcia et al. (2002) who tested 10 pairs of consensus primers in Vitis
species. Three chloroplast microsatellite loci were found to be polymorphism due to
the variable number of A and T residues in the amplified regions. Polymorphisms
were used to examine the maternal inheritance of chloroplast in V. vinifera. PCR
markers were developed from SSR loci in the chloroplast DNA of Nicotiana tabacum
and applied to potato and tobacco analysis. These markers showed high levels of
intra- and interspecific diversity suggesting that chloroplast SSR could be use in
population genetic, germplasm management, evolutionary and phylogenetic studies

(Bryan et al., 1999).

A variable minisatellite sequence in the chloroplast of Sorbus L. (Rosaceae:
Maloideae) was presented by PCR-RFLP analysis of trnM-rbcL region. The most
mechanism for the evolution of the Sorbus minisatellite was slipped-strand misparing
(King and Ferris, 2002). Tian et al. (2008) successfully studied the genetic diversity
and structure of Pinus kwangtungensis (Pinaceae) by minisatellite of chloroplast
DNA. Plastid minisatellites have been proven to be useful marker in population
genetics. Cozzolino et al. (2003) studied the molecular evolution of a chloroplast
minisatellite locus in Anacamptis palustris from the tRNA™" intron which the

chloroplast microsatellite locus analyzed in A. palustris revealed high levels of

polymorphism in the two populations.

4. Phylogenic relationships of Cycad

There have been a number of previous studies of phylogenetic relationships
of the cycads based upon molecular evolution of chloroplast DNA regions. Analyses
based on 17 chloroplast genes and associated with non-coding regions (atpB, rbcL,
psbB, psbT, psbN, psbH, psbD & psbC, psbE, psbF, psbL, psbJ, ndhF, rpl2, 3’- rpl12,
rpl7, ndhB and trnL) suggested that the genus Stangeria was the sister group of
subfamily Zamioideae (Ceratozamia, Chigua, Zamia and Microcycas ), that Bowenia
was basal to most genera traditionally allocated to the family Zamiaceae, and that

Dioon was basal to all cycads with the exception of Cycas (Zgurski et al., 2008). In
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contrast both Bogler and Francisco-Ortega (2004) and Chaw et al. (2005) using
combined datasets of chloroplast DNA and nuclear DNA concluded that Stangeria
was sister to the tribe Zamicae which comprises only Microcycas and Zamia.
Combined data from ITS, 26S rRNA, rbcL and trnF-trnL regions implicated that
Stangeria was the most basal group to all cycad genera with the exception of Cycas
and that Dioon was sister to the tribe Encephalarteae (Encephalartos, Macrozamia,
Lepidozamia) and Bowenia (Hill et al., 2003). In addition, Treutlein and Wink,
(2002) used rbcL sequences to reconstruct phylogenetic tree of cycad. Stangeria
clustered within Zamiaceae while Bowenia was a basal group. All of these
phylogenetic analyses indicated that the positions of Bowenia, Stangeria and Dioon
were incongruent with the earlier classification based on morphology (Stevenson,
1992). The differing placement of these three genera within these various studies has
meant that a stable phylogenetic classification for the inter-generic relationships of the
cycads has remained elusive. These unclear phylogenetic relationships must be

analyzed using the other DNA sequences in further studies.

5. Sex determination of plant

Sex determination is the developmental decision that occurs during the plant
life cycle and leads to the differentiation of the two organs or cells producing two
gametes (Juarez and Banks, 1998). Sex determination in the plant kingdom can be
separated into 2 groups. Sexually monomorphic species are hermaphrodite and
considered a large group of plants. The term cosexual is used when individual plants
have both sex functions either present within the same flower (hermaphrodite) or in
separate male and female flowers (monoecious). A minority of plants species are
sexually polymorphic (dioecious), in which male and female flowers appear on

separate individuals (Charlesworth, 2002).

Dioecious plants are thought to be the most evolved member of the plant
kingdom in terms of sex differentiation and heteromorphic sex chromosome. The
small groups of dioecious plants have an XY system, in which male are heterogametic

(XY) and female are homogametic (XX). There are two types of sex chromosome;
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homomorphic sex chromosome, in which the sex chromosome are morphologically
indistinguishable from autosomes, and heteromorphic sex chromosome, which can be
discriminated in cytological analyses (Stehilk and Blattner, 2004). In Cycas, The
males and females plant of C. revoluta have 2n=22 chromosome number. The
karyotype of C. revoluta showed that the short telocentric chromosome was presented
in all male plants. The shortest telocentric chromosome was Y chromosome and one
of the other telocentric chromosomes was X chromosome. In situ hybridization (ISH)
and fluorescence in situ hybridization (FISH) were used to examine the structure
change of this heteromorphic pair. These signals were appeared as large segment at
the proximal region of all telocentric chromosomes and they did not show in the
shortest telocentric chromosome in the male plants. It is concluded that this
chromosome pair of male C. revoluta was heterozygous and in the female plant was

homozygous (Hizume et al., 1998).

Although dioecious plants have a XX/XY chromosome arrangement similar to
mammals, the Y chromosome of Silence, Rumex and Cannabis are much larger than
the X chromosomes, in contrast to mammal (Sakamoto et al., 2005). However, some
dioecious plants have homomorphic (equal length) sex chromosome such as papaya
and kiwi fruit. Hence, the sex-determining genes of these plants seem to map at small
region of autosomes (Harvery et al., 1997 and Ming et al., 2007). Irish and Nelson
(1986) described that genetic determination systems can be controlled by a single
locus on autosome, multiple loci on autosomes, or a gene on heteromorphic sex

chromosome.

6. Molecular markers for sex identification

A full understanding of the biology of any sexually reproducing species is
dependent on being able to recognize male from female because sex determination is
an important developmental event in the life cycle of all sexually reproducing plants.
Moreover, sex identification is important to the design of breeding program, whether
for industrial or conservation purpose (Griffiths and Tiwari, 1993). The sex of many

species cannot be separated from morphology, male and female plants cannot be
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distinguished at the seedling stage. Moreover, this problem usually increased in
species where the sex of an individual is revealed only after flowering which may take
few months to several years (Parasnis et al., 2000). Thus the development of a rapid

molecular technique for sex identification is necessary.

7. Randomly Amplified Polymorphic DNA (RAPD)

In 1990 Williams et al. developed a new PCR-based genetic assay namely
Randomly Amplified Polymorphic DNA (RAPD). This procedure detects nucleotide
sequence polymorphisms in DNA by a single primer of arbitrary nucleotide sequence.
In this reaction, a single species of primer anneals to the genomic DNA at two
different sites on complementary strands of DNA template. If these priming sites are
within an amplifiable range of each other, a discrete DNA product is formed through
thermocyclic amplification. On an average, each primer amplifies several discrete
loci in the genome making the assay useful for efficient screening of nucleotide
sequence polymorphism between individuals. RAPD assay has been used by several
groups as efficient tools for identifying of markers linked to agronomically important
traits, which are introgressed during the development of near isogenic lines (Yu et al.,

2005).

Michelmore et al. (1991) described an application of RAPD termed bulked
segregation analysis (BSA) to identify molecular markers linked to a trait of interest.
The method involved comparing two pooled DNA samples of individuals from a
segregating population originating from a single cross. Within each pool or bulk, the
individuals have an identical phenotype for trait but are arbitrary for other traits. Two
pools contrasting for the phenotype (e.g., male and female plant) are analyzed to
identify markers that can distinguish them. Variation not associated with sex
determination should be common to both bulks, while any polymorphisms between
the pooled samples should be linked to sex determination. Because RAPDs are
dominant markers whose inheritance can be traced within families, markers can be

confirmed by mapping in families. The frequency of sex-linked markers is related to
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chromosome number, total size of genome and relative size of the segment which

determines sex (Harvey et al., 1997).

A study of sex identification of Cycas circinslis, family Cycadaceae, found
that OPB-01 and OPB-05 RAPD primers appeared one-male specific band and
another female specific band, respectively. Sequencing of a male-specific RAPD
band revealed homology with putative retro elements of diverse plants, probably
indicating its use in the detection of male C. circinslis. On the other hand, the female-
specific DNA fragment did not result in any significant match (Gangopadhyay et al.,
2007). In addition, another species of Cycad, Encephalartoes natalensis, found that
only OPD-20 primer generated a specific band in female DNA and an absent band in
male DNA (Prakash and Staden 2006). In addition, RAPD technique was used to
identify the sex determination element on the Y chromosome of Silene latifolia.
Thirty-one male-specific DNA fragments were detected and some of them showed
high specificity to the male genome. The most specific clone, which contains a long
open reading frame (ORF), was successfully determined to exist as a single copy on

the Y chromosome (Nakao et al., 2002).

Many researchers have been studied the marker linked to sex determination in
plants such as Silene latifolia, dioecious plant with heteromorphic sex chromosomes.
The study used RAPD method and bulked segregation analysis for sex determination.
Of 60 primers, only 4 primer produced specific fragments in male DNA but absent in
female (Mulcahy et al.,1992). Hormoza et al. (1994) detected a single marker
associated with female and absent in males in Pistacia vera. This marker could be
used in a breeding program to screen the gender of pistachio plants before they reach
reproductive maturity, resulting in considerable saving of time and economic
resources. Alstrom-Rapoport et al. (1998) used bulked segregation analysis of RAPD
products to identify markers linked to sex determination in Salis viminalis. The result
showed that only a single band of 1080 RAPD bands was linked to a sex
determination locus. Furthermore, RAPD can be used to indentify a male-specific

DNA fragment in Atriplex garrettii, perennial diploid dioecious species. Even though
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species of the genus Atriplex are diverse in both ploidy and sex determination, RAPD

marker can be used to detecte sex of this species as well (Ruas et al., 1998).

8. Inter Simple Sequence Repeat (ISSR)

ISSR technique was developed by Zietkiewicz et al. (1994). ISSRs are semi-
arbitrary markers amplified by PCR in the presence of one primer complementary to
the target microsatellite-primed PCR. Amplification does not require genome
sequence information and lead to multilocus and highly polymorphous patterns. Each
band corresponds to a DNA sequence delimited by two inverted microsatellites. Like
RAPDs, ISSR markers are quick and easy to handle, but they seem to have the
reproducibility of simple sequence repeat (SSR) marker because of the longer length

of their primers (Bornet and Branchard, 2001).

ISSR method has been used to detect a sex specific molecular marker in hop
(Humulus lupulus L.). Two ISSR primers revealed fragments specific to male plants
of hop. The result revealed that these sequences were found high homology to
express sequence from EST plants of EMBL database, most of which code cell wall
glycoprotein (Danilova and Karlov, 2006). The same method also identified sex of
papaya, an angiosperm, in pre-flowering stage. The result showed that one female
specific band generated from ISSR profiled using primer (GACA), was detected in
papaya, which seems to have importance from agricultural point of view
(Gangopadhyay et al., 2007). Sharma et al. (2008) identified male and female plants
of jojoba (Simmondsia chinensis) using ISSR marker. Of the 42 primers analysis,
only one primer (UBC-807) produced a unique 1,200 bp fragment in the male DNA.
This was a first report of the use of ISSR markers to investigate sex in S. chinensis

plants.

9. Sequence characterized amplified regions (SCAR)

SCAR is a DNA fragment amplified by polymerase chain reaction (PCR)

using specific 15-30 bp primers, designed from a nucleotide sequence established
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from cloning RAPD of ISSR fragments linked to a trait of interest. The presence or
absence of a band indicates variation in sequence. These are better reproducible than
RAPDs (Paran and Michelmore, 1993). In comparison with arbitrary primers, SCARs
exhibit several advantages in mapping studies (codominant SCARs are informative
for genetic mapping than dominant RAPDs), map-based cloning as they can be used
to screen pooled genomic libraries by PCR (Dioh et al.,1997), physical mapping
(Didion et al., 2000), locus specificity (Arnedo-Andres, 2002). Besides, SCARs
allow comparative mapping or homology studies among related species (Huaracha et

al., 2004).

Recently, SCAR markers were developed to determine sex in many dioecious
plants. This technique was used to identify the sex of papaya (Carica papaya L.).
Papaya is a polygamous diploid plant species with three sex type, i.e. male, female
and hermaphrodite (Moore, 2004). For the first time, there was a report that PCR-
based Seeding Sex Diagnostic Assay (SSDA) specially designed for early sexing of
papaya seedling and developed a male-specific SCAR marker in papaya (Parasnis et
al., 2000). Then, Urasaki et al. (2002) identified sex of papaya and the result showed
that a 450 bp fragment exists in all male and hermaphrodite plants but not all females.
SCAR marker was developed from this band to determine the sex of papaya and this
marker was located on chromosome segment which was specific both for male and
the hermatophrodite. Chaves-Bedoya and Nunez (2007) reported a new SCAR
marker specific to male and hematophrodite papaya plants but the marker could not be

used to amplify the female plants.

Annual dioecious Mercurialis annua does not have sex chromosome which is
similar to that of papaya. It has a multi-loci mechanism for sex determination and
there are three unlinked loci A, B1 and B2 that involved in gender determination.
However, male-specific RAPD markers were identified and SCAR primers were
amplified as male specific marker (Khadka et al., 2002). In addition, SCAR markers
were used to map molecular marker to sex locus M of Asparagus offcinalis L.

(asparagus). Therefore, its sex determination is controlled by a single dominant gene
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(M). The male genotype is dominant (M ) while the female is homozygote recessive

(mm) (Jiang and Sink, 1997).
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MATERIALS AND METHODS

1. Plant materials

Cycad leaves of 45 species from 11 genera (Table 1) were collected from plants
cultivated in Tsukuba Botanical Garden, Ibaraki, Japan and Nongnooch Botanical
Tropical Garden, Chonburi, Thailand. All species were used in the phylogenetic
relationships within the family Zamiaceae and Stangeriaceae, while two Cycas species,
C. revoluta and C. elephantipes, were included in the analysis as an outgroup. Young
cycad leaves from 27 species of Cycas and 2 species of Dioon were employed for
examining the phylogenetic relationship within the family Cycadaceae having Dioon as
an outgroup (Table 2). For sex identification study, the plant materials were collected
from Nongnooch Tropical Garden, Chonburi, Thailand. Young cycad leaves were
collected from three male and three female plants from each species (C. clivicola, C.
edentata and C. chamaoensis), male and female C. elephantipes and C. rumphii, female

C. noognoochiae and male C. pectinata and C. siamensis.



Table 1 Forty-five cycad species used in phylogenetic relationships within the family Zamiaceae and Stangeriaceae.

Family Subfamily Tribe Subtribe Genus Species
Stangeriaceae Stangerioideae Stangeria Stangeria eriopus (Kunze) Baill.
Bowenioideae Bowenia Bowenia serrulata (W.Bull) Chamb.
Bowenia spectabilis Hook. Ex Hook. F.
Zamiaceae Encephalartoideac  Diooeae Dioon Dioon edule Lindl.

Encephalarteae Encephalartinae

Macrozamiinae

Encephalartos

Macrozamia

Dioon spinulosum Dyer

Encephalartos altensteinii Lehm.

Encephalartos arenarius R.A.Dyer
Encephalartos barteri Carruth. Ex Miq.
Encephalartos ferox Bertol. F.

Encephalartos friderici-guilielmi Lehm.
Encephalartos hildebrandtii A. Braum & Bouche
Encephalartos lehmannii Lehm.

Encephalartos longifolius (Jacq.) Lehm.
Encephalartos manikensis (Gilliland)
Encephalartos natalensis R.A.Dyer et I.Verd.
Encephalartos paucidentatus Stapf et Burtt Davy
Encephalartos trispinosus (Hook.) R.A.Dyer
Encephalartos villosus Lem.

Macrozamia communis L.A.S.Johnson
Macrozamia fawcettii C.Moore

Macrozamia macdonnellii (F.Muell. ex Miq.) A.DC.
Macrozamia miquelii (F.Muell. ex Miq.) A.DC.

Macrozamia moorei F.Muell.
Macrozamia pauli-guilielmi W.Hill et F.Muell.

1T



Table 1 (Continued)

Family Subfamily Tribe Subtribe

Genus

Species

Macrozamiinae

Zamioideae Ceratozamioideae

Zamieae Microcycadinae
Zamiinae

Cycadaceae

Macrozamia

Lepidozamia

Ceratozamia

Microcycas
Zamia

Chigua
Cycas

Macrozamia platyrhachis F.Muell.
Macrozamia reducta K.D.Hill et D.L.Jones
Macrozamia riedlei (Gaudich.) C.A.Gardner
Macrozamia secunda C.Moore
Macrozamia spiralis (Salisb.) Migq.
Lepidozamia hopei Regel

Lepidozamia peroffskyana Regel

Ceratozamia hildae G.P.Landry et M.C.Wilson
Ceratozamia kuesteriana Regel

Ceratozamia mexicana Brongn.

Ceratozamia microstrobila Vovides et J.D.Rees
Ceratozamia mirandae P-Farrera et al.
Ceratozamia norstogii D.W.Stev

Microcycas calocoma (Miq.) A.DC.

Zamia vasquesii D.W.Stev.

Zamia integrifolia L. f.

Zamia manicata Linden ex Regel

Zamia pygmaea Sims

Chigua restrepoi D. W. Stev.
Cycas elephantipes A. Lindstrom & K. D. Hill
Cycas revoluta Thunb.

C



Table 2 Twenty-seven Cycas species and two species of Dioon used in phylogenetic relationships within the family Cycadaceae.

Family Genus subsections Species
Cycadaceae Cycas Asiorientales Cycas revoluta Thunb.
Cycas taitungensis C.F. Shen, K.D. Hill, C.H. Tsou & C.J. Chen
Wadeanae Cycas curranii (J. Schust.) K.D. Hill

Indosinenses

Cycas

Stangerioides

Cycas wadei Merrill

Cycas chamaoensis K.D. Hill

Cycas clivicola K.D. Hill

Cycas condaoensis K.D. Hill, Hiép & S.L.Yang
Cycas elephantipes A. Lindstrém & K.D. Hill
Cycas lindstromii S.L.Yang, K.D. Hill & Hiép
Cycas nongnoochiae K.D. Hill

Cycas siamensis Migq.

Cycas tansachana K.D.Hill & S.L.Yang

Cycas bougainvilleana K.D. Hill

Cycas edentata de Laub.

Cycas media R. Brown

Cycas pranburiensis S.L. Yang, W. Tang, K.D. Hill& Vatcharakorn
Cycas rumphii Migq.

Cycas seemannii A. Braun

Cycas semota K.D. Hill

Cycas thouarsii R. Br. Ex Gaudich.

Cycas zeylanica (Schuster) K D. Hill & A. Lindstrém
Cycas balansae Warb.

Cycas changjiangensis N. Liu

Cycas hainanensis C.J. Chen

Cycas hoabinhensis K.D. Hill, Hiép & P.K. Loc
Cycas segmentifida D. Yue Wang & C.Y. Deng
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Table 2 (Continued)

Family

Genus

subsections

Species

Zamiaceae

Dioon

Dioon edule Lindl.
Dioon spinulosum Dyer

ve
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2. DNA extraction

DNA was extracted using CTAB method described by Doyle and Doyle
(1990) with slight modification. Approximately, 0.3 g of young leaves was ground to
fine powder in liquid nitrogen. One ml preheated (65°C) CTAB isolation buffer (4%
CTAB, 2.8 M NaCl, 20 mM EDTA, 200 mM Tris-HCI, pH 8.0, and 10 mM 2-
mercaptoethanol) was added to the sample. The homogenate was incubated at 65°C
for 1 h and then extracted using equal volume of chloroform: isoamyl alcohol (24:1).
The mixture was centrifuged at 10,000 g for 10 min at room temperature. The
aqueous phase was collected and mixed with 1/5 volume of 5X CTAB (5% CTAB
and 0.7 M NaCl) and 2/3 volume of isopropanol. The nucleic acid pellet was air-
dried and resuspended in 100 pl TE buffer (10 mM Tris, ImM EDTA, pH 7.0).
RnaseA was added to the sample at the final concentration of 10 ng/ul. After
incubating at 37°C for 30 min, the sample was extracted with phenol: chloroform
(1:1). Absolute ethanol was added at equal volume of DNA to form a precipitate and
centrifuged at 12,000 g for 10 min. Then, 70 % ethanol was added at equal volume to
wash DNA pellets. Finally, the DNA pellets were air-dried and resuspended in 30 pl
TE buffer. DNA concentration was measured on a 1% agarose gel using UV

spectrophotometer.

3. PCR amplification for non-coding regions of chloroplast DNA

PCR amplification was performed in 50 pl of reaction mixture consisting of 5
pl of 10X PCR buffer (TaKaRa), 2.5 mM MgCl,, 200 uM dNTP, 1.25 unit of Taq
DNA polymerase (TaKaRa), 10 pM of each primer and 2 pl of genomic DNA (20-30
ng). Amplifications were undertaken on a Perkin Elmer 9700 thermocycler with an
initial denaturation of 5 min at 94 °C, followed by 35 cycles each with 30 s at 94°C,
45 s at 52°C (for the psbM-trnD, atpB-rbcL and trnS- trnfM), 55°C (for the trnL-
trnF) and 60°C (for the trnS—trnG), 1.30 min at 72°C and a final extension of 7 min
at 72°C. PCR products were fractionated in 1% agarose gel and DNA bands were
visualized using ethidium bromide staining. The non-coding chloroplast DNA

primers are shown in Table A1 (Appendix).
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4. Sequencing analysis

4.1 Pre-sequencing preparation

PCR products were purified prior to sequencing using Exosap-IT kit
(United States Biochemical). An aliquot of 2 ul of PCR product was mixed with 0.3
ul of Exosap-IT. The mixtures were incubated at 37°C for 15 min to degrade
remaining primers and nucleotides. Then, the mixtures were incubated at 80°C for 15

min to inactivate Exosap-IT.

4.2 Sequencing

After PCR products were purified, the purified PCR products were
sequenced by a modified and automated dideoxynucleotide chain-reaction method
(Sanger et al., 1977). The reaction used the BigDye'™ Terminator v3.1 Cycle
Sequencing Kit (Applied Biosystem, USA). The reaction mixture contained 1 pl of
the purified PCR products, 1 ul of BigDye ready reaction mix, 0.5 ul of BigDye
sequencing buffer, 3.2 pmol of each primer and 1.7 pul of deionized water. The
thermal cycle sequencing reaction was run on a Perkin Elmer 9700 thermocycler with
the initial denaturation of 1 min at 96 °C, followed by 25 cycles each with 10 s at
96°C, 5 s at 50°C, 4 min at 60°C and hold on 4°C. The products were precipitated
and purified by ethanol (EtOH)/sodium acetate (NaOAc) precipitation method. The
products were added with 12.5 pl of 95% EtOH and 0.5 ul of 3M NaOAc, pH 4.6 and
mixed using vortex. The products were incubated at room temperature for 15 min and
centrifuged at 15,000 g for 15 min. After centrifugation, supernatant was discarded.
The pellets were washed with 70% EtOH and centrifuged at 15,000 g for 15 min.

The pellets were dried in vacuum for 20 min and dissolved in 15 pl of DiHi
formamide solution and heated at 95°C for 2 min. The products were run on ABI

PRISM® 3130X/ Genetic Analyzer using KB 3130 POP7 BDV3 protocol.
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5. Data analysis

DNA sequences were edited and assembled using the program ATGC var. 4
(GENETYX Co., Tokyo, Japan). The assembled contigs of species for combined data
set were initially aligned using Clustal X multiple sequence alignment software
(Thompson et al., 1997). The data were imported to a GENEDOC 2.6 (Nicholas et
al., 1997) and manually adjusted.

Before the combined data was analyzed, the congruence between different
data sets was tested by performing incongruence length difference test (ILD) to
evaluate the conflict that can occur between sets of characters from different data
sources (Farris et al., 1994). PAUP were then used for ILD tests using 1,000

replicates and 99,999 taxon additions.

The Kimura 2-parameter (Kimura, 1980) method implemented in the software
program MEGA 4 (Tamura et al., 2007) was used to calculate the
transitions/transversions ratio and the number of base substitution per site. All
positions containing alignment gaps and missing data were eliminated only in

pairwise sequence comparisons (pairwise deletion option).

Maximum likelihood (ML) and Maximum parsimony (MP) were constructed
using PAUP 4.0 beta 10 (Swofford, 2002). MP were conducted using heuristic search
methods under the equal weighted criteria with Tree Bisection Reconnection (TBR)
branch-swapping algorithm and 100 replicates of random taxon addition with gaps
treated as missing data. Bootstrap analysis of 1,000 replicates using a heuristic search
under equal weighted criteria was also used to assess the internal support for clades.
ML and Neighbor-joining (NJ) were performed by the best evolutionary model and
parameter values estimated by the hierarchical likelihood ratio tests (hLRTSs)
determination using MODELTEST 3.7 program (Posada and Crandall, 1998). ML
heuristic searches were performed using 10 random addition sequences and TBR

swapping. Support for braches in the ML trees was tested by bootstrap analysis of
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1,000 replicates. NJ was constructed using the MEGA 4 program. Clustering of

species of each tree was confirmed with bootstrap value of 10,000.

6. Bulk segregant analysis for sex identification

DNA concentration of an individual samples was estimated with
spectrophotometer and adjusted to 100 ng/ul. Two bulked samples were made from
an equal amount of either male Cycas or female Cycas (C. clivicola, C. edentata and

C. chamaoensis).

7. RAPD analysis

The protocol for RAPD analysis was adapted from that of Williams (1990).
The volume of the final reaction (25 pl) consisted of 1 X PCR buffer (10 mM Tris-
HCI pH 8.0 and 50 mM KCl), 3.0 mM MgCl,, 1.25 unit of Taq DNA polymerase,
200 uM dNTP, 10 uM random primer (OPA, OPB, OPK from Operon Tecnologies
and UBC 480-500), 100 ng of genomic DNA. Amplifications were made in a
Perkin Elmer 9600 thermocycler with an initial denaturing step of 3 min at 94°C,
followed by 45 cycles of 1 min at 94°C, 1 min at 36°C, 2 min at 72°C and a final
extension of 5 min at 72°C. PCR products were subjected to 1% agarose gel in TBE
buffer (89 mM Tris-HCL, 89 mM boric acid and 2.5 mM EDTA pH 8.0),
electrophoresis run at 90 V and DNA bands were visualized by ethidium bromide

staining.

9. Inter Simple Sequence Repeat (ISSR) analysis

Twenty-nine ISSR primers (Biotechnology Laboratory, University of British

Columbia, Vancouver, Canada, http://www.ubc.ca) were used to screen sex specific

marker of male and female Cycas. All ISSR primers used are shown in Table A2
(Appendix). Reactions were carried out in a total volume of 20 pl consisting of 20 ng
of template DNA, 1X PCR buffer, 2.5 mM MgCl,, 0.1 mM dNTPs, 200 nM primers,

1.0 unit of Taq polymerase and sterile water. Amplifications were made in a Perkin


http://www.ubc.ca/
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Elmer 9600 thermocycler with an initial denaturing step of 3 min at 94 °C, followed
by 35 cycles of 30 s at 94°C, 45 s at 52°C, 1.30 min at 72°C and a final extension of 5
min at 72°C. PCR products were separated by electrophoresis on 1.6% agarose gels

in TBE buffer and visualized using ethidium bromide staining.

10. Sequence Characterized Amplified Region (SCAR) analysis

10.1 DNA elution from agarose gel

Candidate sex-specific RAPD and ISSR bands were excised from the
agarose gel using a sterile razor blade. DNA was extracted from the agarose gel using
the QIAquick Gel Extraction Kit (QIAGEN) according to the protocol recommended
by the manufacturer. The excised gel was transferred into a microcentrifuge tube.
Three volume of GQ Buffer to one volume of gel (100 mg ~100 pul) was added to gel
slice after measuring the weight of the excised gel band. The gel slice was incubated
at 50°C for 10 min until it was completely dissolved. The solution was mixed by
vortex every 2-3 min during the incubation to help dissolving the gel. After the gel
slice was completely dissolved, the color of the mixture was determined for its pH. If
the color was orange or violet, 10 ul of 3 M sodium acetate (pH 5.0) was added and
mixed again until it turned to yellow. Equal volume of isopropanol was added to the
sample and mixed for DNA precipitation. Then, the solution was pipetted to the
QIAquick spin column which was placed in a collection tube and centrifuged at
13,000 g for 1 min. Since the maximum volume of the column reservoir was 800 pl,
the solution volume of more than 800 ul was added later to the QIAquick spin column
and centrifuged again. The flow- through was discarded and the QIAquick spin
column was placed back in the same collection tube. Then, 0.75 ml of PE buffer was
added to the QIAquick spin column and centrifuged at 13,000 g for 1 min to wash
DNA pellet. The flow-through was discarded and the QIAquick spin column was
centrifuged at 13,000 g for an additional of 1 min to get rid of the remaining ethanol.
The QIAquick spin column was placed into a clean 1.5 ml microcentrifuge tube and
50 ul of EB buffer or sterile distilled water was added to the center of the QIAquick

spin column membrane. The QIAquick spin column was incubated at room
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temperature for 2-5 min to increase DNA concentration and centrifuged at 13,000 g

for 1 min. The elute sample was stored at -20 °C until use.

10.2 Cloning

10.2.1 Preparation of competent E. coli cells (Sambrook et al.,1989)

A single colony of E. coli (DH5a) was collected from a freshly
grown plate of 16-20 h at 37°C and transferred into 100 ml of LB broth (1% Bacto
tryptone, 0.5% Bacto yeast and 0.5% NaCl) in a flask. Then, the cell culture was
incubated at 37°C for 3-5 h in a rotary shaker of 300 cycles/min. To monitor the
growth ODgg of the cell culture, the solution was determined every 1 h (ODggo= 0.2-
0.4). The cell culture was transferred to 50 ml polypropylene tube. The cell culture
was incubated on ice for 15 min and centrifuged at 3,500 g at 4 °C for 15 min. The
cell pellet was resuspended with 5 ml of RF1 (10 mM KCI, 50 mM MnCl,.4H,0, 30
mM CH3;COOK, 10 mM CaCl, and 15% glycerol, pH 5.8, sterilized by filtration and
stored at 4°C) and incubated on ice for 15 min. The cell culture was centrifuged at
3,500 g at 4 °C for 15 min. The cell pellets were resuspended with 2 ml of RF2 (10
mM MOPs, 10 mM KCIl, 75 mM CaCl, and 15% (V/V) glycerol, pH 6.8, sterilized by
filtration and stored at 4°C). Then, 100 ul of each suspension competent cell was

transferred to a 1.5 ml microcentrifuge tube and stored at -80°C.

10.2.2 Ligation (GeneJET™PCR Cloning Kit)

The ligation reaction was set up at the total volume of 10 pl
containing 1 pl of the purified DNA fragment, 1 pl of DNA blunting enzyme and 6 pul
of water (nuclease-free). The ligation reaction was mixed by brief vortex and
centrifuged at 2,500 g for 3-5 s. The ligation reaction was incubated at 70°C for 5
min and chilled on ice for 5 s. Then, the ligation reaction was added with 1 pl of
pJET1/blunt cloning vector (50 ng/ul) and 1 pl of T4 DNA ligase (5U/ul). The
ligation reaction was mixed by brief vortex, centrifuged at 2,500 g for 3-5 s and

incubated at room temperature for 5 min.
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10.2.3 Transformation (Heat-Shock)

The competent E.coli cells kept at —-80°C were defrozen on ice for
5 min. For transformation, 2 pl of the ligation reaction was added to the competent
E.coli cells, incubated on ice for 10 min, and the reaction mixture tube was placed in
the water bath at 42°C for 90 s without shaking. The reaction mixture tube was
transferred on ice for 2 min to reduce damage to the E.coli cells. The reaction mixture
was added with 900 pl of SOC medium (2% Bacto tryptone, 0.5% Bacto yeast
extract, 10 mM NaCl,, 2.5 mM KCl, 10 mM MgCl,, 10 mM MgSO4 and 20 mM
glucose) and incubated at 37°C for 1 h. Thereafter, 100 pul of the culture was spread
onto LB-Amplicillin agar plate (without IPTG and X-gal) and incubated overnight at
37°C.

10.2.4 Plasmid extraction

Plasmid was extracted from E.coli cells using GeneJET™
Plasmid Miniprep Kit according to the protocol recommended by the manufacturer.
A single colony was collected from a freshly streaked selective plate and cultured in
3 ml of LB broth containing 100 pg/ml of Ampicillin and then incubated for 12-16 h
at 37°C with shaking at 200-250 rpm. The cell culture was transferred to a 1.5 ml
microcentrifuge tube and centrifuged at 8000 g for 2 min at room temperature. The
pellet was resuspened with 250 pl of the resuspension solution. The cells were
resuspended by vortexing or pipetting up and down until cell clumps were
completely dispersed. Then, 250 ul of the lysis solution was added to the cells
solution and thoroughly mixed by inverting the tube 4-6 times until the solution
became clear to lyses bacteria cell. The cells solution was added with 350 pl of the
neutralization solution and mixed immediately and thoroughly by inverting the tube
4-6 times. The cells solution was centrifuged at 12,000 g for 5 min. The
supernatant was transferred to the supplied GeneJET™ spin column by decanting or
pipetting. Then, 500 pl of the washing solution was added to the GeneJET™ spin
column and centrifuged at 12,000 g for 30-60 s and the flow-through was discarded.

The GeneJET™ spin column was placed back into the same collection tube and
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centrifuged at 12,000g for 1 min. The GeneJET™ spin column was transferred into
anew 1.5 ml microcentrifuge tube. Fifty ul of the elution buffer was added to the
center of the GeneJET™spin column membrane and incubated for 2 min at room
temperature and then centrifuged at 12,000 g for 2 min. The purified plasmid DNA
was kept at -20 °C.

11. Sequencing

To analyze the DNA sequence, the purified plasmid DNA was determined by
Bioservice, NSTDA, Thailand. BLAST program was used to identify similarity
sequence from the other species as well as to analyze the pairwise alignment.

Sequence analysis and alignment was performed using ClustalX sequence program.

12. Primer design for SCAR markers

PCR specific primers were designed from the results of RAPD and ISSR
analysis using Primer3 program. The selected criteria for primer designing was the
18-25 bases long, the melting temperature of 55-65°C, random base distribution to
avoid polypurine and polypyrimidine and less than 5°C differences of the melting

temperature of a primer pair.

14. SCAR marker testing

The male and female Cycas were used for testing SCAR primer. The PCR
reaction was performed in 25 pl reaction mixture containing 1 X PCR buffer, 2.5 mM
MgCl,, 1.25 unit of Tag DNA polymerase, 200 uM dNTP, 10 uM SCAR primers,
100 ng of genomic DNA. Amplifications were made in a Perkin Elmer 9600
thermocycler. PCR products were subjected to 1% agarose gel in TBE buffer and

DNA bands was visualized by ethidium bromide staining.



33

RESULTS

1. Phylogenetic relationships within the family Zamiaceae and Stangeriaceae

1.1 Nucleotide sequences and variation

1.1.1 atpB-rbcL spacer

The average length of the atpB-rbcL spacer was 645 base pairs
(bp) varying in length from 637 (M. pauli-guilielmi) to 668 bp (Mi. calocoma). This
spacer was AT rich (64.6%) while GC content was found at 35.4% (Table 3). The
sequence alignment was 689 bp and showed variation among the cycad genera. A
variable site was 187 and 119 (14.9%) which were informative sites. This sequence
contained 13 indels (insertion /deletion). Furthermore, the average number of
substitution per site was found at 0.0419. Although, Ceratozamia and Stangeria were
placed in the different family, they shared 2 sites of 1 base substitution site at the
position 403 and 541 and three base insertions (GGA) at the position 266-269.
Zamia, Chigua and Microcycas shared 15 bp insertions (CCTTAGATTCATTAA) at
the position 459-473. Dioon contained 4 bp insertions at the position 232-235 and
Microcycas had 4 bp insertions at the position 192-195. However, Macrozamia and
Dioon showed 5 bp deletions at the position 588-592. Genetic distances matrix based
on the atpB-rbcL sequences was estimated using the formula Kimura-2 parameter
(Table 4). Genetic distance for outgroup and ingroup ranged from 0.1041(Cycas-
Encephalartos) to 0.1406 (Cycas-Ceratozamia) and 0.0080 (Encephalartos-
Lepidozamia) to 0.0858 (Chiqua-Dioon), respectively.

1.1.2 psbM-trnD spacer
The psbM-trnD non-coding region of chloroplast DNA varied in

length from 662 (CZ. maxicana) to 974 bp (E. hildebrandtii) and its average length
was 890 bp. It showed 62.4% AT and 37.6% GC. The sequence alignment was 1162



34

bp and the average number of substitutions per site was 0.1182. The psbM-trnD non-
coding region of these cycads was highly variable at 26 indels. Large deletions (301
bp) were found in Ceratozamia resolving in the shortest sequences in the alignment
data. Furthermore, Ceratozamia showed 1 bp insertion at the position 507, 3 bp
insertions at the positions 206-208 and 689-691, 7 bp insertions at the positions 102-
108 and 392-398 and 8 bp insertions at the position 632-639. Lepidozamia contained
1 bp insertion at the position 596, 2 bp insertions at the position 912-913 and 5 bp
insertion at the position 915-919. Encephalartos showed 5 bp insertions at the
position 745-749 and only three species, E. manikensis, E. villosus and E. altensteinii,
appeared a unique 19 bp insertions at the position 571-589. In addition, Lepidozamia
showed 17 bp insertions at the position 997-1013 and share 5 bp insertions with
Encephalartos. Zamia and Chigua shared 1 bp insertion at the position 89. Genetic
distances matrix based on the psbM-trnD sequences was estimated using the formula
Kimura-2 parameter (Table 5). Genetic distance for outgroup and ingroup ranged
from 0.1360 (Cycas-Dioon) to 0.3018 (Cycas-Microcycas) and 0.0374

(Encephalartos-Lepidozamia) to 0.2996 (Chiqua-Ceratozamia), respectively.

1.1.3 trnL-trnF spacer

This region was composed of the trnL intron and the trnL-trnF
intergenic spacer IGS). It ranged from 889 (S. eriopus) to 1018 bp (E. longifolius)
and the average length was 959 bp. This sequence comprised of 63.2% (AT) and
36.8% (GC) with the average number of substitutions per site of 0.0803. The
alignment length was 1128 bp with 17 indels. Genetic distances matrix based on the
trnL-trnF sequences was estimated using the formula of Kimura-2 parameter (Table
6). Genetic distance for outgroup and ingroup ranged from 0.1549 (Cycas-
Ceratozamia) to 0.2158 (Cycas-Microcycas) and 0.0131 (Zamia-Chigua) to 0.1638

(Chigua-Microcycas), respectively.

Interestingly, tandem repeats were found in some genera. Chigua
and Zamia showed 2 repeats with 12 bp (CTCTATCTAGAT) and 2 repeats of 12 bp
(ATCTAGATAGAG) were presented in Bowenia and Macrozamia (Figure 1). Large

tandem repeats appeared in Microcycas as 2 repeats of 40 bp long
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(ATCTAGATAGAGAT CTAGATAT ATCTGTATGG ATAT CTCT). In addition,
this region also presented (A/T), mononucleotide repeats and microsatellite repeats.
Zamia and Chigua had one tandem repeat (TG(A)0.12) and Microcycas had 2 tandem
repeats - TG(A),, and TCC(T);3. Ceratozamia showed a unique tandem repeat
((TAGATA),GA(TAAG),). Encephalartos and Lepidozamia shared three repeats;
TG(A)n, (TAGATA),gataagtaa(AGAT); and TA(T),. Three tandem repeats (TG(A),,
(TAGATA),gataagtaa(AGAT) ; and TG(A)2G(A)16) were found in Macrozamia. In
contrast, one tandem repeat as TT(C)s(TTT);TG(A)16, (TAGATA), and (TCC)2(T)10

was represented by Dioon, Bowenia and Stangeria, respectively (Table 8).

1.1.4 trnS-trnfM spacer

The trnS-trnfM non-coding region ranging from 741(M. communis)
to 894 bp (M. riedlei, M. pauli-guilielmi, Z. vasquesii and B. spectabilis) and the
average length was 866 bp. It comprised of 62.3% of AT and 37.7% of GC with the
average number of substitution per site of 0.0587. The alignment length was 961 bp
presented in 19 indels. The number of AT repeated units in this sequence varied
among genera. Macrozamia differed at the repeat (AG(AT)o.14), Bowenia at
CT(AT)e, Stangeria at TAC(AT)s and Microcycas at TAC(AT)s. Zamia and Chigua
shared the units GC(AT)s and Encephalartos and Lepidozamia shared the units
CT(AT)s. This result implied that Zamia was closely related to Chigua as well as
Encephalartos and Lepidozamia. Ceratozamia demonstrated a high variability of AT
repeated patterns at TAC(AT)o-13, TAG(AT); and TAC(AT),GT(AT)4. Dioon and
Cycas showed similar patterns at TGT(AT)s and TGT-T(AT)4, respectively. Genetic
distances matrix based on the trnS-trnfM sequences was estimated using the formula
Kimura-2 parameter (Table 7). Genetic distance for outgroup and ingroup was found
ranging from 0.0724 (Cycas-Dioon) to 0.1301 (Cycas-Stangeria) and 0.0108
(Chigua-Zamia) to 0.1124 (Chiqua-Stangeria), respectively.
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Table 3 Characterization of non-coding region chloroplast DNA in cycad taxa.

Combined atpB-rbcL psbM-trnD

trnL-trnF  trnS-trnfM

No. of taxa 45 45 45

No. of indels - 13 26
Aligned sequences 3897 689 1162
length

No. of parsimony 991 119 365
informative character

% of parsimony 2542 17.27 31.41
informative character

No. of MP trees 49,564 76,605 82,805
Length of MP trees 2799 330 1102
Consistency index (CI)  0.748 0.830 0.748
Retention index (RI) 0.829 0.859 0.823
Model K81uftG' K8luf+tG' K8luf+G'
Gamma shape 0.8762 0.5816 1.8292
parameter 62.8 64.6 62.4
A+T% 37.2 354 37.6
G+C% 0.0737 0.0419 0.1182

The average number of
substitution per site

45 45

17 19
1128 961
310 203
27.38 21.12
627,576 59,100
886 517
0.733 0.708
0.806 0.885

K8luf+G' K8luf+G!
0.9146 0.4225
63.2 62.3

36.8 37.7
0.0803 0.0587

1 = Unequal-frequency Kimura 3-parameter plus Gamma



Table 4 The number of base substitutions per site from averaging overall the atpB-rbcL sequence pairs is shown. All results are based

on the pairwise analysis of 45 sequences.

Genus Cycas Dioon Zamia Chigua Microcycas Macrozamia Lepidozamia Encephalartos Bowenia Ceratozamia Stangeria
Cycas

Dioon 0.1130

Zamia 0.1342 0.0787

Chigua 0.1401 0.0858 0.0102

Microcycas 0.1227 0.0703 0.0263 0.0325

Macrozamia 0.1079 0.0467 0.0495 0.0541 0.0399

Lepidozamia 0.1081 0.0467 0.0520 0.0571 0.0425 0.0093

Encephalartos  0.1041 0.0462 0.0512 0.0560 0.0417 0.0093 0.0080

Bowenia 0.1118 0.0531 0.0529 0.0611 0.0449 0.0206 0.0182 0.0173

Ceratozamia 0.1406 0.0691 0.0695 0.0773  0.0680 0.0498 0.0462 0.0461 0.0514
Stangeria 0.1357 0.0695 0.0715 0.0768 0.0666 0.0448 0.0394 0.0432 0.0472  0.0570

LE



Table 5 The number of base substitutions per site from averaging overall the psbM-trnD sequence pairs is shown. All results are based

on the pairwise analysis of 45 sequences.

Genus Cycas Dioon Zamia Chigua Microcycas Macrozamia Lepidozamia Encephalartos Bowenia Ceratozamia Stangeria
Cycas

Dioon 0.1360

Zamia 0.2379  0.1128

Chigua 0.2803 0.1373  0.0478

Microcycas 0.3018 0.1684 0.0709 0.1317
Macrozamia  0.1987 0.0865 0.1555 0.2252 0.2396
Lepidozamia ~ 0.2029  0.0905 0.1366 0.2084 0.2314 0.0660

Encephalartos 0.2379  0.0688 0.1237  0.1882 0.2155 0.0418 0.0374

Bowenia 0.2530 0.1750 0.1648 0.1780 0.2373 0.1538 0.1500 0.1300

Ceratozamia  0.2809 0.1462 0.2148 0.2996 0.2948 0.1679 0.1588 0.1456 0.2595
Stangeria 0.2312  0.1565 0.1984 0.2575 0.2842 0.1556 0.1565 0.1380 0.2157  0.2296

8¢



Table 6 The number of base substitutions per site from averaging overall the trnL-trnF sequence pairs is shown. All results are based

on the pairwise analysis of 45 sequences.

Genus Cycas Dioon Zamia Chigua Microcycas Macrozamia Lepidozamia Encephalartos Bowenia Ceratozamia Stangeria
Cycas

Dioon 0.1698

Zamia 0.1646 0.1216

Chigua 0.1739 0.1260 0.0131

Microcycas 0.2158 0.1638 0.0803 0.0892
Macrozamia 0.1595 0.0879 0.0961 0.1052 0.1296
Lepidozamia 0.1585 0.0828 0.0963 0.1080 0.1353 0.0534

Encephalartos 0.1636 0.0970 0.1049 0.1152  0.1415 0.0616 0.0521

Bowenia 0.1555 0.0765 0.0851 0.0928 0.1252 0.0541 0.0622 0.0703

Ceratozamia 0.1549 0.0852 0.0767 0.0905 0.1152 0.0609 0.0653 0.0713 0.0503
Stangeria 0.1676 0.1111 0.0921 0.1037 0.1294 0.0938 0.0866 0.1415 0.0882  0.0817

6¢



Table 7 The number of base substitutions per site from averaging overall the trnS-trnfM sequence pairs is shown. All results are based

on the pairwise analysis of 45 sequences.

Genus Cycas Dioon Zamia Chigua Microcycas Macrozamia Lepidozamia Encephalartos Bowenia Ceratozamia Stangeria
Cycas

Dioon 0.0724

Zamia 0.1128 0.0717

Chigua 0.1119 0.0729 0.0108

Microcycas 0.0948 0.0496 0.0347 0.0366
Macrozamia 0.1056  0.0948 0.0948 0.0937 0.0672

Lepidozamia 0.0888 0.0255 0.0593 0.0605 0.0447 0.0447

Encephalartos  0.0891  0.0325  0.0655 0.0667 0.0471 0.0500 0.0153

Bowenia 0.0918 0.0436 0.0760 0.0777 0.0518 0.0691 0.0323 0.0373

Ceratozamia 0.1162 0.0664 0.0866 0.0877 0.0709 0.0813 0.0605 0.0660 0.0697
Stangeria 0.1301 0.0975 0.1123 0.1124 0.0948 0.1084 0.0904 0.1009 0.0982  0.0933

(114
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Figure 1 Partial alignment of chloroplast trnL-trnF region from 45 cycad species. The boxed region showed that Chigua and Zamia

shared 12 bp (CTCTATCTAGAT) direct repeat sequences with flanking region.
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Table 8 Microsatellites containing the trnL-trnF region of cycad species are shown.

Specie

Tandem repeats

Z
Z
Z

pygmaea, Z. integrifolia
vasquesii
manicata

Mi. calocoma

Ci. restrepoi

CZ. hildae CZ. kuesteriana

CZ. mexicana CZ. microstrobila

CZ. mirandae CZ. norstogii

-

OO

STTITIZX

. paucidentatus
. longifolius, E. barteri
. arenarius

ferox

. manikensis

. trispinosus

. lehmannii

. altensteinii

. hildebrandtii

. friderici-guilielmi
. natalensis

. villosus

. peroffskyana, L. hopei

reducta

secunda, M. platyrhachis,
macdonnellii

moorei, M. miquelii
fawcettii

. pauli-guilielmi

riedlei
spiralis, M. communis

edule

. spinulosum
. serrulata, B. spectabilis

. eriopus

TG(A)
TG(A)n
TG(A)o

TG(A)z, TCC(T)13
TG(A),

(TAGATA),GA(TAAG),

AG(A), (TAGATA),gataagtaa(AGAT);, TA(T);2

TG(A),s, (TAGATA),gataagtaa(AGAT);, TA(T);s

AT(A),s, (TAGATA),gataagtaa(AGAT);, TA(T);3
AG(A)s, TA(T)13

TG(A)z3, (TAGATA),gataagtaa(AGAT);, TA(T);s
AG(A), TA(T)1
AG(A)2, TA(T)1

TG(A)2, (TAGATA),gataagtaa(AGAT)z;, TA(T)j

TG(A), (TAGATA),gataagtaa(AGAT)3, TA(T)y

AG(A)

AG(A),1, (TAGATA),gataagtaa(AGAT);, TA(T)6

TG(A)19, TA(T)13

TG(A)ys, (TAGATA),gataagtaa(AGAT)z;, TA(T)»

TG(A)zs
TG(A),s, (TAGATA),gataagtaa(AGAT);
TG(A)s
TG(A), (TAGATA),gataagtaa(AGAT);
TG(A)s, (TAGATA),gataagtaa(AGAT);
TG(A)12G(A)ss
TG(A)5, (TAGATA),gataagtaa(AGAT);

TT(C)(TTT);TG(A)s

(TAGATA),

(TCC)2(T)1o
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1.2 Phylogenetic analysis

1.2.1 atpB-rbcL intergenic spacer

NIJ tree was constructed using Kimura 3-parameter plus Gamma
(K81uf+G) model of nucleotide substitution and Gamma distribution shape parameter =
0.5816 (Figure 2A). Zamia, Chigua, Microcycas, Stangeria and Ceratozamia formed a
polyphyletic group. Zamia, Chigua and Microcycas formed a group together with 100 %
bootstrap support (BP), while Macrozamia, Lepidozamia, Encephalartos and Bowenia were
grouped with low bootstrap support (65%). Furthermore, the placement of Stangeria as

sister to Ceratozamia was strongly supported (BP=93%).

Maximum Parsimony analysis of the atpB-rbcL spacer (Figure 2B)
yielded 76,605 trees of 330 length with a consistency index (CI) = 0.830 and retention index
(RI) = 0.859. ML model was K81uf+G with base frequency of A =0.2953, C=0.1770, G=
0.1954, T=0.3341; base substitution of A-C=1.000, A-G=1.8886, A-T=0.3915, C-G=0.3915,
C-T=1.8886, G-T=1.0000 and Gamma distribution shape parameter = 0.5816 (Figure 2C).
ML and MP analyses suggested that Dioon was a sister group (with >90% bootstrap support)
to the remaining genera of Stangeriaceae and Zamiaceae. Zamia, Chigua and Microcycas
grouped together with 100 % bootstrap support and Stangeria was closely related with
Ceratozamia with 79% and 57% bootstrap support in MP and ML, respectively. In MP,
Macrozamia, Lepidozamia and Encephalartos were placed within the same clade as a

monophyletic group, while three genera in ML were unresolved.
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Figure 2 Phylogenetic trees construed by NJ (A), MP (B) and ML (C) from atpB-rbcL spacer sequence of 45 taxa of cycads
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1.2.2 psbM-trnD intergenic spacer

NJ tree was constructed using Kimura 3-parameter plus Gamma
(K81uf+G) model of nucleotide substitution and Gamma distribution shape parameter
=1.8292 (Figure 3A). Phylogenetic trees reconstructed by MP of the psbM-trnD
non-coding region (Figure 3B) yielded 82,805 trees with the tree length of 1102 step,
CI=0.748 and RI = 0.823 and the number of informative sites was 365 (31.41%)).
ML model was K81uf+G with base frequency of A =0.2981, C=0.2031, G=0.1681,
T=0.3308; base substitution of A-C=1.000, A-G=1.8995, A-T=0.5603, C-G=0.5603,
C-T=1.8995, G-T=1.0000 and Gamma distribution shape parameter = 1.8292 (Figure
3C). All NJ, MP and ML produced similar tree topologies. Most genera were
supported with > 50% bootstrap. Dioon was placed as a sister group to all other
genera of Stangeriaceae and Zamiaceae. Macrozamia, Bowenia, Lepidozamia and
Encephalartos were placed in the same clade supported with a >50% bootstrap value
and Bowenia was a sister group to the other genera. Within this clade, low bootstrap
support (68%) in ML and high bootstrap (92%) in MP and (81%) in NJ supported the
tribe Encephalarteae as a monophyletic group. Stangeria was sister to the tribe
Zamieae but weakly supported (BP<50%) in the ML and NI trees, while in MP
analyses this genus was sister to Ceratozamia (76%). Within tribe Zamiecae,
Microcycas, Zamia and Chigua, were grouped together with high bootstrap support
(100%) in ML and MP and low bootstrap support (65%) in NJ as Microcycas was a

sister group.
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Figure 3 Phylogenetic trees construed by NJ (A), MP (B) and ML (C) from psbM-trnD spacer sequence of 45 taxa of cycads.
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1.2.3 trnL-trnF intergenic spacer

NI tree was constructed using Kimura 3-parameter plus Gamma
(K81uf+G) model of nucleotide substitution and Gamma distribution shape parameter =
0.9146 (Figure 4A). The MP analysis (Figure 4B) yielded 627,576 trees with tree length
of 886 steps (CI1 =0.733, RI = 0.806) and 310 (27.38%) informative sites. ML model
was K81uf+G with base frequency of A =0.2901, C=0.1658, G=0.1993, T=0.3447; base
substitution of A-C=1.000, A-G=1.8995, A-T=0.5603, C-G=0.5603, C-T=1.8995, G-
T=1.0000 and Gamma distribution shape parameter = 0. 9146 (Figure 4C). The ML, MP
and NIJ trees revealed similar topology. Two major clades were identified with >50 %
bootstrap support and Dioon as sister to the other genera. Macrozamia, Lepidozamia,
Encephalartos and Bowenia were placed in the same clade (60% BP in NJ and 50% BP
in MP), while Bowenia was a sister group of the remaining genera with the exception of
Dioon in ML tree. The high bootstrap support (100%) indicated that Zamia, Microcycas,
Chigua were closely related genera. Stangeria was placed in the New World clade of
genera (Zamia, Microcycas, Chigua and Ceratozamia) with high bootstrap support in the
ML tree (83%), moderate bootstrap support in the MP tree (76% BP) and poor bootstrap
support in the NJ tree (< 50%). These results indicated that Stangeria and Bowenia were

polyphyletic group.
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Figure 4 Phylogenetic trees construed by NJ (A), MP (B) and ML (C) from trnL-trnF spacer sequence of 45 taxa of cycads.
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1.2.4 trnS-trnfM region

NIJ tree was constructed using Kimura 3-parameter plus Gamma
(K81uf+G) model of nucleotide substitution and Gamma distribution shape
parameter = 0.4225 (Figure 5A). The MP analysis (Figure 5B) yielded 59,100 trees
with a tree length of 517 steps (CI = 0.708, RI = 0.855) where the number of
informative sites was 203 (21.12%). ML model was K81uf+G with base frequency
of A =0.2901, C=0.1658, G=0.1993, T=0.3447; base substitution of A-C=1.000, A-
G=1.9781, A-T=0.4028, C-G=0.4028, C-T=1.9781, G-T=1.0000 and Gamma
distribution shape parameter = 0.4225 (Figure 5C). ML analysis showed an identical
tree topology compared to the NJ and MP analyses. Three analyses grouped Dioon
as sister to the other genera (BP>98%). The clade of Macrozamia, Lepidozamia and
Encephalartos was monophyletic group. Stangeria and Bowenia were separated in
different clade. Bowenia appeared as sister to sub-tribe Encephalartinae, whereas
Stangeria was closely related to Ceratozamia with strong bootstrap support (89 % in
MP, 87% in NJ 86% in ML). High bootstrap support (>90%) indicated that Zamia
was inseparable from Chigua. In addition, Zamia, Macrozamia and Chigua were

placed in the same group with high bootstrap support (99%).
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Figure 5 Phylogenetic trees construed by NJ (A), MP (B) and ML (C) from trnS-trnfM spacer sequence of 45 taxa of cycads
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1.2.5 Combined data of the atpB-rbcL, psbM-trnD, trnL-trnF and trnS-

trnfM non-coding regions

An ILD test indicated that the data from the atpB-rbcL, psbM-
trnD, trnL-trnF and trnS-trnfM non-coding regions were not significantly different
(P=0.7050). The average length of the combined data sequence was 3,279 bp and the
alignment length was 3,697 bp. There were 900 informative sites (25.4%), 62.8 %
(AT), 37.2% (GC) and the average number of substitutions per site was 0.0686.

NJ tree was constructed using Kimura 3-parameter plus Gamma
(K81uf+G) model of nucleotide substitution and Gamma distribution shape
parameter = 0.8762 (Figure 6A). The MP analysis generated 49,564 trees with 2,799
steps (CI = 0.748 and RI = 0.829). ML model (Figure 6B) was K81uf+G with base
frequency of A =0.2959, C=0.1803, G=0.1893, T=0.3345; base substitution of A-
C=1.000, A-G=1.9597, A-T=0.6029, C-G=0.6029, C-T=1.9597, G-T=1.0000 and
Gamma distribution shape parameter = 0.8762 (Figure 6C). The ML, MP and NJ
trees inferred from combining the four regions of non-coding chloroplast DNA
provided higher resolution than the individual non-coding regions and revealed
similar topologies in some clades of the trnL-trnF phylogenetic tree. Two clades
were identified in three analyses; the first clade was subfamily Zamioideae and
Stangeria with > 79% bootstrap support. The second clade was tribe Encephalateae
with high bootstrap support. All trees, the high bootstrap support (=98%) indicated
that Bowenia was placed as a sister group to all taxa with the exception of Dioon.
Bowenia was a sister group of Zamiaceae family. The first clade, Stangeria was
grouped with Ceratozamia in MP and N1J trees (bootstrap support >50%) while
Stangeria was closely related with Zamia, Chigua and Microcycas in ML. In the
second clade, Lepidozamia was closest to Encephalartos (99% bootstrap support)
Macrozamia appeared as the sister group with BP>99%. In all analyses the tribes
Encephalateae (Encephalartos, Macrozamia and Lepidozamia) and Zamieae (Zamia,

Chigua and Microcycas) formed monophyletic groups (BP > 99%)).
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Figure 6 Phylogenetic trees construed by NJ (A), MP (B) and ML (C) from combined data of 45 taxa of cycads.
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2. Phylogenetic relationships within the family Cycadaceae

Statistic analyses for NJ, MP and ML of each non-coding region and

combined data sets are summarized in Table 9.

2.1 Nucleotide sequences and variation

2.1.1 trnS-trnG intergenic spacer

The length of the trnS-trnG region was variable among
Cycadaceae family from 892-925 bp. This region consisted of 948 aligned
nucleotides, of which 192 were variable and 144 were parsimony informative. The
GC content was 36.8% and AT was 63.2%. The average number of substitution per
site was 0.0295. Fourteen bp insertions (GTAAGAATCTATAA) were found at
position 203-216 in section Indosinenses, whereas section Cycas (C. edentata, C.
seemannii, C. thouarsii, C. zeylanica and C. rumphii) showed ATAAGAATCTATAA
at the same position (Figure 7). Interestingly, the difference in the insertions between
section Indosinenses and Cycas was found only one base transition, i.e., G>A at
position 203 except those of C. bougainvilleana, C. media, C. pranburiensis, C.
semota whose sequence was exactly the same as those of Indosinenses. In addition,
the section Indosinenses and Cycas showed 2 minisatellite repeats
(TCTATAAGTAAGAA). Section Asiorientales (C. taitungensis and C. revoluta), on
the other hand, shared 2 microsatellite repeats (TTTAC) and they had 5 bp insertions
at position 161-165. The trnS-trnG alignment of this section also provided 46 base
substitution sites, two deletions and one insertion which indicated the high genetic

diversity in section Asiorientales.
2.1.2 psbM-trnD intergenic spacer
The length of the psbM-trnD ranged from 978 bp in C. rumphii to

984 bp in C. changjiangensis. The sequence alignment was 1,004 nucleotide

characters including 218 variation sites, of which 146 were parsimony informative
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sites. The CG content was 62.1 % and AT was 37.9% with the average number of
substitution per site of 0.0308. This sequence did not show indel position. However,
5 base substitution sites were detected in section Asiorientales, 3 base substitution
sites in section Indosinenses and Cycas and 1 base substitution site in section
Wadeanae. All base substitution sites in section Indosinenses, Cycas and Wadeanae
were transitions (i.e., A~G and T«>C), while the section Asiorientales showed both

transitions and transversions (i.e., T«<>C, T<>G and A<~C).

2.1.3 trnL-trnF intergenic spacer

The length of the trnL-trnF was widely distributed ranging from
864 bp in C. pranburiensis to 911 bp in C. bougainvilleana. The sequence alignment
was 993 bp. There were 186 variable sites, including 112 parsimony informative
sites. The GC content was 62.7% and AT was 37.3%. The average number of
substitution per site was 0.0265. This region represented 4 base substitution sites.
One base substitution site was transition in section Asiorientales and one base
substitution site in section Indosinenses and Cycas also showed transitions. Three
species, C. edentata, C. thouarsii and C. zeylanica, in section Cycas had 2 base

substitution sites which appeared transitions and transversions pattern.

2.1.4 trnS-trnfM region

The trnS-trnfM region contained three genes, trnG9““

, ycf9 and
psbZ. The length of this region was 929-937 bp. The sequence alignment was 1,049
bp. There were 110 variable sites; including 89 were parsimony informative sites.
This sequence contained 62 % AT and 38 % GC with the low of the average number
of substitution per site of 0.0158. Nevertheless, it showed 6 base substitution sites
while 4 base substitution sites (transitions and transversions) were detected in section
Asiorientales and 2 base substitution sites (transitions and transversions) were shown

in C. media and C. semota of section Cycas (Table 10).



55

Table 9 Characterization of non-coding region chloroplast DNA in Cycas taxa.

trnS-trnG  psbM-trnD trnL-trnF  trnS- trnfM combined

No. of taxa 27 27 27 27
Aligned sequences length 948 1,004 993 1,049
No. of parsimony 144 146 112 89
informative character

% of parsimony 15.18 14.54 11.27 8.48
informative character

No. of MP trees 95720 15,413 89,863 76,298
Length of MP trees 234 243 199 124
Consistency index (CI) 0.9145 0.9465 0.0905 0.9113
Retention index (RI) 0.8930 0.9363 0.8657 0.900
Model K81uf+tG' HKY+G® KS8luf+tG' HKY+G
Gamma shape parameter 0.4393 1.0012 0.5231 0.2635
A+T% 63.2 62.1 62.7 62
G+C% 36.8 37.9 37.3 38
Transitions/Transversions 1.063 1.232 1.21 0.917

The average number of 0.0295 0.0308 0.0265 0.0158
substitution per site

27
2,944
385

12.85

95,870
702
0.8989
0.8704
K81uf+G!
0.5470
62.7
37.3
0.95
0.0291

1 = Unequal-frequency Kimura 3-parameter plus Gamma

2 = Hasegawa-Kishino-Yano plus Gamma



56

2.2 Phylogenetic analysis

2.2.1 trnS-trnG intergenic spacer

NIJ tree was constructed using Kimura 3-parameter plus Gamma
(K81uf+G) model of nucleotide substitution and Gamma distribution shape parameter
= 0.4393. The tree topology indicated Cycas was monophyletic. NJ analysis showed
that the 5 Cycas section formed two separate clades (Figure 8A). The first clade
contained 5 Cycas section (Asiorientales, Indosinenses, Cycas, Stangerioides and
Wadeanae) and represented 3 sub-clades. C. praburiensis and C. bougainvilleana
were placed in the same sub-clade with low bootstrap support (66%) as well as C.
wadei and C. curranii, C. condaoensis and C. nongnoochiea also clustered together
with 65% and 59% bootstrap support, repectively. High bootstrap support (99%)
indicated that C. taitungensis was closely related to C. revoluta and C. segmentilida
was a sister group. The second clade was 5 species of section Cycas, C. edentata, C.
rumphii, C. seemannii, C. thouarsii and C. zelanica, which grouped as sister to the

first clade.

MP analyses produced 95,720 trees with the length of 234 steps, a
consistency index (CI) of 0.9145 and a retention index (RI) of 0.8930. The strict
consensus tree derived from the MP trees is shown in Figure 8B. C. wadei and C.
curranii were clustered together with 61%. In addition were clustered together C.
taitungensis was closely related to C. revoluta with 100% bootstrap support and C.

segmentilida was a sister group.

ML model was K81uf+G with base frequency of A = 0.3036,
C=0.1692, G= 0.2058, T=0.3214; base substitution of A-C=1.000, A-G=1.8384, A-
T=0.5645, C-G= 0.5645, C-T=1.18364, G-T=1.0000 and Gamma distribution shape
parameter = 0.4393. The ML topology was similar to NJ. ML tree could be divided
into two clades (Figure 8C). The first clade comprised of five sections, Asiorientales,
Indosinenses, Cycas, Stangerioides and Wadeanae. With the exception of five species
in section Cycas, i.e., C. edentata, C. rumphii, C. seemannii, C. thouarsii and C.
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zelanica, formed the second clade. The first clade could be further divided into 3
sub-clades. C. praburiensis - C. bougainvilleana sub-clade was 55% bootstrap
support. C. wadei and C. curranii were clustered together with 61%. C. taitungensis

was closely related to C. revoluta and C. segmentilida was a sister group.

2.2.2 psbM-trnD intergenic spacer

NI tree of the psbM-trnD was constructed using K81uf+G model
and Gamma distribution shape parameter = 1.0012. NIJ tree was divided into two
major clades (Figure 9A). The first clade included two sections (Indosinenses and
Cycas). This clade could be further separated into two sub-clades. C. clivicola, C.
elephantipes, C. condaoensis and C. siamensis grouped together with low bootstrap
support (58%). C. thouarsii was grouped with C. seemannii with 70% bootstrap
support and C. bougainvilleana was a sister group. The second clade consisted of
sections Asiorientales, Stangerioides and Wadeanae. This clade was divided into
three sub-clades. The high bootstrap support showed that C. taitungensis was closely
related to C. revoluta as well as C. curranii and C. wadei. On the other hand, C.

hainanensis clustered together with C. changjiangensis with low bootstrap support.

MP analyses produced 15,413 trees with the length of 243 steps, a
consistency index (CI) of 0.9465 and a retention index (RI) of 0.9363. The strict
consensus tree derived from the MP trees is shown in Figure 9B. MP analysis was
separated into two major clades. The first clade consisted of section Indosinenses and
Cycas and it could be divided into two sub-clades. C. noongnoochiae and C.
bougainvilleana were grouped together with low bootstrap support the same as C.
thouarsii and C. seemannii. The second clade contained sections Asiorientales,
Stangerioides and Wadeanae. Within the second clade, there were two well-support
groups; one consisting of C. revoluta and C. taitungensis and another consisting of C.
wadei and C. curranii, while C. hainanensis clustered together with C.

changjiangensis with low bootstrap support.



58

ML model was HKY+G with base frequency of A = 0.2806,
C=0.2069, G=0.1790, T=0.3335 and Gamma distribution shape parameter = 1.0012.
ML was similar in topology to MP but the relationships of some species were
resolved. ML tree was divided into two major clades (Figure 9C). The first consisted
of sections Indosinenses and Cycas. The relationship within this clade was
unresolved with the exception of C. thouarsii and C. seemannii which were closely
related species with 63% bootstrap support. Sections Asiorientales, Stangerioides and
Wadeanae formed a second clade. Within the second clade, the bootstrap was still
high that it was 97% and 84% for C. revoluta - C. taitungensis sub-clade and C. wadei
- C. curranii sub-clade, respectively. Nevertheless, C. hainanensis clustered together

with C. changjiangensis with low bootstrap support (66%).

2.2.3 trnL-trnF intergenic spacer

NJ tree was constructed using K81uf+G model and Gamma
distribution shape parameter = 0.5231. The NJ analysis showed that 5 Cycas sections
could be divided into two clades (Figure 10A). The first clade included 2 sections,
Indosinenses and Cycas. In this clade, C. edentata and C. thouarsii were grouped
with 65% bootstrap support and they clustered with C. zeylanica having C. seemannii
as a sister group. Furthermore, C. semota was closely related with C. media with 62%
bootstrap support. The second clade consisted of the three remaining section,
Asiorientales, Stangerioides and Wadeanae. Although the resolution in this clade was
slightly lower (<50%), C. revoluta and C. taitungensis grouped together with 66%
bootstrap support.

MP analysis produced 89,863 trees with the length of 218 steps, a
consistency index (CI) of 0.269 and a retention index (RI) of 0.8806. The strict
consensus tree derived from the MP trees is shown in Figure 10B. MP tree generated
a similar topology with NJ tree. MP tree also was divided into two clades. The first
main clade included sections Indosinenses and Cycas. Within this clade, C. edentata,
C. thouarsii and C. zeylanica were grouped together with 84% bootstrap support and
C. semota was closely related with C. media with 62% bootstrap support. The second
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clade was sections Asiorientales, Stangerioides and Wadeanae. The second clade
included two sub-clades. The first sub-clade consisted of C. revoluta and C.
taitungensis (78% bootstrap support), while the second sub-clade consisted of C.

segmentifida and C. sexsiminifera.

ML model was K81uf+G with base frequency of A =0.3064,

C=0.1783, G=0.1896, T=0.3258; base substitution of A-C=1.000, A-G=2.5972, A-
T=0.5056, C-G= 0.5056, C-T=2.5972, G-T=1.0000 and Gamma distribution shape
parameter = 0.523. ML tree could be separated into two clades (Figure 10C). The
first clade consisted of section Indosinenses and Cycas, while the second clade was
composed of section Asiorientales, Stangerioides and Wadeanae. In the first clade, it
was shown that the ML topology was similar to MP tree. However, the second clade
had one sub-clade differed from MP that C. changjiangensis and C. hainanensis were

placed to the same sub-clade with low bootstrap support.

2.2.4 trnS- trnfM region

NIJ tree was constructed using HKY+G model and Gamma
distribution shape parameter = 0.2635. The NJ analysis showed that all 5 Cycas
sections formed a single clade (Figure 11A). Three species of section Cycas (C.
rumphii, C. media and C. semota) were grouped with one species of section
Indosinenses (C. condaoensis). C. elephantipes was closely related to C. clivicola
with 62% bootstrap support. The high bootstrap support indicated that C. revoluta
was closely related to C. taitungensis as well as C. hainanensis and C.

changjiangensis.

MP analysis produced 79,298 trees with the length of 124 steps, a
consistency index (CI) of 0.9913 and a retention index (RI) of 0.9000. The strict
consensus tree derived from the MP trees is shown in Figure 11B. MP tree differed
from NJ tree. Sections Indosinenses, Cycas, Stangerioides and Wadeanae formed a

group together, while section Asiorientales seemed to be a sister group. In addition,
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there was only one sub- clade (C. hainanensis and C. changjiangensis) with high

bootstrap support.

ML model was HKY+G with with base frequency of A =0.2875,
C=0.1857, G=0.1948, T=0.3320 and Gamma distribution shape parameter = 0.2635.
ML tree generated a similar topology with NJ tree (Figure 11C). C. rumphii and C.
condaoensis were placed in the same sub-clade and C. media was a sister group. C.
revoluta and C. taitungensis formed sub-clade with 76% bootstrap support as well as
C. hainanensis and C. changjiangensis. C. elephantipes was grouped with C.

clivicola but they showed a low bootstrap support (50%).

2.2.5 Combined data

ILD test showed that four non-coding data was incongruent. Three
data sets were selected (trnS-trnG, psbM-trnD and trnL-trnF) but they did not differ
significantly in structure (ILD = 0.16). Therefore, they were combined into a single
data set for phylogenetic analysis. The combined data consisted of 2,944 aligned

nucleotides, of which 573 were variable sites and 385 were parsimony informative.

NJ analysis was constructed using K8 1uf+G and Gamma
distribution shape parameter = 0.5470. The strict consensus of combined 3 regions
supported the monophyly of genus Cycas. NJ tree could be divided into two main
clades (Figure 12A). The first clade contained sections Indosinenses and Cycas.
Within this clade, there were 2 sub-clades with bootstrap support > 50%. Five
species of section Cycas; C. rumphii, C. edentata, C. zeylanica, C. seemannii and C.
thouarsii, were grouped together with 59% bootstrap support. In addition, C.
elephantipes was closely related to C. siamensis. The second clade contained 3
sections, Asiorientales, Stangerioides and Wadeanae. This clade had 3 strongly
support sub-clades. The first sub-clade was C. revoluta and C. taitungensis. C.
curranii and C. wadei formed a strongly support sub-clade and C. sexsiminifera
appeared basal to this group. The third sub-clade was C. changjiangensis and C.

hainanensis with less well support.
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MP analysis produced 89,863 trees with a length of 218 steps, a
consistency index (CI) of 0.8989 and a retention index (RI) of 0.8704. Cycas was
monophyletic (bootstrap support = 100%) and resolved into the similar two major
clades to NJ tree with the exception of two species of section Asiorientales (C.
revoluta and C. taitungensis) that they were a basal group (Figure 12B). The first
clade was sections Indosinenses and Cycas. It showed only one sub-clade of C.
thouarsii forming a group with C. seemannii while C. rumphii, C. edentata and C.
zeylanica were a sister group. The second clade consisted of 2 sections of
Stangerioides and Wadeanae. Within this clade, C. wadei was closely related to C.
curranii with high bootstrap support as well as C. changjiangensis and C.

hainanensis.

ML model was K18uf+G with base frequency of A = 0.2950,
C=0.1874, G= 0.1894, T=0.3282; base substitution of A-C=1.000, A-G=2.3796, A-
T=0.5660, C-G= 0.5660, C-T=2.3796, G-T=1.0000 and Gamma distribution shape
parameter = 0.5978. The ML topology was also incongruent with MP and only two
clades were recognized (Figure 12C). Sections Indosinenses and Cycas formed the
first clade and the second clade included all the remaining sections. Although the
relationship among species within the first clade was unresolved, five species of
section Cycas (C. rumphii, C. edentata, C. zeylanica, C. seemannii and C. thouarsii)
were grouped together with 65% bootstrap support. In contrast to the second clade,
there were 3 sub-clades, C.wadei - C. curranii sub-clade, C. changjiangensis-C.
hainanensis sub-clade, C.revoluta-C. taitungensis sub-clade, with high bootstrap

support.
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Table 10 Base substitution sites in four non-coding regions of chloroplast DNA of

27 Cycas species.
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C.taitungensis
C.revoluta
C.media
C.siamensis
C.semota
C.tansachana
C.thouarsii
C.seemanii
C.rumphii
C.zeylanica
C.edentata

C.bougainvilleana :

C.pranburiensis
C.linstromii
C.chamaoensis
C.clivicola
C.elephantipes
C.condaoensis
C.nongnoochiae
C.curranii
C.chanjiangensis
C.wadei
C.segmentilida
C.haobinhensis
C.sexseminifira
C.balansae
C.hainanensis
D.edule
D.spinulosum

140 * 160 * 180 * 200 9 220

: GAAATGATTCTTCACTTTACTTTACCTGGECTGGCCAGTATCTGGCT-
: GAAATGATTCTTCACTTTACTTTACCTGGECTGGCCAGTATCTGGCT-

GGCCAGGCCCTTCTTTTCTATAA-————————————— GTAAGAAGAATC
GGCCAGGCCCTTCTTTTCTATAA-————————————— GTAAGAAGAATCH

* 240 * 260
GAACGAATCATTGATACAGTGCTTCACCTAGTCT
GAACGAATCATTGATACAGTGCTTCACCTAGTCT

o GAAATGATT-TTCACTTTAC=——== CTCTCCTGGCCAGTATCTGGCT-GGCCAGGCCCTTCTTTTCTATARGTAAGAATCTATARG T AAGAARGAATCBAACGAATCATTGATACAGTGCTTCACCTAGTCT
: GAAATGATTCTTCACTTTAC----- CTGTCCTGGCCAGTATCTGGCT-GGCCAGGCCCTTCTTTTCTATAAGTAAGAATCTATAAGTAAGAAGAATCEAACGAATCATTGATACAGTGCTTCACCTAGTCT
: GAAATGATTCTTCACTTTAC----- CTGTCCTGGCTAGTATCTGGCT-GGCCAGGCCCTTCTTTTCTATAAGTAAGAATCTATAAGTAAGAAGAATCEAACGAATCATTGATACAGTGCTTCACCTAGTCT
: GAAATGATTCTTCACTTTAC----- CTGTCCTGGCCAGTATCTGGCT-GGCCAGGCCCTTCTTTTCTATAAGTAAGAATCTATAAGTAAGAAGAATCEAACGAATCATTGATACAGTGCTTCACCTAGTCT
: GAAATGATTCTTCACTTTAC----- CTGTCCTGGCCAGTATCTGGCT-GGCCAGGCCCTTCTTTTCTATAAATAAGAATCTATAAGTAAGAAGAATCGAACGAATCATTGATACAGTGCTTCACCTAGTCT
o GAAATGATTATTCACTTTAC----- CTGTCCTGGCCAGTATCTGGCT-GGCCAGGCCCTTCTTTTCTATAAATAAGAATCTATAAGTAAGAAGAATCGAACGAATCATTGATACAGTGCTTCACCTAGTCT
: GAAATGATTCTTCACTTTAC----- CTGTCCTGGCCAGTATCTGGCT-GGCCAGGCCCTTCTTTTCTATAAATAAGAATCTATAAGTAAGAAGAATCGAACGAATCATTGATACAGTGCTTCACCTAGTCT
: GAAATGATTCTTCACTTTAC----- CTGTCCTGGCCAGTATCTGGCT-GGCCAGGCCTTTCTTTTCTATAAATAAGAATCTATAAGTAAGAAGAATCGAACGAATCATTGATACAGTGCTTCACCTAGTCT
: GAAATGATTCTTCACTTTAC----- CTGTCCTGGCCAGTATCTGGCT-GGCCAGGCCCTTCTTTTCTATAAATAAGAATCTATAAGTAAGAAGAATCGAACGAATCATTGATACAGTGCTTCACCTAGTCT

GAAATGATTCT-CACTTTAC----- CTGTCCTGGCCAGTATCTGGCT-GGCCAGGCCCTTCTTTTCTRTARGTARGAATCTATAAG T ARGARGAATCBAACGAATCATTGATACAGTGCTTCACCTAGTCT
: GAAATGATTCTTCACTTTAC----- CTGTCCTGGCCAGTATCTGGCT-GGCCAGGCCCTTCTTTTCTATAAGTAAGAATCTATAAGTAAGAAGAATCEAACGAATCATTGATACAGTGCTTCACCTAGTCT
: GAAATGATTCTTCACTTTAC----- CTGTCCTGGCCAGTATCTGGCT-GGCCAGGCCCTTCTTTTCTATAAGTAAGAATCTATAAGTAAGAAGAATCEAACGAATCATTGATACAGTGCTTCACCTAGTCT
. GAAATGATTCTCCATTTTAC----- CTGTCCTGGCCAGTATCTGGCT-GGCCGGGCCCTTCTTTTCTATAAGTAAGAATCTATAAGTAAGAAGAATCEHAACGAATCATTGATACAGTGCTTCACCTAGTCT
: GAAATGATTCTTCACTTTAC----- CTGTCCTGGCCAGTATCTGGCT-GGCCAGGCCCTTCTTTTCTATAAGTAAGAATCTATAAGTAAGAAGAATCEHAACGAATCATTGATACAGTGCTTCACCTAGTCT
: GAAATGATTCTTCACTTTAC----- CTGTCCTGGCCAGTATCTGGCT-GGCCAGGCCCTTCTTTTCTATAAGTAAGAATCTATAAGTAAGAAGAATCEAACGAATCATTGATACAGTGCTTCACCTAGTCT
: GAAATGATTCTTCACTTTAC----- CTGTCCTGGCCAGTATCTGGCT-GGCCAGGCCCTTCTTTTCTATAAGTAAGAATCTATAAGTAAGAAGAATCEAACGAATCATTGATACAGTGCTTCACCTAGTCT
: GAAATGATTCTTCACTTTAC----- CTGTCCTGGCCAGTATTTGGCT-GGCCAGGCCCTTCTTTTCTATAAGTAAGAATCTATAAGTAAGAAGAATCEAACGAATCATTGATACAGTGCTTCACCTAGTCT
: GAAATGATTCTTCACTTTAC GTAAGAAGAATCGAACGAATCATTGATACAGTGCTTCACCTAGTCT
. GAAATGATTCTTCACTTTAC --GTAAGAAGAATCGAACGAATCATTGATACAGTGCTTCACCTAGTCT
: GAAATGATTCTTCACTTTAC----- CTGGCCTGGCCAATATCTGGCT-GGCCAGGCCCTTATTTTCTATAA-————————————— GTAAGAAGAATCGAACGAATCATTGATACAGTGCTTCACCTAGTCT
: GAAATGATTCTTCACTTTAC----- CTGGCCTGGCCAGTATCTGGCT-GGCCAGGCCCTTCTTTTCTATAA-————————————— GTAAGAAGAATCGAACGAATCATTGATACAGTGCTTCACCTAGTCT
: GAAATGATTCTTCACTTTAC----- CTGGCCTGGCCAGTATCTGGCT-GGCCAGGCCCTTCTTTTCTATAA-————~ --GTAAGAAGAATCGAACGAATCATTGATACAGTGCTTCACCTAGTCT
: GAAATGATTCTTCACTTTAC----- CTGGCCTGGCCAGTATCTGGCT-GGCCAGGCCCTTCTTTTCTATAA-——-—— --GTAAGAAGAATCGAACGAATCATTGATACAGTGCTTCACCTAGTCT
: GAAATGTTTCTTCACTTTAC----- CTGGCCTGGCCAGTATCTGGCT-GGCCAGGCCCTTCTTTTCTATAA--———- --GTAAGAAGAATCGAACGAATCATTGATACAGTGCTTCACCTAGTCT
: GAAATGATTCTTCACTTTAC----- CTGGCCTGGCCAGTATCTGGCT-GGCCAGGCCCTTCTTTTCTTTAA-————————————— GTAAGAAGAATCGAACGAATCATTGATACAGTGCTTCACCTAGTCT
o AAAATAGGATTCTTTTTCACTTTACCTGGCCTGGCCAGTACCTGGCCAGGCCGTTCTTTTCTTTTCTGTAG-———===—=———-— GTAGGAAGAATCGAACAAATCATTGATACAGTGCTTTACCTAGCCT
o AAAATAGGATTCTTTTTCACTTTACCTGGCCTGGCCAGTATCTGGCCAGGCCGTTCTTTTCTTTTCTGTAG-——=-—=====———~ GTAGGAAGAATCGAACAAATCATTGATACAGTGCTTTACCTAGCCT
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Figure 7 Partial alignment of chloroplast trnS-trnG region from 27 Cycas species. The boxed region show that minisatellite represent

in section Cycas and Indosinenses, while microsatellite appear in section Asiorientales.
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Figure 8 Phylogenetic trees construed by NJ (A), MP (B) and ML (C) from trnS-trnG spacer sequence of Cycas species.
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Figure 9 Phylogenetic trees construed by NJ (A), MP (B) and ML (C) from psbM-trnD spacer sequence of Cycas species.
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Figure 10 Phylogenetic trees construed by NJ (A), MP (B) and ML (C) from trnL-trnF spacer sequence of Cycas species.
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Figure 11 Phylogenetic trees construed by NJ (A), MP (B) and ML (C) from trnS-trnfM spacer sequence of Cycas species.
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Figure 12 Phylogenetic trees construed by NJ (A), MP (B) and ML (C) from combined data set of trnS- trnG, psbM-trnD

and trnL-trnF regions.
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3. Sex ldentification in Cycas

3.1 Screening and isolation of male and female specific RAPD fragment

A total of 80 RAPD primers were used to screen for the marker
associated with gender in Cycas. The only one primer OPB-18 was shown to
produce male (M) and female (F) specific RAPD fragments in C. clivicola (F, M),

C. chamaoensis (F, M), C. elephantipes (F, M), C. siamensis (M), C. pectinata (M)
and C. nongnoochiae (F). The male specific RAPD fragment was approximately 500
bp, while the female specific RAPD fragment was approximately 400 bp (Figure 13).
In addition, UBC 485 RAPD primer produced male specific DNA fragment in C.

clivicola.

3.1.1 Converted of the RAPD OPB 18 marker into SCAR marker

The male and female sex specific RAPD fragments were cloned
and sequenced. The sequences are shown in Figures 14 and 15. The sequence of male
specific RAPD fragment was 487 bp with GC content of 40.6% and AT content of
59.4%, while the sequence of female specific RAPD fragment was 427 bp with GC
content of 38.6% and AT content of 61.4%. These results indicated that the sequence
of sex specific RAPD fragment contained AT rich region. The first ten nucleotide of
the male and female specific DNA sequence completely matched with the RAPD
primer OPB-18 (CCACAGCAGT). Interestingly, the female specific sequence
contained the simple sequence repeats (SSR) motifs (TA), 6 times, while (TG), 6
times appeared in the male specific sequence. Blast search in EMBL plant library of
female specific sequence did not show significant homology to any known sequences.
On the other hand, the male specific sequence was found at 70% homology between
300 bp on 5’ end with Expressed Sequence Tag (ETS) of C. rumphii ovule. Further
analysis was made by designing specific primer from male and female sequences to
detect sex of Cycas. Two primer pairs (Table 11), M1 (forward) and M2 (reverse)
were designed from male specific fragment (Figure 14A), while F1 (forward) and F2

(reverse) were designed from female specific fragment (Figure 14B).
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Figure 13 Amplification profile of RAPD marker OPB-18. Two arrows indicated
male (white arrow) and female (black arrow) specific RAPD fragments:
M = 100 bp molecular marker, lane 1 = C. clivicola (male), lane 2 = C.
chamaoensis (male), lane 3 = C. siamensis (male), lane 4 = C. pectinata
(male), lane 5 = C. elephantipes (male), lane 6 = C. nongnoochiae
(female), lane 7 = C. clivicola (female), lane 8 = C. elephantipes (female)

and lane 9 = C. chamaoensis (female).

Table 11 Sequences of male and female sex specific primers.

Name Sequence (5'-3") Anealing
Temperature (°C)
M1 (Male) CCACAGCAGTTTAATCATGTG 53
M 2 (Male) CCACAGCAGTACATC AAACAA
F 1 (Female) CCACAGCAGTACCTTAAACAA 53

F 2 (Female) CCACAGCAGTTAAGGTAACT
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M1
—_—

CCACAGCAGTGTTAATCATGTGTTAAGTGAAAAGCCACATGTTATGAAAAGGAGTGGTT
ATGACCATGGGTCATAACCATTCACCCAAAGGACACCAAAATGGGTATTTAATGGCACT
TTTCTCACCATTCCGGTAGTGAGAGATGAGTTATTCATTCCATGGGTGAGAGCTGAGCGA
TTCAATCATATGTCATTCTGTCAACGGTGAGAGCCAAGTATTCCAATTGATGAAACAGTA
CAACAACCAGCATACCAAGGAAGGTGGTACAGATTGAGAATCCAACAGATGCATTTCAG
ATACATTCCTTGTTTGGGATGCATGTAACAGACCTTGTGTATATGGCTGGAACGTATGCA
GGATACGTTCCAGAATTGAATGTATGAGACACATTGCTTAATAAAGTGAAGAGTTACGT
GAAATATTGTGTCTTATGTGTACCATGATGATTGTGTGGTGAATACATGCTTGTTTGATG

TACTGCTGTGG M2
(A)
F1
 ————

CCACAGCAGTACCTTAAACAACACATATACATTATCCAATCCTCATAGAACACATAGAA
TCTTCATTTTTCACATAAGTCTTTCTTTATAAAGCAAAAGTCTTCATACAACAGGGGCTG
GAAGGTATTCCCTATACTTCCAACCATATACACTAGGTTCTATCGTATACGTTCCCAGAA
GGATATGCATCACGGAATGCATCTATTGTGACTACTCCATACCACTCAATATACGTTCTG
ACTATCGTACCACCATGTGTATTGAATGCTCAGCTCTCATCACTGGAATAGCCCTTGCAA
ATTCCCTTAAATGTGCCTTCTTGGTGTCTTTTCGTTGAAGGATTATGCCTCCCAGTCATA
ACCGTAACCTTTCAGCCATATATATACTTTTCATTAATCACTAATGTAGTTACCTTAACT

—
GCTGTGG F2

(B)

Figure 14 Male specific sequence of Cycas (A). Two designed primers, M1 and M2
(underlined) in accordance with male specific RAPD cloned fragment.
Female specific sequence of Cycas (B). Two designed primers, F1 and F2

(underlined) in accordance with female specific RAPD cloned fragment.
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3.1.2 PCR amplification of male and female specific SCAR marker

Two sets of primer pair M1-M2 (male) and F1-F2 (female) were
used to amplify genomic DNA of C. rumphii (male and female), C. edentata (male
and female), C. pectinata (male) and C. chamaoensis (female). The results showed
that two sets of primer could be used to amplify all male and female Cycas (Figure
15). Therefore, the six PCR fragments from M1-M2 primers and the six PCR
fragments from F1-F2 primers were cloned and sequenced. The alignment of
M1-M2 sequences is shown in Figure 16A, while that of F1-F2 sequences is shown
in Figure 16B. The results of alignment obtained from the sequences amplification
of M1-M2 primers showed no difference between male and female, but those from
F1-F2 primers showed one insertion (ACA/GG/TAATGCATCT) in male.
Subsequently, three clones of each species (male and female C. edntata, C. rumphii
and C. chamaoensis and male C. pectinata) from F1-F2 PCR amplification
fragments were sequenced to confirm this insertion site. However, the alignment of
21 clones indicated that this insertion site was not restricted presence only in female

but shown to be absence or presence on both gender (Figure 17).
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M12345 6789101112

Figure 15 Gel electrophoresis of the amplification products obtained from sex
specific primers; M1-M2 primers (lanes 1-6) and F1-F2 primers (lanes 7-
12). M = 100 bp molecular marker, lanes 1, 7 = C. rumphii (male), lanes
2, 8 = C. edentata (male), lanes 3, 9 = C. pectinata (male), lanes 4, 10 = C.
rumphii (female), lanes 5, 11 = C. edentata (female), lanes 6, 12 = C.

chamaoensis (female).
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* 40 * &0 * 80 *

CCACAGCAGTTTAATCATGTGTTAAGT TARAAGGCACATGTGT TATGAAAAGGAAT AGT TATARCCATGEGTCAT AACCATT CACCCARAGGACAC
AAAC

CCACAGCAGTTTAATCATGTGCTAAGTGARAAGGTACATGTGATATGAAAAGGAATGGTAATGACCATGGGTATT AL —— TTCACGCARAGGACAT

100 * 120 * 140 * 160 * 180 *
CAAAATGGGT-ATTTAATGGCACTT I TCTCACCAT T CTAAGGET GAGAGT TGAGT TAT TCATTC— CATGGCATAT TCT CAAGGET GAGAGTCGAGT
CAAARTGGAT-ATTTAATGECACTTTTCTCACCATTGCAGT GETGARAGCCAAGTTAT TCTTTC- CATGGCATGT TOTCARGGET GAGAG——————
CAAARTGAGT-ATTTAATGGCACTTTTCTCACCAT TCCAGCAGTGAGAGCCAAGTGAT TCAATCTTATGTCATTCTCCCAAT GGET GAGAA:
CARACTGGGT-ATTTAATGGCACGT TTCTCACCAT TCCAGCGGT TARAGCCAAGT GAT TCAAT CATATGT TATTCTCTTAGTAACGAGAG: -
CAAAATGGGT-ATTTAATGGCACTTTTCTCACCATTCCAGT AGT GAGAGAT GAGT TATTCAT TCCATGGGT GAGAGCT GAGCGAT TCAATCATATG
CAAAAT GGGTCATATAATGTCAGTTTTCTCACCAT T CTAGT GETARAAAGCCAAAT GAT T CAAT AATATGT CATTGAGT CAACGGT GAGAG——————

- 2z0 - 240 - 260 - 280

GATTCAAT CATATGTCATCTCTCAATGET GARAGCCAAGTATT CCAGT TGAT GAAGCAACACT AT AGCCAGCATACCAAGGARAGT GGTACGGATT
TAAGTATT COAAT TGAT GAGGCAGT ACGACAACCAT CATACCAAGGAGGGT GGTATGGATT
CAAGTATT CCAAT TGAT GAAACAAT ACGGCAGCGAGCATACCAAGGAAGET GGTACGGATT
CAAGTATTCCAACTGATGAAGTAGTATAGCAGCT AGCACACCAAGGAAGGTGGTACAGATT
TCTGTCAACGETGAGAGCCAAGTATT CCAAT TGAT GAAACAGT ACARCAACCAGCATACCARGGAAGGT GGTACAGATT
CAAGTATTGCAAT TGAT GAAACAGTACARCAGCT AGTATACCAAGGAAGGT GGTACAGATA

e 300 * 220 - 240 * 260 * 380
GAGAATCCAATATATGCATTCTARATACAT TCCCTGATTGGGATGCAT GTAACAGACCTT GTGTATATGGCTAGARCGTATGTAGGATATGTTCCA
GCGAATCCAATAGATGCATTCCAGATACAT TCCCTGTTTGGGACACAT GTGACAARCCTT GTGTATATGGT TGGAAT GTATGTAGGATATGTTCCA
GAGAAT CCAGCAGATGCATTCCAGATACATTTCCTGTTTGGAACGCAT GTAAT AGACCTT GTGTATATGGT TGGAACATATGTAGGATACGTTCCA
GAGAATTCAACAGATGCATTCTAGATACAT TCTCTGTTTGGGAT GCAT GTAAT AGACCT T GTGTATATGGT T GGAACGTATGTAGGAT ACGTTT CA
GAGAAT CCAACAGATGCATTTCAGATACATTCCTTGT TTGGGAT GOAT GTAACAGACCT T GTGTATATGGCT GGAACGTAT GCAGGATACGTTCCA
GAGARTACAACAGAAGCATATGAGATACAT TCTTTGTCCGGGAAGCACGTAACAGACAAT GTGTATATGGGTAGARAGTATGCAGGATACGTTCCA

* 400 » 420 5 440 * 460 * 480
GAATTGAATGTAT GAGGCATATT GCT TAATAAAGT GAAGAGT TAT GTGGAATATT GG- ~ CTTATGT GTGCCATGAT GATT GT GTAGT GAATACAT G
GAACTGAATGTATGAGGCATATTGOT TART CAAGAGAAGAGTT GAAT GGAATATTGTGTCT TATGTGTGCCATGAT GATT GTGTAGT GAATACATG
GAACTGAATGTATGAGGCATATTGCT TART AAAGT ARAGAGT TACGT GGAATATTGTGTCTTAT GCGTACCACGAT GEGTT GTATAGT GAATACATG
TAATTGAATGT GTGAGACATATTGCTTAATARAGT GAAGAGT TATGTGGAATATTGTGT CTTATGCATACCATGAT GATT GT GTAGT GRARACATG
GAATTGAATGT AT GAGACACATTGCTTAATAAAGT GAAGAGT TACGT GAAATATTGTGT CTTATGTGTACCATGAT GATT GTATAGT GRAATCCATG
GAATTGAATGT AT GAGACACATTGT T TAATAAAGT GAAGAGT TAT GTGGAATATT GG~ CTTATGT GTGCCATGAT GATT GT GTAGT GAATACATG

o 500
TTGTTTGATGTACTGCTGT GG 437
TTGTTTGATGTACTGCTGTGE 456
TTGTITTGATGTACTGCTGTGE 457
TTCTTTGATGTACTGCTGCT GG 458
TTGTTTGATGTACTGCTCT GG 485
TTGTTTGATGTACTGCTGT GG 456
4'-------
20 * 40 = 60 = a0 *

CCACAGCAGTACCT TAAACAACAAAT AT CCAT CATTCAAGCCT CATAGTACACATAGAACTATTGATT TCCACGTAACT CTTTCTTTAT TAAGCAG
COACAGCAGTACCT TAAACAATAAATAT CCAT CATT CAAGCCTTAT AGTACACATAGAAT CAT CAATT T TCACGT AAGT CTTTCTTTAT TAAGCAG
CCACAGCAGTACCTTARACAACAAATAT CCAT CATTCAAGCCT CATGGTACACATAGAATCAT CAATTTCCACGTAACT CTTTCTTTAT T AAGCAR
CCACAGCAGTACCTTAAACAACACATATTCAT CATCCAATCCTCAT AGAACACAT AGAATCAACATTTTCCATGTAACT CTTCCTTTAT TARGCAR
CCACAGCAGTACCT TAAACAACACATATTCAT CATCCAAT CCT CATAGAACACATAGAAT CAACATT T TCCATGTAACT CTTCCTTTAT TAAGCAR
CCACAGCAGTACCTTAAACAACAAATATCCACCATTCAATACTCATAGAACACATAGAATCATCATTTTCCACGTAACT CTTCCTTTAT TAAGCAA

100 » 1z0 * 140 * 160 & 180 *
TAAGT CGTTATACAACAGET GCTAGAAT GTATTTCCTAT ACATT CCAGCCGTATACACTAGATTCTGTCATATACATT CCTAGAAGATAT GCATCA
TARGTCTTCATACAACAGGTGTTGEAAT GTAT TCCCTAT ACACT CCAACCGTATACACTAGATTCTATCATATACATTCCCAGARGATATGCATCA
TAGGT-TTTATACAAGAAGT GCTGGAAT GTAT TCCCTATACATT CCAGCCATATAGCCT GAAT T CTGT CACATACATT CCCAARAGGTATGCATCA
TAAGTCTTTATACAATAGET GCTGGAAT GTATTCCCTAT ACATT CCAACCGTATACACTA-ATGTTGT CAT GTACATTCCTAGAAGGTATGCAT C—
TAAGTCTTTATACAATAGET GCTGGAAT GTAT TCCCTAT ACATT CCAACCGTATACACT A-ATGTTGTCAT GTACATTCCTAGAAGGTATGCAT C—
TAARGTCTTTATATAATAGGTGTTGGAAT GTAT TCCCTAT ACATT GCAGCCATATACACT A-ATGTTGTCAT GTACATTCCTAGARGGTATGCAT C—

200 o 220 * 240 * 260 * 280

CAGAATGCATCTCTTGTACATTGCTTCGTACCACTGAAT ATACATGCTAGCTACCGTACCACCATGT GTCT TGAAT GCT CGGCTCTCAACATTGGA
CGGAATGCAT CTACT GTACACTACT CCATACCACT CAAT ATACGTACT GACTAT TATACCACCATGTGTAT TGAAT GOTCAGCT CTCATCGCTGET
CATAATGCATCTGATGTATCTTGCTCCATACCACTGGATATGCATAT T GGCTACCATACCACCATGT GCAT TGAAT GCT TGGCTTTCACCGTCAGA

—CTTGTATAGTGCTCTACACCGCTGGTTATACGCGT TGGCTACCGTACCACT GTATGTCT GGAAT GCT CGGCTCTCACTGTTGGA

* 200 * 320 * 240 * 260 * 380
ATGGTCCTTGCAGETTCCCTTA--TGTGCCTTCTTGGTGTCCT TTCCCT GAAGGGT TAT GACT CCCAGT TATAACT GTACCCT TTTAGCCT TGTAT
ATGETCCTTGCAAATTCCCT TARATGTGCCTTCTTGGTGTCT T TTCGT TGAAGGAT TAT GOCTCCCAGT CATAACCGT AACCT TTCAGCCTCGTAT
ATGETCCTTGCAAGCTTCCT TARATGTGCCT T TTTGGTGTCTTTTTGT TGAAGGGT TAT GACTCCT TGTCATAACTGTACCCT TTCAGCCTTGTAT
ATGGTCCTTGTAGATTCCCT TARATGTGCCTTCTTTGTGT CCT T TCGCT GAAGGGT TAT GACT CCCT GT CATAAT T GTGCCCT TTCAGCCATGTAC
ATGGTCCTTGTAGETTCCCT TAARATGTGCCTTCTTTGTGT CCT T TCGCT GAAGGGT TAT GACT CCCT GT CATAAT T GTGCCCT TTCAGCCATGTAC
ATGETCCTTETCAATTCCCT TARATGCGCCTTCTTTATGTCCT TTT GCT GAAGGGT TAT GACT CCCTAT CATAACCGTACCCTTTCAACCATGTAT

* 400 * 420
GTACTGATTAATCACTGATT - —AGTTACCTTAACTGCTGTGG 422
GTACCTTTTCATTAATCACT - —AATTACCTTAACTGCTGTGG 424
GTACCCTTTCATTAAT CACTTGAT TAGT TACCTTAACTGCTGT GG 428
ATACCCCTTTGT TAACCATT - GGTTAGT TACCTTAACTGCTGT GG 414
ATACCCCTTTGTTAACCATT-GGTCAGTTACCTTAACTGCTGT GG 414
GTACCTCTTTGTTAACCACT -GTTTAGT TACCTTAACTGCTGTGE 414

F2
(B)

74

120
181
18z
183
189
183

286
243
244
245
272
245

382
339
340
341
368
341

476
435
436
437
464
435

192
192
191
120
190
190

288
288
287
274
274
274

382
364
363
370
370
370

Figure 16 The alignment of six PCR sequences from M1 and M2 primers (A) and

the alignment of six PCR sequences from F1 and F2 primers (B).



C.rauphii_walel
c. malel

F1

* 20 - 0 * &0 " 20 " 100 - 1z0 -
CCACACCACTACCTTAAACAACARATATCCATCATTCARACC TCATACTACATACARAATCATCAR T TTCCACATAACTCTTTC T T TAGTARCCAATAACTCT TTATAC CACACC TATTCCARTCTATTCCCTATACATTCCAGCCATA
TATCCATCATTCAAACCTCATACTACATACARAATCATCAATTTCCACATAACTCTTTCT T TACTARCCAATALCTCTTTATACAACACCTATTCCARTCTATTCCCTATACATICCAGCCATA

C.chamacensis_femalel
C.chamacensis_temalel
C.edencata_malel
C.edentata_malel
C.rvuphii_uale?
C.pectinatas malel
C.pectinata male?
C.edentata_femalel
C.edentata_female?
C.edentata_femaled

c. - male?

CCACACCACTACCTTAAACAACARATATCCATCATTCARACC TCATACTACATACACARTCATCAR T TTCCACATAACTC T TTC T T TACTARCCAATAACTCT TTATACARCACC TATTCCARTCTATTCCCTE TACATTCCAGCCATA
CCACACCACTACCTTAAACAACARATATCCATCATTCARACC TCATACTACATACACARTCATCACTTTCCACATAACTCTTTC T T TACTARCCAATAACTCT TTATACARCACC TATTCCARTCTATTCCCTATACATTICCAGCCATA
CCACACCACTACCTTAAACAATARATATCCATCATTCARECCTTATACTACACATACARTCATCAR T TTTCACETAACTCTTTC T T TAT TARCCACTAACTCT TCATACARCACC TCT TCCARTCTATTCCCTATACACTCCARCCETA
CCACACCACTACCTTAAACAATARATATCCATCATTCAMGCCTTATACTACACATACAATCATCAA T TTTCACCTAACTCTTTC T T TAT TARCCACTAACTCT TCATACARCACCTCTTCCART CTATTCCCTATACACTCCAACCETA
CCACABCABTACCTTAAACAATARATATCCATCATTCARGCC TTATAGTACACATAGAATCATCARTTTTCACGTAAGTCT TTC T T TAT TARGCAGTAAGTCTTCATACARCAGGTGT TGCART CTATTCCCTATACACTCCARCCGTA
CCACABCABTACCTTAAACAACARATATCCATCATTCARGCC TCATAGTTCACATAGAATCATCARTTCCCACGTAACTCTTTC T T TAT TARGC AR TAAGCCT TTATACARCAGGTGT TAGAAT CTATTCCCTATACATICCAGCCETA
CCACAGCAGTACCTTARACAACERATATCCATCATTCARGCCTCATAGTACACATAGAATCATCARTTCCCACGTARCTCTTTCTTTAT TARGCARTAAGTCTTTATACARCAGGTCT TAGARTGTATTCCCTATACATTCCABCCGTA
CCACAGCAGTACCTTARACAACARATATTCATCATTCART COTCATAGTACACATAGAATCACCARTTTCCACATARCTCTTTCTTTAT TARGCARTAAGTCTTTATATARCAGGTCTTGCARTGTATTCTCTATACATTCTAGCCGTA
CCACAGCAGTACCTTARACAACRATATCCATCATTCARECCTTATCGTACACATAGAATCATCARTTTCCACGTAACTCTTTCTTTAT TARGCARTAGET-TTTATACARGAACTCCTCOARTGTATTCTCTATACATTCTAGCCATE
CCACAGCAGTACCTTARACAACRATATCCATCATTCARECCTTATCGTACACATAGAATCATCARTTTCCACGTAACTCTTTCTTTAT TARGCARTAGET-TTTATACARGAACTCCTCOARTGTATTCTCTATACATTCTAGCCATE

CAATARATATCCATCATTCARGCCTTATAGTACACATAGRATCATCARTTTTCACGTARCTCTTTCTTTAT TAAGCAATAGET-TTTATACAAGRACTGTTECARTCTATTCTCTATACATICTAGCCATA

C.pectinsta male3
C.chausoensis_maled
G.rumphii_femalel
C.rumphii_femaleZ
G.edentata maled
C.rumphii_ualed
C.rumphii_femaled
C.chanasensis_femaled

C.rauphii_walel
C.chanoaensis_ualel
C.chamacensis_femalel
C.chamacensis_temalel
C.edencata_malel
C.edentata_malel
C.rvuphii_uale?
C.pectinatas_malel
C.pectinata male?
C.edentata_femalel
C.edentata_female?
C.edentata_femaled
C.chamoaensis_male?
C.pectinsta male3
C.chaussensis_maled
C.rumphii_femalel
C.rumphii_femaleZ
G.edentata maled
C.rumphii_ualed
C.rumphii_femaled
C.chanasensis_femaled

C.rauphii_walel
C.chanoaensis_ualel
C.chamacensis_femalel
C.chamacensis_temalel
C.edencata_malel
C.edentata_malel
C.rvuphii_uale?
C.pectinatas malel
C.pectinata male?
C.edentata_femalel
C.edentata_female?
C.edentata_femaled
C.chamoaensis_male?
C.pectinsta male3
C.chausoensis_maled
G.rumphii_femalel
C.rumphii_femaleZ
G.edentata maled
C.rumphii_ualed
C.rumphii_femaled
C.chanasensis_femaled

CCACAGCAGTACCTTARACAACARATATCCATCATTCAMGCCTCATGGTACACATAGRATCATCARTTTCCACGTARCTCTTTCTTTAT TARGCARTAGGT-TTTATACARGAAGTGCTGGARTGTATTCCCTATACATTCCAGCCATA
CCACAGCAGTACCTTARACAACEAGTATCCATCATTCAMGCCTCATAGCACACATAGAATCATCARTTTCCACTTARCTCTTTCTTTAT TARGCARTAGAT-TCCATGCARCAAGTGCTAGARTGTATCCCCTATACATTCCAGTCGTA
CCACAGCAGTACCTTARACAATA-GTATTCATCATTCAAT COTCATARAACACATACAATCAACATTTTGCACGTAACTCTTCCTTTAT TARGCARTAAGTCCTTATGCARTAGGTATTGCART GTATTCCCTATACAT TCCAACCGEA
CCACAGCAGTACCTTARACAATA-GTATTCATCATTCAAT COTCATARAACACATACAATCAACATTTTGCACGTAACTCTTCCTTTAT TARGCARTAAGTCCTTATGCARTAGGTATTGCART GTATTCCCTATACAT TCCAACCGEA
CCACAGCAGTACCTTARACAATA-GTATTCATCATTCAAT COTCATARAACACATACAATCAACATTTTGCACGTAACTCTTCC T TTAT TARGCARTAAGTCCTTATGCARTAGGTATTGCART GTATTCCCTATACAT TCCAACCGTA
CCACAGCAGTACCTTARACAATA-GTATTCATCATTCAAT COTCATARAACACATACAATCAACATTTTGCACGTAACTCTTCCTTTAT TARGCARTAAGTCCTTATGCARTAGGTATTGCART GTATTCCCTATACAT TCCAACCGTA
CCACAGCAGTACCTTARACAACA-ATATTCATCATTCAATCOTCATA-AACACATATAACCAACATTTTCCACGTAACTCTTCCTTTAT TARGCARTATGTCT TTATACARCAGTTGCTGCART GCATTCCCTATGCATTTCAACCATA
CCACAGCABTACCTTAAACAACACATATTCATCATCCAATCOTCATAGAACACATACAATCALCATTTTCCATGTAACTCTTCC T TTAT TARGCAATAACTCTTTATACARTAGCTECTCCARTGTATTCCCTATACATTCCAGCCETA
CCACACCAGTACCTTARACAA A TAT CATCATtCAA CCT ATa aCAchuAghieCA CA TTo CAs TRACTCTT CTTTARTARGCAaTA go totAT cab A gT  TgGAATGuATeCoCTaTaCheTech of th

- 180 - 130 - 200 - 220 - z40 - 260 - 280 - 3
TACACTCAATTCTETCATATACATTCC TAGARGETATCCATCACECAMTECATCTCCTATACACTACTC TATACCAC TEAATATATCTACT COCTACCETACCACCATCTCTCTTCAMTCCT TCTCACCECTACAATGETCCTT
TACACTCAATTCTETCATATACATTCC TAGAAGETATCCATCACACAATECATCTCCTATACACTACTC TATACCAC TEAATATATCTACTCOCTACCETACCACCATCTCTCTTCARTCCT TCTCACCECTACAATGETCCTT
TACACTCAATTCTETCATATACATTCC TAGARGETATCCATCACECAMTECATCTCCTATACACTACTC TATACCAC TEAATATATCTACTCOCTACCETACCACCATCTCTCTTCAMTCCT TCTCACCECTACAATGETCCTT
TACACTCAATTCTETCATATACATTCC TACARGETATCCATCACECAMTECATCTCCTATACACTACTC TATACCAC TEAATATATCTACTCOCTACCETECCACCATCTCTCTTEAMTECT TCTCACCECTACAATGETCCTT

TACACTACATTCTATCATATACATTCCCACAACATATCCATCACECAATECATCTACTETACGE TACTCCATACCAC TCAATATACCTACTCAC TATTATACCACCATETCTATTCAATCCTCACC TCTCATCECTCETATCRTCCTTE
TACCCTACATTCTATCATATACATTCCCACAACATATCCATCACECAATCCATCTACTETACAC TACTCCATACCAC TCAATATACCTACTCACTATTATACCACCATCTCTATTCARTCCTCACCTCTCATCECTCETATCRTCCTTE
TACACTAGATTCTATCATATACATTCCCAAAAGATATGCATCACEGAATECATCTACTETACAC TACTCCATACCAC TCARTATACGTACTGAC TATTATACCACCATGTGTATTGARTGCTCAGC TCTCATCECTGRTATGRTCCTTE
TACACTGEATTCTATCATATACATTCCCAGAAGETATGCATCACEGAATECATCTCCTRTACACTBCTTCOTACCAT TRARTATACGTACTAGC TACTE TACCACCATRTGTCTCRARTGCTCRAC TCTCACCECTCRAATGRTCCTTA
TACACTGEATTCTATCATATACATTCCCAGAAGETATGOATCACEEARTGCATCTCCTETACACTCCTTCOIACCATTRARTATACGTACTAGC TACTETACCACCATGTGTCTTCARTCCTCRACTCTCACCECTCRAATGRTCOTTA
TACATTGEATTCTATCATATACATTCCCAGARGETATGOATAACEEAATECATCTAT TRTACATTGCTTCCTACCAC TEARTATACCTACTAGC TACCATACCACCATGTGTGTIGAATCCT TCTCACCACTGRAATGRICCTT
TACCCTGAATTCTETCACATACATTCCCALRAGETATGOATCACATARTGCATCTGATETATCCTCCTCCATACCAC TERATATGCATATTGRC TACCATACCACCATGT GCATTCARTCCTCAGC TCTCACCETCAGRATGRTCCTTE
TACCCTGAATTCTETCACATACGTTICCALLAGETATGCATCACATARTGCATCTGATETATCCTCCTCCATACCAC TERATATGCATATTGRC TACCATACCACCATGTGEATTCARTGCTCAGC TCTCACCETCAGRATGRTCCTTE
TACCCTGAATTCTETCACATACATTCCCALAGETATGCATCACATARTGCATCT GATETATCCTCCTCCATACCAC TERATATGCATATTGRC TACCATACCACCATGTGEATTCARTGCTCAGC TCTCACCETCAGRATGRTCCTTE
TAGCCTGARTTCTETCACATACATTCCCALRAGETATGCATCACATARTGCATCTGATETATCT TGO TACATACCAC TEGATATGCATATTGEC TACCATACCACCATGTGEATTCARTGCTTTGCTTTCACCETCAGRATGETCCTTE
TACACTTAGTTCTGTCACATACATTCCCAMAAGETATGCATCACATARTGCATCTACTETATTCTGCTATGTACCAC TEGATATGCGTACTGRC TAACETACCACCATGTGECTTCARTGCTCARCTCTCACTETTGRARTGETCCTTE

TACACT-ARGGGTGTCATARACATT TATGCAT! TGTACACTGCTCTGCATTGCTAGATATACGTET TGGCTACCATACCACAGTATGTCTTGARTGCTTEGCTCTCACTGTTGRARTGETCCTTE
TACACT-ARGGGTGTCATARACATT TATGCAT! TGTACACTGCTCTGCATTGCTAGATATACGTET TGGCTACCATACCACAGTATGTCTTGARTGCTTEGCTCTCACTGTTGRARTGETCCTTE
TACACT-ARGGGTGTCATARACATT TATGCAT! TGTACACTGCTCTGCATTGCTAGATATACGTET TGGCTACCATACCACAGTATGTCTTGARTGCTTEECTCTCACTGTTGRARTAGTCCTTE
TACACT-ARGGGTGTCATARACATT TATGCAT! TGTACACTGCTCTGCATTGCTAGATATACGTETTGGCTACCATACCACAGTATGTCTTGARTGCTTEGCTCTCACTGTTGRARTGETCCTTE
TACACT-AATGCTATCATATACATTCCTAGAAGGTATACAT TTGT TGCTGTTTATGCGTGCTGECTACTGTACCACTGTATGTTTEGAATCCTCRACTCTC- COACTGRARTGRTCCTTE.
TACACT-AATGTTETCOTGTACATTCC TAGAAGETATGOAT TTGTATACTEC TCTBCACTGOTGET TATACETECTGOCTACCATACCATTCTATCTCTGOAATEC TCEGCTCTCACCECTAGAATGETCCTTE
TAz eT at T TCa atACaTTeC A AAGYTATQCAT: TyTa et ot Ae T aTAT cgT TggCTAc TaCChe T TG TGAATGCT gCTeTCac g t GaBTgSTCCTT
00 - 320 * 340 * 260 * 280 * 400 *
TAGCTTCCCTTARATCTGCCTICTTCETETCTTTTCOCTARRCEETTATCACTCCCTCTCATARTCOTACCCTCTTARCCTTETATCTACCTTTTCATTAATCACT-CATTACTTACCTTAACTCCTOTCE © 428
TAGCTTCCCTTARATCTGCCTICTTCETETCTTTTCOCTARRCEETTATEACTCCCTCTCATARTCOTACCCTCTTARCCTTETATCTACCTTTTCATTAATCACT-CATTACTTACCTTAMCTCCTOTCE & 428
TAGCTTCCCTTARATCTGCCTICTTCETETCTTTTCOCTARRCEETTATCACTCCCTOTCATARTCOTACCCTCTTARCCTTETATCTACCTTTTCATTAATCACTTCECTACTTACCTTAMCTCCTOTCE & 423
TAGGTTCCETT TECCTTCTTCCTCTCTTTTCEC TARAGECTTATEAC TCCCTCTCATARTCOTACCC T TTAGCCTTCTATETACCTTTICATTAATCACT-AATTACTTACCTIAACTECTCTCE ¢ 428
cmncccnm‘ TECCTTCTTCCTCTCTTTTCETTEAAGEATTATECCT CTCATAACCCTARCCTTTCAGCCTCOTATETACCTTTICATTAATCACT-AATTACTTACCTIAACTECTCTCE ¢ 428
CARATTCCCTTARATCTCCCTICTTCETETCTTTTCCTTEAACEATTATCCCT CTCATAACCCTAACCTTTCAGCCTCOTATCTACCTTTTCATTAATCACT-AATTACTTACCTIAACTCCTCTCE ¢ 428
CARATTCCCTTARATGIGCCTICTTGETETCTTTTCCTTRAAGEATTATECCT GTCATAACCGTAACCTTTCAGCCTCBTATGTACCTTTTCATTARTCACT-AATTAGTTACCTIAACTGCTGTGE © 428
TAGGTICCCTTARATGIGCCTTTTTGETETCTTTTTGT TRARGEET TATGACTCCTTGTCATAACTETACCCTTTCAGCCTTRTATGTACCCTTTCATTARTCACTTGATTIAGT TACCTTAACTGCTRTGE © 429

TECCTTCTTGGTGTCTTTTCETTRARGEETTATEAC TCCCTCTCATAACCOTACCCTTICAGCCATGTATGTACCTTTICATTAATCACT-GATTAGTTACCTIRACTGCTGTCE : 428
CAGGTTCACTTALATGIGTCTCCTTGETETCTTTTCOCTRARGEETTATEACTCCCTATCATAACTETACCCTTTCARCCTTETATGTACCTTTTCATTARTCACT-2ATTAGTTACCTTARCTCCTGIGE © 428
Cca TAACTGTACCCTTTCAGCCTTGTATGTACCCTTICATTAATCACTTGATTAGTTACCTIRACTGCTGTCE : 428
CARGCTTCCTTARATGIGCCTTTTTGETETCTTTTTGT TGARGEETTATEACTCCCTBTCATAACTETACCCTTTCAGCCTTETATGTACCCTTTCATTARTCACTTGATIAGT TACCTTAACTCCTGIGE © 428
CARGCTTCCTTARATGIGCCTTTTTGETETCTTTTTGT TRARGEETTATCACTCCCTGTCATAACTOTACCCTTTCARCCTTETATGTACCCTTTCATTARTCACTTGATIAGTTACCTTARCTCCTGIGE © 428
CARGCTTCCTTARATGTGCCTITTTGETETCTTTTTGT TGARGEET TATGACTCCTTGTCATARCTGTACCCTTTCAGCCTTGTATGTACCCTTTCATTARTCACTTGATIAGTTACCTTARCTGCTGIGE @ 428
CARGCTCCCTTARATATGCCTITTTGETECCTTTTCGCTGARGEET TATGACTCCCTGTCATARCTGTACCCTTTTARCCTT-TATGTACCCTTTCATTARTCACT-GATTAGTTACCTTARCTGCTGIGE & 426
TAGATTCCCTTARATGCACCTIGTTIGTETCATTTCGTIGARGEET TATGACTCCCTAT CATARCTATACCCTTTCAAT CATATACGTACCTCTTTGTTAACCACT-GETTAGT TACCTTAAGTCCTGTIGE & 413
TAGATTCCCTTARATGCACCTIGTTIGTETCATTTCGTIGARGEET TATGACTCCCTAT CATARCTATACCCTTTCAAT CATATACGTACCTCTTTGTTAACCACT-GETTAGT TACCTTAACTCCTGTIGE @ 413
TAGATTCCCTCARATGCACCTIGTTIGTETCATTTCGTIGARGEET TATGACTCCCTAT CATARCTATACCCTTTCAAT CATATACGTACCTCTTTGTTAACCACT-GETTAGT TACCTTAACTCCTGTIGE & 413
TAGATTCCCTTARATGCACCTIGTTIGTETCATTTCGTIGARGEET TATGACTCCCTAT CATARCTATACCCTTTCAAT CATATACGTACCTCTTTGTTAACCACT-GETTAGT TACCTTAACTCCTGIGE & 413
TGGATTCCCTTARATGTGOCTIGTTTATETCCTTTCGCTGARGEET TATGACTCICTGTCAGARTCOTACCCTTTCAGCTATGTACGTACCTCTTTGTTAACCACT-GETTAGT TACCTTAACTCCTGIGE & 401
TAGATTCCCTTARATGTGCCTICTTIGTETCCTTTCOCTRARGEET TATEACTCCCTGTCATAAT TETACCCTTTTAGCCATETACATACCOOTTTGTTAACCACT-GETTAGTTACCTTAACTCCTOTGE « 414
&  TeoCTeARATgugeCTt TT gTBeC TTT G TgARGGTTATGaCTCoct TCAAR  gTAcCCTeT A ec £ Th gTACC TT TTAA CACT  =TAGTTACCTTAACTGCTGTGE

F2

TTALAT TTTTTGGTGTCTTTTIGTTRALGEETTATGACTCCCT

Figure 17 The alignment of 21 cloned sequences from F1 and F2 primers.
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3.1.3 RAPD UBC 485 sex specific marker of C. clivicola

Eighty random primers were used for RAPD fingerprinting to
search for sex specific C. clivicola fragment. RAPD amplification with primer UBC
485 produced a fragment of about 450 bp, which was specific for male C. clivicola
(Figure 18A). Male specific UBC 485 fragment was, thereafter, excised from agarose
gel and cloned. Then, the male specific UBC 485 cloned was sequenced. The
sequence length was 427 bp with high AT content (64.6%). Furthermore, five
microsatellites, i.e., (CATT),, (TCA),, (AAG),, (TAA), and (TATC), were found in

this sequence.

This sequence was aligned with the EMBL database by BLAST
and the result showed that it produced 59 % homology between 300 nucleotides on 5’
end with Nicotiana langsdorffii x Nicotiana sanderae and 57 % homology between

300 nucleotides on 5’ end with EST of Artemisia annua.

Scar marker was further designed from RAPD UBC 485 of C.
clivicola (Figure 19). Clivicola 485 F and Clivicola 485 R produced 427 bp in both

female and male C. clivicola (Figure 20).
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Figure 18 PCR amplification with UBC 485 primer in C. clivicola. Male specific
band was marked with arrow: M =100 bp molecular marker, male = male

C. clivicola and female = female C. clivicola.

Clivicola485 F
—
AGAATAGGGCTATATCCTTATGGGGGAATAGGTGCTTCTTATTAAATTTGTATAGGTTGGA

GTTTGACAACTTACTCAAATGAACAAATTATGGATGTAAATGAATCCATTGTCCTAATTAG
AGGCCTTTGAGATTATGGTTAGGGCCTTAGATCTCATAGTACCAGTTGTGCCTTATGTCGT
GGGCTGGGCTTCTTAATCTTCTTTAAGCCTGCTTAGATTTTGATGAATTCTAAGGTGAGGC
ATTTTATAATTATAGAGCGACATATACTTGCACTCATTTTGAGCACTTACACATAGACCTT
TAGATCAAGGACATTCATAAAGATATCCATCTTTTGATTTCTAAGTAACACATCCTTGAAT
GAATGTAATGGATCATGGAAATGATAGATAAATCTCTTATGAGCTTATCTTGGCCCTATTC

T Clivicola485 R

Figure 19 The sequence of male specific RAPD UBC 485. Clivicola 485 F and

Clivicola 485 R primers were underlined.
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1,000

500

Figure 20 PCR amplification with Clivicola485 F and Clivicola485 R. Male
specific bands were marked with arrow: M= 100 bp molecular marker,

lanes 1, 2 = female C. clivicola and lanes 3, 4 = male C. clivicola.
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3.2 ISSR PCR produced sex specific DNA fragment

3.2.1 ISSR PCR produced sex specific DNA fragment of C. clivicola

Twenty-nine ISSR primers were screened on 2 bulks (male and
female C. clivicola) and two ISSR primers, 001 and 864, producing 850 bp (ISSR 001)
and 800 bp (ISSR 864) shown in male (Figures 21A and 21B). Male specific ISSR
fragments of both ISSR primers were excised from agarose gel and cloned. Two
cloned fragments were sequenced and the sequences are shown in Figures 22 and 23.
The male specific ISSR 001 sequence was 876 bp and AT rich (62.5%). It contained
microsatellites which were (AGA),, (GATGA),, (GATAA),, (GAA),, (CAA),, (AAT),,
(ATA),, (TCA)2, (TTA)2, (TGG),, (TA)3, (TTG)2, (TGGA),, (GAG),, (GTT),. The
male specific ISSR 864 sequence was 802 bp and contained 60.4% of AT. A total of
22 microsatellite sites were found in this region. These were (TT)s, (CA)3, (GAA);,
(ACA)3, (CAA)3, (AAC),, (ACA),, (ACC),, (ATA),, (TAA),, (CAT), 2 sites, (TGA);,
(TCA),, (AAG),, (TAC),, (GAT),, (TGC),, (GATT)2, (GCAA)2, (ATAG),, (ATTCA)s.

Blast search in EMBL plants library showed that between 300 bp on
3" end of the male specific ISSR 001sequence showed 60% homology with ESTs from
young male strobilus of Zamia fischeri. The male specific ISSR 864 sequence
contained about 73% homology between160-450 nucleotide on 5’ end with ETSs from
sporophyll of C. rumphii.

Based on two completed sequencing data, two pairs of SCAR primer
were designed (Table 12) from male specific sequences ISSR 001 and 864.
Clivicola001 F and Clivicola001 R were designed from male specific ISSR 001
sequence while Clivicola 864 F1, Clivicola 864 F2, Clivicola 864 R1 and Clivicola
864 R2 were designed from male specific ISSR 864 sequence. These primers were
used to amplify the three male and three female C. clivicola. The SCAR primers
Clivicola 001 F and Clivicola 001 R amplified a male specific band at an annealing
temperature of 58°C in the male and female genomic DNA (Figure 24A).
Clivicola864 F1 and Clivicola864 R1 amplified a band of 800 bp at high annealing
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temperature of 60°C in all male and one female genomic DNA (Figure 24B), while
Clivicola864 F2 and Clivicola864 R2 amplified a band of 300 bp at annealing
temperature of 58°C in all male and female genomic DNA (Figure 24C).

M male female

1,000

500

(A) (B)

Figure 21 PCR amplification with ISSR 001 primer (A) and ISSR 864 primer (B) in
C. clivicola. Male specific band was marked with arrow: M = 100 bp

molecular marker, male = male C. clivicola and female = female C.

clivicola.
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Clivicola 001-F
CACACACACACACACAGGTTTGAGATGCGTACACGCCAGAAGAAGCCATGCGTTGGGATG
AGATGAGAGGAACACGTAACAAAACATGGCAAGTTCATAGAGTCGCCCAACGAAAGGAA
TAGAGTAGGTTTATGCTACAGTTCAGAGTCACCTAGTCAGTGTGATAAGATAACATTGCAC
ACTGAAGAAAATGATCTAATACTAAAAACCACAGTCCTTCATTGGACAGAAAATAGTCTA
ACATAGTAAGAGATGCCACAGTCCCATAGGGGAAAAGCACAATCACACACTTAATGTGTA
GTTTGTTAAGACATGTGATGTTAGCCATGTAAAATAATGTTTAATGTTCTCTTGCTCAAAC
TTTGATTAAGGTGGCATATATACACATGTTAATGTAAACTCCCATTCGGAGGTGAGAAGG
CTTTGAAATATGATTGGTTCATCATGGGGTGGATCCCACTTGAGAAACTTGAGAGTGGAA
GGAGTAACTTTATTATGCGATTAACAGAGTAAAGTTAGACTCCAACCTTCTCTTGTGGTTT
TTCCCTAGTTTGGGTTTTCCACATTTATGTCTAGTGTCTCATGGTGGTTATGCATGGTCTTA
TATTTATCTTGATTTGCATAATGTTTGTGTATATACCTTATGATTTGTTTTTATGCTTCAACT
ATTATGTTATTCTTTGACATGGTATATTAATCTATTGTTGCATGCTAGACTTGTTGTGGATT

Clivicola001 R
GGATTGTTTCTAACATTTGGTATCAAAGGTTTCTTACATGTGGTATCAGAGTCAATGGTTTT
GAAGGTTTAGATGAGGAGAACCTATTTTGATAGGTTGTTAGTCATGTTGATTTAGAAGCTT
GTGTGTGTGTGTGTGTGTGCCTGT

Figure 22 The sequence of male specific ISSR 001. Clivicola 001 F and Clivicola

001 R primers were underlined.
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Clivicola 864 F1
———
ATGATGATGATGATGCAAAAAGGATGCACTCACGAGATGATTAATGTTCTCCACCCCA

TCAAACATGCCATTGATGGGGACTTTAAGACCTAGTGTATCACTTGGGCTTTTCTGATT
Clivicola 864 F2
e
CAATTCAGTCAGCATGTCCCAAATCACAGAAGCTTTCACTAAAGACCCTTGACTTTAA
AGCTTTAGCTGAGAAGTTTATTGAACATGATAAGACCTTTGTGACCAACTTCCTAATAT
TAGATTCACTTCCAAAATGTAGCTTTGAAGTAGAAGTGGACGAGGAAGTTTTTTTCACT
AAACAACAAAGTTACCCCTCACACAGAGGAAGAAAAGCTTGCAAAAGAGGCAGGGGC
AAGCAATAGGGACAACAACAAAGGCAACAACAAGAGTAGCAATAACAAAACACCTA

ATATAGATAGTCTCCCCAATAAGGACAACATCAGAATAACAATTAAAGAACCACCAAT
—
Clivicola 864 R2

CAGAGATAATATGGGCAAATTAATAACAACACTCCCATGTTCCAAAGGTGTAATAGGA
GAGGACACTTAGCCAAAGATTGCTGGATTGATTGCAATAGATTGCCACATCATTAGTC
ACAGCATTAGGCTCATAATGTTGATGAGGGAAATAACGATATGTTTGCAGGAGCGAAT
TTCATTGAGGCACAAGTTCATCAAAGAGGGGATTCATCCACATCATCAACTGCTATAT
GACCAAAGAAGTATGTTGAGGCTCATTGTGGTACTACCATTTGTCAGCTCGATTTGCCA
CTACCTTAATCACTTGGTTAGGCCAATGCTGCCATCATCATCATCAT
—
Clivicola 864 R1

Figure 23 The sequence of male specific ISSR 864. Clivicola 864 F1, Clivicola
864 R1, Clivicola 864 F2 and Clivicola 864 R2 primers were underlined.
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Figure 24 PCR amplification with Clivicola001_F and Clivicola001 R primers (A),
Clivicola864 F1 and Clivicola864 R1 primers (B) and Clivicola864 F2
and Clivicola864 R2 primers (C). Male specific band were marked with
arrow: M= 100 bp molecular marker, lanes 1, 2, 3 = female C. clivicola,

lanes 4, 5, 6 = male C. clivicola.
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3.2.2 ISSR PCR produced sex specific DNA fragment of C. edentata

Twenty-nine ISSR primers were screened on 2 bulks (male and
female C. edentata). One ISSR primer (ISSR 836) produced a male specific fragment
of 800 bp (Figure 25). This fragment was excised from agarose gel, cloned and
sequenced. The male specific ISSR 836 sequence was 747 bp and contained 60.6% of
AT. Microsatellites were detected in this sequence. There were 11 microsatellite
sites, (AA); 2 sites, (GAA),, (AGG), 2 sites, (AGA),, (AAT),, (ACC),, (GAA),2
sites, (ACCTAA), (Figure 26).

Blast search in EMBL plants library showed that the male specific
ISSR 836 sequence produced 79% homology between 200 nucleotides on 3’ end with
ESTs from C. rumphii ovules, 62% homology between 424-730 nucleotides on 5’ end
with ESTs from Zamia fischeri megasporophylls and ovules, 60% homology between
417-730 nucleotides on 5’ end with female gametophytes of Zamia vazquezii and 58%
homology between 461-730 nucleotides on 5" end with ESTs from young male strobilus

of Zamia fischeri.

SCAR primers were designed from the male specific ISSR 836
sequence. Edentata836 F1 and Edentata836 R1 were designed to amplify a 747 bp
fragment, while Edentata836 F2 and Edentata836 R2 were designed to amplify a 633
bp fragment. The results showed that Edentata836 F1 and Edentata836 R1 SCAR
primers could amplify the expected band in male and female C. edentata at an
annealing temperature of 58°C as well as Edentata836 F2 and Edentata836 R2 SCAR
primers (Figures 27A and 27B).
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Figure 25 PCR amplification using ISSR 836 primer in C. edentate. Male specific

band was marked with arrow: M = 100 bp molecular marker, male = male

C. edentata and female = female C. edentata.



86

Edentata836 F1

AGAGAGAGAGAGAGAGTAGGTGGAAGAAGAGGAGGAAAATGACGTTCCTTTGGGA
TTTATACCTAAACCTAACTTGAATGGATGGTTAGGGTTAGGCTAGGATTCAAGGGGTGC
TTAAGCCACATGGCAATTTCGTGAAAAAAATGAAAATTTCCACAGTAGATTAAAAACA

Edentata836 F2

—_—
ATATTTTATGACAATCGCCCCATGACAAACTTTGCGATACTGTGAAGTTTACTGCAGTA
CTGCAACATTTGCTATGGTGTAGTGACAAAGGCAAAATCAACATAGAAATAGGTGCCT
GGGAGCCTTGAGGGAGCGTACCCCAAGCCTAGGAGGGGCTAGCCCTCTATCCAAGTGG
CTACGGATAATCATATAGAGAGGATGACCAAAACCGGATGGGGTACCGAAGTGGTAAG
GTTCCCAAGAAATTGATAACTGGAATAGGGAGCTATCCTCATGTAGAATTTTCATCCAA
TACCTTTGAAAGTCCAAAATTGAAAGACCATGAATGTTGATTTTTAACCTATAAAAAAG
AAATGAATGTTATTCTCCATGTAGTTGATAAGTGATATCAATATTTACTCAGATCCAAA
TTCACTATTTTAACTTACCACCATGGTCTCAATCACCTCCATGATCAACCTATCCTTTAT
P I
Edentata836_R2
GAAGAACAAGCAAAGTGGTTCAATCACCTCTAAGTGTTCAACTTCACCATATGTTACAA
AAAGGGCAAGGACAATGTTATAGTTGATGCTCTCTCTCTCTCTCTT
—
Edentata836 R1

Figure 26 The sequence of male specific ISSR 836 from C. edentata.
Edentata836 F1, Edentata 836 _R1, Edentata836 F2 and Edentata

836 _R2 primers were underlined.
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Figure 27 PCR amplification with Edentata836 F1 and Edentata836 R1 primers (A)
and Edentata836 F2 and Edentata836 R2 primers (B). Male specific
band were marked with arrow. M= 100 bp molecular marker, lanes 1, 2, 3

= female C. edentata, lanes 4, 5, 6 = male C. edentata.



88

3.2.3 ISSR sex specific marker of C. chamaoensis

Twenty-nine ISSR primers were screened on 2 bulks (male and
female C.chamaoensis). One ISSR primer (ISSR 001) produced a male specific
fragment of 900 bp (Figure 28). This fragment was again excised from agarose gel
and cloned. The clone was sequenced (Figure 29). The length of the male specific
ISSR 001 sequence was 871 bp with AT content of 68.4%. Thirteen microsatellite
sites were found in this sequence; (AA), (TT)2, (TAA),, (GTT),, (GAA),, (AGA),,
(TTG)2, (ATT),, (TA),, (ATAG),, (GAGT),, (ATAA), and (TGAT),.

Blast search in EMBL plants library showed that the male specific
ISSR 001 sequence produced 55% homology between 750 nucleotides on 5’ end with
ESTs from Beta vulgaris and Codonopsis lanceolata, while it produced 56% homology

between 550 nucleotides on 5’ end with ESTs from Arabidopsis thaliana.

SCAR markers were designed based on the male specific ISSR 001
sequence. Chamaoensis001 F (forward) and ChamaoensisO01 R (reverse) were
designed to amplify 820 bp sex specific fragment. The result showed that the sex

specific fragments were obtained in male and female (Figure 30).
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Figure 28 PCR amplification using ISSR 001 primer in C. chamaoensis (A)
Male specific band was marked with arrow: M = 100 bp molecular marker,

male = male C. chamaoensis and female = female C. chamaoensis.
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Chamaoensis 001 _F
CACACACACACACACAGGTATATATATATATATTGGATTTCATTACTTCTCAGCTTTGT

ATATCCAAACATAGAGCAAAATATCTATGCAAAAGCTATATGGTTGTGACAAAAGTTG
TATATTGGTAACCTCAAGGGTTGTATAACTACATATACAAAACCAAATTTAGAATGAA
AGAGCAAGTCATACAACTGCATGTTGGAGTGAGTATATAGATCATACGGCTAGGCCTA
ATAAGGGTATGTGGGCTATAGCATTCTTTTGGTTTTGATGCCAAATAAGAGTGCATAAA
TAACCTAATTTTACTTTCCAATATAAACCCTACCTTTAGTACCAATTCAAAATGAAACT
AATGGTTGTTTTTAGTTTAATTTCTACATTTTATTCAATGTGAATTTCAAAGAACATACA
AACATAATGAAGGTTGCTTTTCAATTTAATCCTACGCATGTTTTTGAAGACTATTTATCT
TATGTTTACTGTAGAACATTGGACATTTATATGAAGAAATAATTTTTTGTTTATGTACAT
GAAATATTGTTTGGTATCACGTTTACATTATGAAATGTAAAATGATTGTGTTAGAAGAG
ATTGTTGTCCACTTTATCAAGCAGTTGGAAGACTTGTACAAACCATGTTAGGCTTGCCA
TAGGCATCCTCAAAATCCCTTGAACATGTAGGTTCATAACTGGTAAGGAAAGGCAGAT
TATTATGGAAAAATAAAGGAAACAAAATCCATGATTGATTACCTATATATAATTGTGC
ATGTATGACTAAGTCGTTGCCCTTAATAGATAGTATGAAAATGATCGTGCTCTTGTGGA

TAAGACCTAATGTAAAAAAGTACCAAGCTCTTGTGTGTGTGTGTGTG

—
Chamaoensis 001 R

Figure 29 The sequence of male specific ISSR 001 from C. chamaoensis.

Chamaoensis 001 _F and Chamaoensis 001 R were underlined.
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Figure 30 PCR amplification with Chamaoensis001 F and Chamaoensis001 R
primers. Male specific band were marked with arrow: M= 100 bp

molecular marker, lanes 1, 2, 3 = female C. chamaoensis, lanes 4, 5, 6 =

male C. chamaoensis.
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Table 12 Sequence of oligonucleotide primers for each SCAR locus derived from
RAPD and ISSR primers.

Annealing
Name Sequence temperature
°O)
Clivicola485 F AGAATAGGGCTATAT CCTTATGG 60
Clivicola485 R AGAATAGGGCCAAGATAAGCTC
Clivicola001 F CACAGGTTTGAGATGCGTACA 60
Clivicola001 R CCAATCCACAACAAGTCTAGCA
Clivicola864 F1 ATGATGATGATGATGCAAAAAGGATG 60
Clivicola864 R1  ATGATGATGATGATGTGGCAGCAT
Clivicola864 F2  CTTTCACTAAAGACCCTTGACT 60
Clivicola864 R2  TCTGATTGGTGGTTCTTTAATTG
Edentata836 Fl1 AGAGAGAGAGTAGGTGGAAGAAGA 58
Edentata836 R1 AAGAGAGAGAGAGAGCATCAACT
Edentata836 F2 AATCGCCCCATGACAAACT 58
Edentata836 R2 CATGGAGGTGATTGAGACCAT
Chamaoensis001 F CACACACACACACACACAGGT 58

Chamaoensis001 R CACACACAAGAGCTTGGTACTTTT
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DISCUSSION

1. Phylogenetic relationships within the family Zamiaceae and Stangeriaceae

1.1 Sequence variability and tandem repeats among genera

All non-coding sequences in this study were AT-rich. According to Li
(1997) most non-coding spacer and pseudogenes are highly A+T because of low
functional constraints. Although atpB-rbcL spacer sequence was highly conserved
region, the rate of nucleotide substitution of atpB-rbcL spacer of Cycad was higher
than Rubiaceae (Manen and Natali, 1995), Hylocomiaceae and Pleurozium (Chiang,
2000) and mosses (Chiang and Schaal, 2000). It was noteworthy that the evolutionary
rate of atpB-rbcL spacer in Cycad was higher than the other plants. The chloroplast
genome contains simple sequence repeats similar to those found in nuclear genome
and can provide polymorphism as a DNA marker (Powell et al., 1995). The atpB-
rbcL spacer sequence of Dioon showed tetranucleotide 2 repeat units that one unit
was insertion (indel) position. Indel or inversion might be a major driving force in
sequence evolution (Britten et al., 2003). In contrast to previous studies,
microsatellites in atpB-rbcL spacer of Coffea and Fraxinus were mononucleotide
repeats (Harbourne et al., 2005; Tesfaye et al., 2007). The long length of

microsatellite indicated that Dioon had higher mutation rate than other genera.

Encephalartos and Macrozamia revealed variable patterns of tandem
repeats of trnL-trnF non-coding region supporting the highly genetic diversity in
these genera (Byrne and James, 1991; Prakash and Staden, 2008; Prakash et al.,
2008). Furthermore, Encephalartos and Lepidozamia showed a similar pattern of
tandem repeat which differed only in the repeat number. This result indicated that the

two genera were closely related.

The neotropical genus, Dioon is composed of 13 species (Hill, 2004).
Dioon occurs in restricted to one Mexican species (D. mejiae) from Honduras.

Previous molecular investigated of Dioon species, located along the Pacific seaboard
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of Mexico, based on ITS region of the ribosomal DNA and the trnL—F region of the
chloroplast DNA. Wagner parsimony analysis on a 187 character matrix yielded two
equally parsimonious trees and the consensus tree had two well-defined major clades.
The first was composed of D. mejae, D. rzedowskii, and D. spinulosum; the second
was composed of D. califanoi, D. caputoi, D. edule var. angustifolium, D. edule var.
edule, D. holmgrenii, D. merolae, D. purpusii, D. tomaselli var. sonorense, and D.
tomaselli var. tomaselli (Gonzalez et al., 2008) and chloroplast DNA restriction
fragment length polymorphism analysis (Moretti et al., 1993) indicated that this genus
comprises two major clades (one including D. spinulosum, the other D. edule). These
results showed that most clades obtained during analyses corresponded with
previously recognized species within Dioon. In this study, tandem repeat data also
indicated that D. spinulosum and D. edule could be separated into two groups. Repeat
structures in chloroplast DNA are mostly found in AT-rich and often show long
length of mononucleotide repeats (Kelchner, 2000). The tandem repeats in this study
were AT-rich and similar to the repeat units found in the chloroplast tRNA"*Vintron
of some plants (e.g. alfalfa (Medicago sativa L) (Skinner 2000), Orchis palustris
(Cafasso et al., 2001), Anacamptis palustris (Cozzolino et al., 2003; Cozzolino et al.,
2004) and Taxaceae and Cephalotaxaceae (Hao et al., 2009)). Although the (A/T),
mononucleotide repeats are rare in the plastid genome, they can be useful for
identification and evolution studies at low taxonomic levels (Deguilloux et al., 2004;

Jakobsson et al., 2007; Guicking et al., 2008).

The non-coding sequences of Chigua and Zamia shared some insertions,
deletions and base substitutions. There were large indel in psbM-trnD and trnL-trnF
non-coding sequences. The indels in cpDNA are small ranging from 1 bp to 10 bp
and in large indels up to 1,200 bp (Palmer, 1991). These indels represent sequence
similarity with the flanking region of the indel site and could provide useful
information to resolve intraspecific level (Ingvarsson et al., 2003). Furthermore, the
large deletions in the trnL-trnF non-coding sequence of Chigua, Microcycas and
Zamia showed nucleotide direct repeat sequences within the flanking region and may
be related with the formation of hairpins or stem-loop structure (Mes et al., 2000).

The trnL-trnF region is located in the large single-copy region of the chloroplast



95

genome. It consists of the trnL gene, a group I intron, and the trnL-F intergenic
spacer. The polymorphic pattern in the trnL-trnF region in Cycad revealed a higher
level of mutation points. Similarity in the presence of flanking repeated sequences of
large deletions in Pedicularis were considered useful for phylogenetic reconstruction
(Yang and Wang, 2007). McDade and Moody (1999) used sequence data from trnL-
trnF non-coding sequence to study phylogenetic relationships among Acanthaceae.
Their results indicated that this region is useful in addressing phylogenetic among

genera.

The sequences of trnS-trnfM region showed a high variability of AT
repeated patterns in this study. In addition, the number of AT repeats in this region
was used to predict of the curcumin content in the rhizome of Curcuma longa and
four Curcuma plant species, C. aromatica, C. longa, C. xanthorrhiza and C. zedoaria,
were identified using this region (Minami et al., 2009). Genetic variation within and
among host-specific subspecies of Viscumalbum were studied by ITS, trnH-trnK,
trnS-trnfM and trnL-trnF sequences. The results showed that trnS-trnfM region

provide more nucleotide substitution than other regions (Zuber and Widmer, 2000).

1.2 Phylogenetic relationships within the family Zamiaceae and Stangeriaceae

ML, MP and NJ analyses of the atpB-rbcL, psbM-trnD, trnL-trnF and
trnS-trnfM sequence data sets and the combined data set indicated that the families
Zamiaceae and Stangeriaceae were not monophyletic. These results strongly
supported Dioon as the basal group to the remaining taxa and were consistent with
previous phylogenetic studies using molecular data (Rai et al. 2003; Bogler and
Francisco-Ortega, 2004; Chaw et al., 2005; Zgurski et al., 2008). Based on the
morphological classification of Stevenson (1992), Dioon was placed in subfamily
Encephalartoideae which also included Encephalartos, Macrozamia and Lepidozamia
(Stevenson, 1992). It is the only genus in the Encephalartoideae with an apical cone
dome like the genera in the Stangerioideae, Bowenioideae, Zamioideae and
Cycadaceae. The sporophylls are loosely imbricate and end in an upturned shield

which clearly separates this genus from other genera in the subfamily
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Encephalartoideae. Dioon could be perhaps interpretated as somewhat intermediate

between Cycas and the other genera of cycads (Bogler and Francisco-Ortega, 2004).

All of our analyses indicated that the tribe Encephalarteae of Stevenson
(1992), comprising Encephalartos, Macrozamia and Lepidozamia, was monophyletic
and that Encephalartos was closely related to Lepidozamia. Three genera have a
number of shared features, large cones, sporophylls with diamond-shaped tips
(shields) and ovules that fully developed even in the absence of pollination
(Stevenson, 1992). Macrozamia and Lepidozamia are restricted to Australia, while
Encephalartos occurs in Africa, hence it is possible that Lepidozamia was separated
from a common ancestor with Encephalartos before Africa and Australia were
separated in the disintegration of Gondwanaland (Bogler and Francisco-Ortega,
2004). Furthermore, the monosaccharide distribution patterns of the mucilages were
characteristic at the genetic level as Lepidozamia and Encephalartos showing similar
pattern (De Luca et al., 1982). Our results revealed that Encephalartos and
Lepidozamia shared nucleotides insertions in the psbM-trnD and trnL-trnF non-
coding regions. In addition, the average of base substitution rate per site indicated
that these two genera were closely related. While molecular dating of these lineage
divergences remained controversial (Hermsen et al., 2006), It is unlikely that the
current distribution of Encephalartos and Macrozamia was due to the long distance

dispersal rather than continental drift (Treutlein and Wink, 2002).

The African Stangeria and Australian Bowenia were previously classified
in the family Stangeriaceae (Stevenson, 1992). Bowenia is unique among cycad in
having bipinnately compound leave. Stangeria has an underground stem, fernlike
leaves with permanent midribs on the leafets and medium-size cones with tightly
overlapping sporophyll tip. Bowenia and Stangeria share two morphology characters,
they absence of cataphylls on vegetative shoots and the circular pattern of vascular
bundles in the petioles. In the current study, Stangeria was not found to be closely
related to Bowenia, similar to the results reported by other groups (Treutlein and
Wink, 2002; Hill et al., 2003; Rai et al., 2003; Bogler and Francisco-Ortega, 2004;
Chaw et al., 2005; Zgurski et al., 2008). These previous studies were, however,
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inconsistent in the position of Stangeria and Bowenia to the other genera. Our data
indicated that Stangeria should be placed within or adjacent to the subfamily
Zamioideae, while Bowenia was sister to the tribe Encephalarteae or to the remaining
taxa with the exception of Dioon. Stangeria was sister to Ceratozamia which shared
nucleotide insertion on the atpB-rbcL spacer and nucleotide insertion and deletion on
the trnS-trnfM non-coding region. The sequence data indicated that Bowenia was

isolated and not closely related to Stangeria.

Further evidence for these proposed relationships could be found in
chromosome morphology. The chromosome number of Stangeria and Ceratozamia is
2n=16, whereas that of Bowenia is 2n=18 (Kokubugata et al., 2000, 2004). Stangeria
and Ceratozamia have similar karyotypes composed of 12 metacentric (m), two
submetacentric (sm) and two telocentric (t) chromosomes based on 5S ribosomal
probes (Kokubugata et al., 2004). Fluorescent in situ hybridization (FISH) study of
rRNA sites on somatic chromosomes of Stangeria revealed that seven of the sixteen
rDNA sites on Stangeria corresponded with the seven rDNA sites on Ceratozamia.
This result implied that not only was Stangeria karyomorphologically but also
molecular-cytologically closely related to the genus Ceratozamia (Kokubugata et al.,
2002). Fossils attributed to Stangeria have been found in Argentina (Artabe and
Stevenson, 1999) and Europe (Kvacek and Manchester, 1999). Ceratozamia (now
restricted to the New World) has had fossils from Europe, Mexico and Central

America attributed to it (Kvacek, 2002).

The ML, MP and NJ of combined data analyses suggested that Zamia,
Chigua and Microcycas formed a strongly supported monophyletic group. The
species of Chigua (from Columbia) was embedded within the genus Zamia and
appeared closely related to the Columbian Zamia, Z. manicata. This result
corresponded with the results of Caputo et al. (2004) who investigated the molecular
phylogeny of Zamia based on the sequences of the internal transcribed spacer 2 of the
nuclear ribosomal DNA combined with a morphological data set and found that
Chigua formed a clade with Z. manicata. Chigua is a genus of two species, C.

restrepoi and C. bernalii, both from northwestern Columbia. Zamia has
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approximately 60 known species (Hill et al., 2004) widely distributed across the
central Americas. Chigua and Zamia both have swollen petiole bases and articulate
leaflets. In addition, they showed the same composition and distribution of
monosaccharide in their mucilage (Stevenson and Siniscalco Giliano, 1989). The
chromosome number of Chigua is 2n=18 (Caputo et al., 1996). Among Cycadales,
Zamia is the only genus which shows interspecific and intraspecific aneuploidy,
ranging from 2n=16 to 28 (Caputo et al., 1996). In ML analysis from combined data,
Z. intergrifolia and Z. pygmaea were grouped together which supported the
chromosome number of the two species (2n=16) and the same relative location and
number of 45S rDNA signal (Tagashira and Kondo, 2001). The study of chromosome
structure in Zamia using FISH of 45S rDNA and 5S rDNA showed that the aneuploid
Zamia resulted from centric fission or fusion of chromosomes with structure
differentiation of heterochromatin 45S rDNA regions (Tagashira and Kondo, 2001).
Therefore, these results provided conclusive evidence that Chigua as a genus was
invalid, and that the single species, Z. restrepoi was a distinct species within the genus

Zamia, as already reported by Lindstrom (2009).

1.3 Phylogenetic utility of non-coding chloroplast DNA region for resolving

intergeneric relationships of cycads

In the present study, we selected the four non-coding chloroplast loci;
atpB-rbcL, psbM-trnD, trnL-trnF and trnS- trnfM, to reconstruct phylogenetic trees
of the living cycads based on a subset of 43 species. The psbM-trnD region presented
the greatest percentage of parsimony informative (PI) characters (total number of
parsimony informative characters divided by the aligned length), while the trnL-trnF,
trnS-trnfM and the atpB-rbcL regions provided the second, third and fourth,
respectively. However, these regions did not produce clear resolution in some clades
based upon bootstrap values. Although the percentage of PI characters for the trnL-
trnF region was less than that for the psbM-trnD region, the former region provided
higher bootstrap support for resolving several clades. This degree of resolution based
upon the different loci contrasts to a range of studies where the trnS-trnfM region

provided the greatest number of Potentially Informative Character (PIC), followed by
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the psbM-trnD region, and with the trnL-trnF region being the least useful (Shaw et
al., 2005). Furthermore, Small et al. (1998) reported that PIC of atpB-rbcL intergenic

spacer was not found in Gossypium.

The atpB-rbcL intergenic spacer region has been proven to be highly
conservative for cycads as evidenced by the low percentage of PI characters and the
number of nucleotide substitutions between in-groups and out-groups. The indels
showed intergeneric variation but within genera there was low bootstrap support.
However, this region showed 58 positions of base substitution. The rate of indels in
more distantly related species is significantly lower than that of nucleotide
substitutions (Golenberg et al., 1993). The indel in psbM-trnD region were reputed to
be large (>100 bp) as shown by Shaw et al. (2005) and Johnson et al. (2008). This
region presented difficulties in sequencing for some cycad species. In the previous
analysis, psbM-trnD showed high interspecific variability in Atropa belladonna and
Nicotiana tabacum (Solanaceae) (Kress et al., 2005). Although this represented a fast
rate of evolution, the resolution of some clades was ambiguous especially within the

subfamily Zamioideae and Stangeria.

The trnL-trnF region presented an even lower percentage of PI characters
than the psbM-trnD region. Nevertheless, it was quite surprising that this region did
provide several clades with reasonably bootstrap values. These indels and tandem
repeats in this region often provide extremely potential useful for phylogenetic
analysis within species (Aoki et al., 2003; Jung et al., 2004; Horning and Cronn,
2006; Yang and Wang, 2007). The trnS-trnfM region was generally considered to
comprise a rapidly evolving non-coding region (Shaw et al., 2005). Mort et al. (2007)
studied phylogenetic of closely related taxa using nine plastid loci. The result showed
that trnS-trnfM region may provide the most parsimony informative characters but
was not useful in supporting nodes in general. However, our work on cycads found a
low percentage of PI characters for this region based on coding for the three genes,
trnGYC, ycf9 and psbZ. The demonstrated conservatism of this region in cycads
means that the region was not suitable for determining low-level phylogenetic

relationships in the group.
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1.4 A revised suprageneric classification for the living cycads

The four cpDNA non-coding regions that could be amplified in cycad
genera revealed different topologies for individual phylogenetic trees and provided
phylogenetic resolution based on variation of topology and the associated bootstrap
values. The trnL-trnF region provided the greater bootstrap support and useful data to

resolve phylogenetic relationships.

All four regions indicated that Dioon was separated from the remaining
genera. If the hypothesis that most cycad genera (with the exception of Cycas) were
relatively recently diverged, even though the lineage dates to the Permian, then the
existence of Paleocene fossils attributed to Dioon (Hermsen et al., 2006) tends to
support this antiquity and early divergence of the genus. Stevenson (1992) included
Dioon as the sole genus in the tribe Diooeae in the subfamily Encephalartoideae of
the Zamiaceae; however, it is more appropriate to place Dioon within its own

subfamily of the Zamiaceae due to its basal position.

Family: Zamiaceae (Reichenbach,1837)

Subfamily: Dioonioideae (P.Sangin et al. stat.nov)
Tribe: Diooeae (Schuster, 1932).
Genus: Dioon (Lindley, 1843)

(Type: Dioon edule Lindley,1843)

Microcycas and Zamia were closely related and Chigua was not
monophyletic, being embedded in Zamia. Chigua has now been relegated to the
synonymy of Zamia (Lindstrom, 2009). Chigua, Microcycas and Zamia were all
included in the subtribe Microcycadinae by Stevenson (1992) and this group appeared

to be well-supported by this work, albeit as comprising only the latter two genera.

The continued recognition of the Stangeriaceae comprising Bowenia and
Stangeria was not supported. The African Stangeria was most closely related to the

genera of the subfamily Zamioideae and Bowenia formed a clade (in which it is basal)
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with the family Zamiaceae based on the combined data set. We suggest the following
revised suprageneric classification for the extant cycads this classification streamlines
(Table 13) and simplifies that of Stevenson (1992) and takes into account the clade
strength from this study and others (Hill et al., 2003; Rai et al., 2003; Bogler and
Francisco-Ortega, 2004).
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Table 13 A revised suprageneric classification for the living cycads.

(contains only the

genus Dioon)

Family Subfamily Tribe Genus
Cycadaceae - - Cycas L.
Persoon
(contains only
the genus
Cycas)
Zamiaceae Encephalartoideae Encephalarteae Encephalartos Lehmann
D.Stevenson Lepidozamia Rigel
Macrozamia Miquel
Zamioideae Ceratozamieae Ceratozamia Brongniart
D.Stevenson Stangeria T.Moore
Zamioideae Zamieae Microcycas (Miquel) A.DC.
Zamia L.
Dioonioideae* - Dioon Lindley

Bowenioideae Pilger
(contains only the

genus Bowenia)

Bowenia Hook. ex Hook.f.

* stat.nov. (P.Sangin, A.J.Lindstrom, G.Kokubugata, P. I. Forster & M.Mingmuang)
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2. Phylogenetic relationships within the family Cycadaceae

2.1 Sequence variability in the family Cycadaceae

In the present study, the results indicated that the utility of the trnS-trnG
region resolved the phylogenetic relationship in some Cycas sections and provided
more parsimony informative characters than using psbM-trnD, trnL-trnF and trnS-
trnfM regions. These results agreed with Shaw et al. (2005) who evaluated the
relative level of variability among 21 non-coding chloroplast DNA regions in seed
plants and divided them into three tiers. The trnS-trnG region (tier 1) provided the
greatest numbers of PICs. The psbM-trnD region (tier 2), on the other hand, was
identified as potentially useful, while the trnL-trnF (tier 3) provided the fewest PICs.
Moreover, several earlier studies suggested that trnS-trnG region showed the high
divergence and variability to resolve relationships among the closely related taxa
(Small et al., 2005; Ickert-Bound and Wen, 2006). Although trnS- trnfM region
showed the greater number of PICs reporting by Shaw et al. (2005), these was lower

percent of parsimony informative character in this study.

The trnS-trnG region of section Indosinenses and section Cycas
contained minisatellite repeats which revealed high levels of polymorphism in the two
sections. This result strongly indicated that two sections were closely related and
implied that they may have evolved from a common ancestor. Minisatellites are
generally found in nuclear genome but are rarely found in the non-coding chloroplast
DNA (Sun and Ma, 2009). Therefore, it should be noted here that this is the first
report to detect a minisatellite of the trnS-trnG region on Cycas. The minisatellite
repeats in this study were AT-rich that slipped-strand misparing was a major
mechanism of the high repetitive sequences (Levinson and Gutman, 1987) and similar
to the repeat units observed in some plants e.g. alfalfa (Medicago sativa L) (Skinner,
2000), Orchis palustris (Cafasso et al., 2001), Anacamptis palustris (Cozzolino et al.,
2003) and Taxaceae and Cephalotaxaceae (Hao et al., 2009). Furthermore, Isoda et
al. (2000) have classified Abies (Pinaceae) based on non-coding region of chloroplast

DNA suggesting that the tandem repeat in this genus was not only variable in copy
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number but in the number of unit types. Although minisatellite sequences were found
in the nuclear genomes and seemed to be rare in chloroplast DNA (Berg et al., 1995),
several studies indicated that minisatellite was present in non-coding regions of
chloroplast DNA. The Cycas minisatellite identified in this study also appeared in a

non-coding sequence.

Furthermore, the results showed that the trnS-trnG region contained 2
microsatellite repeats in C. taitungensis and C. revoluta and they were placed in the
same clade which is consistent with morphological classification. The fluorescent in
situ hybridization (FISH) analysis using 5S ribosomal DNA (5S rDNA) probe
indicated that C. taitungensis and C. revoluta showed a 5S rDNA site on the same
position, the interstitial region near the terminal in two t chromosomes (Kokubugata,
2003). In addition, phylogenetic study on ribosomal ITS region of mitochondria
DNA (mtDNA) and the intergenic spacer between atpB and rbcL genes of chloroplast
(cpDNA) were used to trace phylogeographical relationships in C. taitungensis and C.
revoluta and showed the paraphyly of both loci in the two species (Chaiang et al.,
2009). It implied that these two species shared common ancestors corresponding with

the present study.

Most of the microsatellite polymorphism found in this region were
mononucleotide repeats (T),, the same as those of cpDNA which consist of only
homonucleotide strand of A, or T, (Provan et al., 1999). The levels of polymorphism
in microsatellites were quite variable across loci and across species. The molecular
mechanisms for the development of microsatellite variation are not completely
understood. The most common mutational mechanism affecting microsatellite is
replication slippage, which is a process involving a gain or contraction of one or more
repeat units (Levinson and Gutman, 1987). Other microsatellite mutations are caused
by unequal crossing over, nucleotide substitutions, or duplication events (Bachtrog et
al., 1999, Barrier et al., 2000). In addition, Tesfaye et al. (2007) suggested that the
length variation of microsatellite mostly due to the microstructural mutations.
Previous studies in other plants also showed that chloroplast genome contained

tandem repeats sequences which provided polymorphism DNA markers (Powell et
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al., 1995; King and Ferris, 2002; Ohta et al., 2005; Wanke et al., 2007) and therefore,
chloroplast microsatellite have been preferably used for studies in plant ecology and

evolution (Provan et al., 2001; Matsuoka et al., 2002).

It could be concluded that the minisatellite and microsatellite repeats may
provide a valuable marker to infer pattern of molecular relationships in taxa that
contain these repeats and have been shown to be useful for resolving phylogenetic

relationships among closely related taxa.

2.2 Phylogeny relationships within the family Cycadaceae

The NJ, MP and ML from combined data set of 28 Cycas species
produced similar tree topologies. These results confirmed that Cycas was monotypic.
Three analyses clearly showed that section Cycas and Indosinenses were placed in the
same clade, while the other clade contained Asiorientales, Wadeanae and
Stangerioides. This result was incongruent with the earlier classification based on
morphology (De Laubenfels and Adema, 1998; Hill, 2004). The Cycas-Indosinenses
clade showed that C. edentata, C. seemannii and C. thouarsii were grouped together,
while C. rumphii and C. zeylanica formed a sister group based on base pair
substitutions and they belong to the same subsection Rumphiae of section Cycas.
This was in agreement with the study by Keppel et al. (2008) who investigated the
relationships within subsection Rumphiae of the section Cycas using morphological
and allozyme data. Although subsection Rumphiae are widely distributed from
Malaysia to East Africa and Western Pacific oceans (Hill, 1994), this molecular study
suggested that within subsection Rumphiae showed low genetic variation. These
results supported a long-distance seed dispersal mechanism especially that usually
occur in Cycas. It is known that some species of Cycas process seeds with special
adaptation, a spongy layer in the seed, which give positive buoyancy in seawater
(Dehgan and Yuen, 1983) and hence, their wide distribution while maintaining the

genetic composition.
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In NJ analysis, C. elephantipes and C. siamensis were grouped together
which is in agreement with geographic distribution in Thailand (Hill and Yang, 1999;
Lindstrom and Hill, 2002) having two species belong to the section Indosinenses.
Furthermore, in three analyses, it was found that the two species of section Wadeanae
(C. wadei and C. curranii) formed a clade together, that was consistent with
morphological taxonomy and they are also endemic to the Philippines (Lindstrom et
al., 2008). C. revoluta is found in the southern part of Kyushu, the Ryukyu Island in
Japan and Fukien province of China (Norstog and Nichols, 1997), while C.
taitungensis is endemic species in Taiwan (Shen et al., 1994). However, the high
bootstrap support implied that C. revoluta and C. taitungensis were closely related

and they shared identical base substitutions and indel positions.

Within the section Stangerioides, C. changjiangensis and C. hainanensis
were closely related to each other than other species. Morphological data indicated
that C. changjiangensis was similar to C. hainanensis but C. changjiangensis has
different dwarf, largely subterranean habit, the smaller megasporophyll lamina and
smaller seed than C. hainanensis and two species are endemic in Hainan Island, China
(Hill, 2008). The relationships among Chinese species: C. balansae, C.
sexseminifera, C. segmentifida, and Vietnamese species, C. hoabinhensis, in section
Stangerioides were unresolved. However, the number of base substitution per site
within this section indicated the high sequence divergence which is in line with the
results shown by Pu and Chiu (1999) who studied genetic variation in the
Stangerioides section using anchored microsatellite primers and showed high genetic

variation in this section.

2.3 Monophyly of Cycadaceae

The results from individual data and combined data suggested that
Cycadaceae was a monophylytic group. This finding was congruent with
morphological data classification. The female cones of Cycas are indeterminate,
ovules are born on loosely arranged whorls of megasporophylls, but other genera

form a determinate female cone and Cycas has platyspermic seeds (Stevenson, 1992).
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In addition, recent molecular analysis indicated that Cycas was identified in the
monophyletic group and it is a basal group of remaning genera (Hill et al., 2003; Rai
et al., 2003; Bogler and Francisco-Ortega, 2004).

3. Sex identification markers of Cycas

In the present study, only two primers from 80 RAPD primers showed
polymorphic bands between male and female Cycas which revealed that the
chromosome region controlling sex determination in Cycas was small and contained
very few genes which supported the finding of Alstrom-Rapaport et al. (1998) that
identified RAPD marker in basket willow. Of the 1,080 RAPD bands examined from
380 primers, only a single 560 bp band was shown to be linked to a sex determination
locus. Vinod et al. (2007) identified sex specific marker in dioecious Pandanus
fascicularis used 89 random amplification polymorphic DNA primers and only one
primer amplified a band in the males that was absent in the females. In addition, our
result was in accordant with Cycas sex chromosome studies that the XY-type sex
chromosome system of Cycas was investigated by in situ hybridization (ISH) and
FISH using probes of the telomere sequences and the ribosome DNA (18S rRNA).
The short telocentric Y chromosome was clarified to lack of the proximal region and
the heterochromatin (Hizume et al., 1998). In the female of C. revoluta, chromosome
numbers 21 and 22 was shown to be long and J-shaped but in the male, only
chromosome number 21 was long and J-shaped while chromosome number 22 was
short and J-shaped. This suggested that chromosome number 21 and 22 may be the
sex chromosome (Segawa et al., 1971). The Y chromosome of Cycas was smaller
than X chromosome and it was possible that the Y chromosome contained sex

determination.

In this study, only three ISSR primers amplified a specific fragment for males
Cycas and the sequence of these primers were di-nucleotide units. This result
supported previous studies that there were two ISSR primers could be used to amplify
male specific fragments in hop (Humulus lupulus L.) using di-nucleotide repeat
primers (Danilova et al., 2006). Sharma et al. (2008) identified the sex of
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Simmondsia chinensis using 42 ISSR primers and only one primer showed sex
specific in bulk analysis. This study and other studies showed that these ISSR
primers were di-nucleotide repeat units. It indicated that almost target di-nucleotide
units were more abundant than tri-nucleotide in Cycas. In addition, most of the sex-
linked markers showed male associated because male are heterogametic sex
(Ainsworth, 2000). The sequence derived from male specific ISSR markers of this
result had a GC content of 32-42.5% agreement with male-specific sequences
reported in other plants, i.c., 39.9-40.4% for Cannabis sativa (Mandolino et al.,
1998), 33-45% for Aucuba japonica (Maki, 2009), 41% for Pandanus fascicularis L.
(Vinod et al., 2007).

Recently, only two researches have studied sex identification in Cycad. The
sex discrimination in Encephalartos natalensis using RAPD marker was a first report
in Cycad. Of the 140 primers were used to amplify the male and female but only one
primer (OPD-20) generated a specific band in female (Prakash and Staden, 2006).
Gangaopadhyay et al. (2007) detected sexual dimorphism of C. cirsinalis by RAPD
and 2 RAPD primers (OPB-01 and OPB-05) amplified a polymorphism bands
between male and female. However, this work was the first report using Sequence
Characterized Amplified Region (SCAR) marker was derived from RAPD and ISSR
specific band of Cycas. These specific sequences also presented mononucleotide, di-
nucleotide and tri-nucleotide repeats which indicated that they were repeat-rich
regions. Like the finding of X and Y sex chromosomes in Silene latifolia had
repetitive DNA and shared a significant repetitive DNA content with the autosomes
(Scutt et al., 1997). In addition, Y chromosome of Silene latifolia accumulated
repetitive sequence than X chromosome (Marais et al., 2008) in accordance with the
Y chromosomes in dioecious liverwort Marchantia polymorpha which are rich in
repeats and transposable elements (Yamato et al., 2006). The dioecious plant Rumex
acetosa has 2 group of sex determination: XX in female and XYY, in male. Both Y
chromosomes contain a tandem repetitive DNA sequence and dispersed repetitive
DNA sequence (Shibata et al., 1999). Moreover, Parasnis et al. (1999) investigated
the presence of microsatellite (GATA), to identify sex-specific differences in papaya

using southern blotting method and (GATA)4 revealed male specific hybridization in
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papaya. This work and many studies indicated that the sex specific sequences
represented repetitive DNA sequences and theses sequence may be associated with

the sex determining regions or sex chromosome.

The 9 SCAR primers were designed from one female and six males RAPD
and ISSR specific sequences. Most of the SCAR primers could amplify in both
males and females Cycas with the exception of Clivicola 864 primer amplified in all
males and one female. It was concluded that RAPD and ISSR primers in this study
could be used to separate sex in Cycas but SCAR primers converted from RAPD
and ISSR sex-specific fragments did not retain the original sex-specificity. It was
possible that these regions did not represent DNA in a heterogametic sex
chromosome. ISSR primers were used to discover sex-specific markers that a
female-specific band was found in Pseudocalliergon trifarium. However, the males
and females shared the sequenced 182 bp from female-specific primer. It was not
known that male and female specific sequences of P. trifarium was either in
autosomes or represented partly homologous sex-chromosomal sequences
(Korpelainen et al., 2008). McLetchie and Tuskan (1994) investigated sex markers
in Populus using 1,219 RAPD primers. No band was found with 100% within a
single sex. Amplified Fragment Length Polymorphism (AFLP) was employed for
identification of sex-linked marker in Pangasianodon gigas and P. hypophthalmus.
No primers amplified sex-specific fragment for P. gigas while 31 of the 102 primers
combination showed sex-specific fragments for P. hypophthalmus. However, none
of 45 SCAR primers showed sex specificity between males and females P.
hypophthalmus. The failure to identify sex-associated markers suggested that sex
chromosomes or sex determination mechanisms may be absent in P. hypophthalmus
and P. gigas (Sriphairoj et al., 2007). Yamato et al. (2007) studied Y chromosome
genes of Marchantia polymorpha. They identified 64 genes, of which 14 were
detected in the male genome and expressed in the male reproductive organs. At
least 6 males of these genes expressed both in thalli and female sexual organs
suggesting that the X and Y chromosome of M. polymorpha shared the same
ancestral autosome. Several studies have not succeeded in identifying sex marker

and these finding supported the results in this study. It is possible that sex
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determination in Cycas was controlled by genes located on both autosomes and sex

chromosomes.

In addition, the molecular mechanism controlling development of sexual
characters in Cycas edentata were investigated and found Fortune-1 (Ft-1), a novel
gene which expressed in male organs of C. edentata. Ft-1 expression was enhanced
in male cone, the cone axis, microsporophyll and microsporangia but was reduced in
ovule and undetectable in megasporophyll. Ft-1 was weakly expression in males and
female leave. The Ft-1 gene was significantly overexpression in male reproductive
organs of C. edentata (Zhang et al., 2002). Therefore, the level of gene expression
may be used to distinguish the sex genotype of Cycas. Moreover, the sequences of
male specific ISSR primers in this study were found partial homology with ETSs
from the ovule of C. rumphii and ESTs from young male strobilus of Zamia fischeri.
SCAR primers were amplified both male and female Cycas genomes because these

regions may present in X and Y chromosomes.
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CONCLUSION

1. Phylogenetic relationships within the family Zamiaceae and Stangeriaceae

The results obtained from the molecular phylogenetic analyses using 4 regions
of non-coding chloroplast DNA (atpB-rbcL, psbM-trnD, trnL-trnF and trnS-trnfM)
did not agree with morphological data. Zamiaceae and Stangeriaceae were not
monophyletic group of which Bowenia and Stangeria were separated within the
different clade. Dioon was showed as the most basal genus. Therefore, Dioon was
placed within its own subfamily of the Zamiaceae due to its basal position. The
subfamily Dioonioideae was newly recognized. Encephalartos and Lepidozamia
were closer to each other than Macrozamia with these three genera forming a
monophyletic group. Microcycas and Zamia were closely related and Chigua was not
monophyletic, being embedded in Zamia. Chigua has now been relegated to the
synonymy of Zamia. The trnL-trnF region provided the greater bootstrap support and

useful data to resolve phylogenetic relationships.

2. Phylogenetic relationships within the family Cycadaceae

This was the first phylogenetic study of 27 Cycas species based on trnS-trnG,
psbM-trnD, trnL-trnF and trnS- trnfM regions of non-coding chloroplast DNA.
Three region trnS-trnG, psbM-trnD, trnL-trnF could be combined into a single data
set for phylogenetic analysis and the results showed that Cycas could be separated
into two clades. The first clade consisted of two sections, Cycas and Indosinenses,
while the other clade contained Asiorientales, Wadeanae and Stangerioides. The
newly discovered 5 species of subsection Rumphiae were separated into two groups
(C. rumphii and C. edentata) based on base substitution pattern. The trnS-trnG region
contained two microsatellite repeats in C. taitungensis and C. revoluta and they were
placed in the same clade which is consistent with the morphological classification. It
should be noted here that this is the first report to detect a minisatellite of the trnS-

trnG region on Cycas.
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3. Sex identification markers of Cycas

This study provided some new information on sex identification using 29
ISSR and 80 RAPD primers. One RAPD primer (OPB-18) showed polymorphic
bands between males and females Cycas while UBC 485 produced a specific
fragment in male C. clivicola. In addition two ISSR primers (001 and 864) showed
male specific fragments of C. clivicola and ISSR 001 also amplified male specific
fragment of C. chamaoensis. The male specific fragment of C. edentata was
amplified by ISSR 836. These specific fragment sequences were converted into

SCAR primer but these markers could not be used to identify the sexes of Cycas.
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Appendix Table A1 Non-coding chloroplast DNA regions amplified with primers.

Region

Primers

References

trnLYAA-trnFS%A  trnLY**: CGAAATCGTAGACGCTACG
trnFS*A: ATTTGAACTGGTGACACGAG

trnS-trnfM

trnS°YC-trnG Y¢¢

psbM-trnD

atpB-rbcL

trnS: GAGAGAG AGGG ATTGCAACC
trnfM: CATAACCTTGAGGTCAGCGG

trnSSY‘: GCCGCTTTAGTCCACTCAGC
trnG Y““: GAACGAATCACACTTTTACCAC

psbM: AGCAATAAATGCRAGAATATT

TACTTCCAT

trnD: GGGATTGTAGYTCAATTGGT

atpB : ACATCKARTACKGGACCAATAA
rbcL: AACACCAGCTTTRAATCCAA

Taberlet et al. (1991)
Taberlet et al. (1991)

Demesure et
al.(1995)
Demesure et

al.(1995)

Hamilton (1999)
Hamilton (1999)

Shaw et al. (2005)

Shaw et al. (2005)

Chiang et al. (1998)
Chiang et al. (1998)




Appendix Table A2 Twenty-nine ISSR primers used in this study.
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Name Sequence Annealing
Temperature (°C)
ISSR 000 (CA)AT 50
ISSR 001 (CA)RG 52
ISSR 002 (GTG)sAC 55
ISSR 003 TCGC(CT)sC 55
ISSR 807 (AG)sT 50
ISSR 808 (AG)C 52
ISSR 810 (GA)AT 50
ISSR 811 (GA)RAC 52
ISSR 815 (TC)sG 52
ISSR 817 (CA)A 50
ISSR 819 (GT)sA 50
ISSR 822 (TC)sA 50
ISSR 835 (AG)YC 53
ISSR 836 (AG)RYA 50
ISSR 840 (GA)BAYT 50
ISSR 842 (GARYG 52
ISSR 843 (CT)sRA 50
ISSR 847 (CA)RC 52
ISSR 851 (GT)sYG 52
ISSR 853 (TC)RT 50
ISSR 857 (AC)YG P2
ISSR 861 (ACC)s 58
ISSR 864 (ATG)s 40
ISSR 876 (GATA), (GACA), 45
ISSR 880 (GGAGA); 50
ISSR 882 VBV(AT), 35
ISSR 884 HBHA(GA)«G 50
ISSR 888 BDB(CA), 50
ISSR 891 HVHT(GT)sG 50
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