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CHAPTER |

INTRODUCTION

Camptothecin (CPT), a naturally occurring pentacyclic indole alkaloid, exhibits
an anticancer activity due to its ability to inhibit topoisomerase | (Topl) enzyme involving
in DNA topology (Hsiang et al., 1985). Knowledge of the structure-activity relationship of
CPT has led to the development of CPT derivalives to increase solubility, stability, and
bioavailability with manageable toxicities (Dancey and Eisenhauer, 1996). Two semi-
synthetic CPT analogs, topotecan (Hycamtin®) and irinotecan (Camptosar®) are currently
used throughout the world fer various ca’Pcer treatments, such as ovarian cancer, lung
cancer, colon cancer,"andgover a dozen more CPT analogs are at various stages of
clinical development (Lerenee and Nesslet:,‘ 2904). In spite of the rapid growth of market
demand, CPT raw mategial is still harvesteéi,_b;/ extraction from Camptotheca acuminata
and Nothapodytes foetidassinge its :fotal syn{peas Is not cost effective. As a result, this
could lead to a lack or an extjn"c.tibn of é:-,lﬁ—)producing plants in the future. Plants
reported to contain CPT are C. _acqm/nata @és__qceae) (Wall et al., 1966), N. foetida

(Icacinaceae) (Goyindachari and Viswanathan, 1972_), Ervatamia  heyneana

(Apocynaceae) (Gunasekera et al., 1979), and some speoies in the genus Ophiorrhiza
(Rubiaceae) (Lorence-and Nessler, 2004). Recently, CPT-producing Ophiorrhiza plants
have become interesting, asalternative sources for CPT production in tissue cultures

(Martin et al., 2008;'Roja;2008).

Ophiorrhiza=L +is ‘a ‘predominantly”herbaceous genus béionging to the family
Rubiacede and comprising about 400 species (Schanzer, 2005). Since the genus is
taxonomically complex and has high morphological variability (Chou, Yang, and Liao
2006; Darwin, 1976; Kudoh et al., 2001), few studies have attempted to resolve this
taxonomic problem using molecular phylogenetic systematics (Nakamura et al., 2006,
2007). Several DNA regions, such as ITS, atpoB-rbcL and trK/matK have been utilized to
determine the species and varieties within Ophiorrhiza. Previous study found that many

CPT-producing plants including Camptotheca acuminata, N. foetida, O. pumila and O.



liukiuensis have Topl enzymes with several point-mutations that confer resistance to CPT
to avoid CPT toxicity. This could be inferred as a self-resistance mechanism coevolved

with the production of CPT (Sirikantaramas, Yamazaki, and Saito, 2008).

This thesis aims to study the coevolution between Topl gene and CPT
production in Ophiorrhiza plants. The research consists of two main parts. The first part
is to study CPT-producing ability of: Ophiorrhiza plants. The methanol extracts of
Ophiorrhiza species were analyzed for /CPF compound using HPLC/DAD/ESI/MS.
Standard solutions of CPT, CPT derivati\fys, and-ether chemical compounds involved in
CPT biosynthesis pathwayswere.also analyzed using the same method. In the second
part, the molecular phylogeneticdrees of chloroplast matK and nuclear Topl nucleotide
sequences were receonstrueted to (Claslsify and study an evolution in this genus.
Furthermore, amino acid sequenceé -of 'Elepl enzymes were analyzed to detect point
mutations in the CPT—producing:.l Ophi(%;fff;/eza spp. In conclusion, the molecular

phylogenetic trees and the' CRT-producing ability were concurrently analyzed to define
i af ']

the coevolution of Top/ and GPT _prb'duction:ia_rr_f;_',O;ph/orrh/za plants.
Jaid 4 i g

In this study, five out of &ight specié;é:i"éﬁ Gph/orrhiza were discovered as novel
alternative sources of_QELand_Gﬂdewaiwes_We_fgunc_{ that both matK and Topl of
Ophiorrhiza plants --c-gevolved with  CPT production. Tﬁus matKk and Topl gene
seqguences could be utﬁi'iized for the prediction of CPT- and CPT derivatives-producing
ability of members. of Ophiorrhiza.We. also-proposed’ that several unique amino acid
substitutions in@lopl of CPT-producing Ophiorrhiza plants could be used as useful
markersyandy'provide  infarmation:“toward frecognitiony of thespoint mutations in CPT-

resistanticancer patients in the future.



CHAPTER I

LITERATURE REVIEW

2.1 Camptothecin (CPT)

2.1.1 Structure and biosynthesis pathway of CPT

CPT (Figure 2.1) is a plant-origi

ed pentacyclic indole alkaloid (Yamazaki et
yztolo[3,4-b]quinoline (ring A, B and

al., 2004). The pentacyclic rin

center at position C-20 | tural features of CPT that are
essential for activity i fics l ‘ X I hou, and Hecht, 1999), the
pyridone moiety, the ‘the. " _ five-membered ring system
(Carbonero and Supko f '
susceptible to ring opéeni " hydrolysi ng carboxylate (Figure 2.2).
At physiological pH, a labi ing-lactone s ed to an inactive hydroxy acid,
which binds to human seru
cancer cell microenvironment, r

ﬂ..p;,.f"'-“.'.‘:l”‘-‘-’

chemistry of the CPT:ToIecuIe, thfé'f)h;élol' | [ ?:rvironmental conditions that

may provide tumor - lvity (Flowers et al., 2003).

However, the low aQLBJUS o) e Ia@)ne form greatly limited the
practical clinical utility ofsthe, drug because grohibitively large volumes of fluid have to

be administerﬂ tuhgsﬁaemiﬂ%}ﬁ wv&;%‘ﬁ%ive dose of the drug

(Narkunan et a/%009

awwaﬁﬂmumwmaﬂ



Figure 2.1 Chemical structure of camptothecin.

o
@]
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Figure 2.2 The pH-dependent dyhafnic eqtj-illbrium pbetween the lactone and carboxylic
¥ K

acid forms of camptothecin (Flowers et al., ZQQ_C{)':,

CPTis a prod‘uc.t of secondary metabolism from mo"ﬁloterpenoid indole-alkaloids
(TIAs) (Lu et al., 2008) derived from amino acid tryptophan (Trp) and terpenoid
precursors (Lorence and Nessler; 2004)..Camptothecin-s formed by the combination of
the 2-C-methyl-D-erythritol-4-phosphate (MEP) pathway and the shikimate pathway,
which involves many distinct enzymatic steps (Figure, 2.3). The common intermediate,
from which"a*variety"of TIAs are formed is strictosidine! Strictosidine=is formed by the
condensation of tryptophan-derivative tryptamine with the iridoid glucoside,
secologanin. This condensation is catalyzed by a key enzyme, strictosidine synthase.
Subsequently, intramolecular cyclization of strictosidine vyields strictosamide,
a penultimate precursor of camptothecin formation (Yamazaki et al., 2003, 2004).
3(S)-pumiloside and 3(S)-deoxy pumiloside are thought to be biogenetic intermediates

in the formation of CPT from strictosamide.



PLASTIDIC NON-MEVALONATE (MEP) PATHWAY

Pyruvate Glyceraldehyde-3-phosphate

\DXS /
1-Deoxy-D-xylulose-5-phosphate (D XP)
v DXR
2-C-Methyl-D-erythritol-4-phosphate (MEP)
v
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iphosphate (IPP)

diphosphate (DMAPP)
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Camgtothecm
ARANT 30N 1N1INYIAY
Figure 2.3 Biosynthetic pathway for TIAs in CPT-producing plants. Multiple arrows
indicate multiple steps between intermediates. The enzymes involve in the pathways:
DXP synthase (DXS); DXP reductoisomerase (DXR); 2-C-methyl-D-erythritol-2,4-
cyclodiphosphate synthase (MECS); geraniol-10-hydroxylase (G10H); secologanin
synthase (SLS); TSB (b-subunit of tryptophan synthase); TDC (tryptophan
decarboxylase); SSS (strictosidine synthase), and 10-HGO (10-hydroxygeraniol

oxidoreductase (source: Yamazaki et al., 2004).



2.1.2 Anticancer CPT analogs

By the early 1970’s, CPT had reach Phase | and Phase Il clinical trials. Although
CPT was found to possess antitumor activity, there were numerous side-effects
including hemorrhagic cystitis, leucopenia and thrombocytopenia which were dose-
limiting toxicities (Muggia et al., 1972). In addition, CPT is extremely poor water soluble
and easily hydrolysable due to the closed E-ring lactone. Thus, knowledge of the
structure—activity relationship of CPT has led'torthe development of CPT derivatives to
increase solubility, stability.and bioavailability.with_manageable toxicities (Dancey and
Eisenhauer, 1996). Originally,«GPT was véelivered as.the sodium salt of the carboxylate

to help overcome solubility” Issues, howaver, the poor efficacy created a need for new

alternatives (Hsiang etg@l., 49389). The Lmodiﬂcations of the quinoline ring provided

4 4

increased solubility, lactone staility (Choﬁir_ba et al., 1998), and antitumor activity (Vladu
et al., 2000). Modifications'to the'7,'9,.10, "éana' 11 positions of the A-ring and B-ring, are
generally well tolerated and in‘many case;enhance the potency of the CPT analog in
both in vivo and in vitro studigs (Redinbo et’;ai?;; 1998)

. “eesd iy

Two semi-synthetic yvg_ter—_solublef:QEI._analogs (Figure 2.4), topotecan

(Hyoamtin®) and irinotg%n (Camptosar®) were approved ]‘o‘:r_use by the USFDA in 1966,

and over a dozen 6fher CPT analogs are at various staéés of clinical development
(Lorence and Nessler,”2004). Topotecan gains its increase solubility and greater in vivo
activity due to«an teriary—~aminesatsthe=9-position,~while ~irinotecan presents its
improvement through'the 10-hydroxyl'moiety. Topotecan is‘currently approved for use in
the USA as second:line therapy in ovarian and. small. cell. lung cancer, Irinotecan is a
pro-drug’ that undergoes’ enzymatic' conversion to the' bielogically ‘active metabolite
7-ethyl-10-hydroxy-CPT. Its approved indications were cancers of the lung (small cell
and non-small cell), cervix, ovaries, and also colon cancer as a second-line agent. It is
presently the treatment of choice when used in combination with fluoropyrimidines for
patients with advanced colorectal cancer or as a single agent after failure of

5-fluorouracil-based chemotherapy (Carbonero and Supko, 2002).



R! R? R?
H CH,N(CHj3), OH Topotecan

CN_CN'E'O' Irinotecan

Figure 2.4 Clinically s, topotecan and irinotecan

(Yamazaki et al., 2004

Hydroxy CPT and C ,' aredn ally occurring CPT derivative isolated
from many CPT-producin At 12 \ 1969; Yamazaki et al., 2004).
10-hydroxy CPT (107HCPT has -been fou ::':-_ ] N nt and less toxic than CPT

were prepared by oxi‘ tion ¢ d by additional modifications
(Kingsbury et al., 1991). J,rlnoteoan is also a 10-HCPT analog synthesized by bonding

phenolic hydrﬂ (E!oﬁ q%%%@wy%ﬁ?mwa et al, 1991).

Besides, long-chain fatty acid esters of 10-HCPT derlvatlves could be useful as prodrug-
e RPN TR oo
more active than C @ (Tafur et al., 1976). 9-methoxy camptothecin (9-MCPT) has been
reported as a starting material for a synthesis of 9-methoxy mappicine which has

antiviral activity (Das and Madhusudhan, 1999).



2.1.3 Distribution of CPT and its derivatives

CPT is first isolated from extracts of Camptotheca acuminata (Nyssaceae), a
deciduous tree native to China and Tibet (Wall et al., 1966). Plants which have been
reported containing CPT belong to the following unrelated orders and families: Order
Cornales (Nyssaceae): C. acuminata: Order Celastrales (Icacinaceae): Nothapodytes
foetida (Aiyama et al., 1988), Pyrenacantha klaineana (Zhou et al., 2000),
Merrilliodendron megacarpum (Arisawa et al., 1981): Order Gentianales (Rubiaceae):
some species of the genus Ophiorrhiza, Family _Apocynaceae: Ervatamia heyneana
(Dai, Cardellina, and Boyd+1999), é‘rid Family.. Gelsemiaceae: Mostuea brunonis
(Gunasekera et al., 19791t isdikely thatVIthe genes eneoding enzymes involved in their
biosynthesis evolved early during evquJt'ion. These genes were presumably not lost
during evolution but might have beeﬁ “sw.ﬁ,c’;hed off” during a certain period of time and

“switched on” again at some |ater pbint (W'i;nkf2003).

The information regarding the sites;oi‘,, accumulation of CPT and CPT derivatives
¥ K
including their concentration” insmuitiple- naturalisources are summarized in Table 2.1.

The most abundant natural CP_T_E__de_rivativesf"g_rQ_ﬂQ—HCPT and 9-MCPT. N. foetida was

found to produce CPE by an endophyte at shake flask ari-d,bioreactor (Rehman et al.,

2009). 10-HCPT, Q—MCPT, and 10-methoxy camptothééin (10-MCPT) were also
produced by endophytic fungi, Fusarium solani, isolated from CPT-producing plants
(Shweta et al.,-2040). €. acuminata was, detectedsthe=5-6=fold- of the CPT content in
young leaves comparedto mature ones (Lépez-Meyer, Nessler,'and McKnight, 1994). In
fact, the.immature leaves are attractive.to herbivory and, pathogen. Although the role of
CPT as a defense“chemical has'not ‘been directly tested; there' are=indirect lines of
evidence indicating its involvement in plant defense (Lorence and Nessler, 2004).
According to the previous study of N. foetida (Roja, 2006), an increase in the level of
9-MCPT in the mature plant suggests that the accumulation of the 9-MCPT may

probably be associated with the maturation of the plant.



Table 2.1 Sites of accumulation of CPT and CPT derivatives in natural sources.

Species

Tissue
analyzed

Sample origin Camptothecinoids
content

(ug/g dry weight)

Reference

Camptotheca acuminata Young leaves  Texas, USA CPT 4000-5000 Lépez-Meyer et al.,
Decaisne 10-HCPT 20-30 1994
Seeds CPT 3000
10-HCPT 25
Bark CPT 1800-2000
10-HCPT 2-90
Roots CPT 400
10-HCPT 13-20
Young leaves  Texas, USA CPT 2421-3022 Li et al., 2002
Old leaves CPT 482
Young fruit v CPT.842
Old fruit SRL2362
Hairy roots JTexas, USA CPT 1000 Lorence, Medina-
\ 10-HCPRT 150 Bolivar, and Nessler,
\ 2004
Callus Shangai, China  CPT2040-2360  Wiedenfeld et al., 1997
— 10-HCPT 80-100
Cell cultures 'J " CPT 2.5 -4 Sakato et al., 1974;
&F FF a8 Ay van Hengel et al., 1992
Camptotheca lowreyana Li  Young leavess Jexas, USA . ¢ CPT8913-5537 Li et al., 2002
Old leaves . 7 i CPT 909-1184
Camptotheca Young leaves Texas, USA< '+  CPT 2592-4494 Li et al., 2002
yunnanensis Dode Old leaves : I CPT 590
Ervatamia heyneana (Wall) Wood and India ~  CPT 1300 Gunasekera et al.,
T. Cooke stem bark .- = - 9-MCPT 400 1979
Nothapodytes foetida Stém wood Okinawa, Japan  CPT 1400£2400 Aiyama et al., 1988
(Wight) Sleumer - e e Y
Stem Taiwan ACPT 0.24.+ Wu et al., 1995
Shoot Mahabaleshwar, CPT 750" Roja and Heble, 1994
v India 9-MCPT-430
Plantlet 9-MCPT 7
culture
Callus 9-MCPT 1
Stem Godavari, India MACPT 2.5 Srinivas and Das, 2003
Callus Ooty; India CPT 9.5 Ciddi and Shuler, 2000
9-MGPT traces
Cell*culture Satara, India CPT 11 Fulzele et al., 2001
9-MCPT 0.81
Merriliodendron Leaves and Guam CPT 530 Arisawa et al., 1981
megacarpum stem 9-MCPT 170
(Hemsl.) Sleumer
Mostuea brunonis Didr. Entire plant Lope, Gabon CPT-20-O-b- Dai et al., 1999
glucoside 100
DPMI 100

Strictosamide 600




10

Table 2.1 (continued)

Species Tissue Sample origin Camptothecinoids Reference
analyzed content
(Mg/g dry weight)
Ophiorrhiza fistipula Leaves - 7-MCPT Arbain, Putra, and
Sargent, 1993
Ophiorrhiza kuroiwae tissue Okinawa, Japan  CPT 55 Asano et al., 2009
Makino cultures 10-MCPT 2
Ophiorrhiza liukiuensis Whole Okinawa, Japan  CPT 127 Kitajima et al., 2005
Hayata plants 9-MCPT 126
10-MCPT 30
Ophiorrhiza mungos Entire plant PT 12 Tafur et al., 1976
Linn. ﬂ T10.41
Shoots Roja, 2006
races

Ophiorrhiza pumila Saito et al., 2001

Champ.

Yamazaki et al.,
2003

Cell cultufe anws ik, None Kitajima et al., 1998

Ophiorrhiza rugosa Roja, 2006

Klausmeyer et al.,
2007

Ophiorrhiza trichocarpon
Blume

Pyrenacantha klaineana Stems’ Ankasa Game CPT 4.8 -
Pierre ex Exell & & = Reserve, GhanﬁJ 9-MCPT 1.6

Mendoca . Fa ¥
18 ,19-d hldd CPT;

b
10-HCPT = 10-hydroxy CPT; MACPT = 9—rdethoxy-20-O-acﬁyl-CPT; 9-MCPT v-methoxy CPT;

el NI T /AR YR el

MDOCPT 2 9,10-methylenedioxy-(20S)-CPT

Zhou et al., 2000

CPT = camptothecin; IAC
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2.2 The genus Ophiorrhiza

2.2.1 Botanical aspects of Ophiorrhiza

Ophiorrhiza L. is a predominantly herbaceous genus and comprising about 400
species (Schanzer, 2005). The genus Ophiorrhiza belongs to the family Rubiaceae, the
subfamily Rubioideae, the tribe Ophiorrhizeae. This genus is distributed from eastern
India to the western Pacific and. from southern.China to northern Australia. About 44
species have been recorded from Thailand.«(Puff, 2007). Since the systematic
knowledge of this genus is still inadequ'éfte, recent regional revisions are available only
for marginal parts of its agea: ihe Pacific, China, and the Indian subcontinent. Many
herbarium collections ofe#Ophiorrhiza fo;l the coming treatment for Flora of Thailand

revealed a number of spécimens that could not be assigned to any of the species

_—

described so far. - J ¥

dad

The characteristicg' of the g'énus Oﬁ'hiérrhiza were described in Rubiaceae of

J‘ o
Thailand (Chamchumroon, Chayamant and Puff 2005) and Flora of Thailand: Rubiaceae

(Puff, 2007). Ophiorrhiza L. is d|st|nctly herbapeous plant; prostrate or erect perennial or

annual, uncommonly subshrubby stem sometlmes succulent Leaves are opposite

(decussate), rarely ‘sllg_htly anisophyllous, and blades m@stly membranous; leaf-like

stipules entire or fimbriate. Inflorescence terminal often consist of helicoid or scorpioid
cymes, sometimes_congested and head-like;«bracts well developed or absent. Flowers
are 5-merous, ! hermaphrodite, ‘heterostylous or isastylous, sofmetimes cleistogamous;
calyx lobes often very small; corolla“typically narrewly infundibulak.to hypocrateriform,
tube inside glabrous'orhairy, hase of tulbe occasionally distinctly bulbous, lobes valvate
in bud, ascending to reflexed in open flowers; stamen inserted at different levels in
corolla tube (usually high up in short-styled, but in the low part in long-styled morphs),
filaments long or short, anthers included or exerted; style filiform, with 2-lobed stigma,
included or exerted (above the level of the anthers in long-styled morphs but not
necessarily exserted); ovary 2-celled, each locule with numerous ovules on placenta

attached to lower half of septum; roof of ovary with conspicuous 2-lobed disk. Fruits are
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strongly laterally compressed, capsular, obcordate, usually much broader than high,
loculicidally dehiscent; seeds very numerous, small, rhomboid, vivipary sometimes

observed (Tan and Rao, 1981).

2.2.2 Phylogenetic systematic of Ophiorrhiza

According to the taxonomically complex and the high morphological variability of
the genus Ophiorrhiza (Chou et al., 2006; Daiwing4976; Kudoh et al., 2001), few studies
have attempted to resolve this taxon’émic problem using molecular phylogenetic
systematics (Nakamura et.al., 2006, 2OQ7, 2010). Several DNA regions, such as ITS,
atpB-rbclL and trnK/matkKéhave been utililé_ed to determine the species and the varieties

within Ophiorrhiza. FourSpecies of?Opfrié':rrhiza, which comprise all species of this

genus distributed in Taiwan and Japan, _'gvere examined. The molecular phylogenetic
analyses conducted with thesg four. SpeCii:eﬁ,‘ revealed two major clades in the trees

(Figure 2.5). The genus Hayataella, Wes Co'r'ils'jx(_jered to be synonymous with Ophiorrhiza

and also included in the Ophiorfhizé;clade. 2H

e e [ =
In plant chloroplasts, the tRNA~(UUU) gene (trAK) contains a intron which

encodes the matK d;;én reading frame (ORF). The trnK ._i_;qfron and its encoded matK
ORF have generated substantial interest in the fields ofiplant evolution and molecular
biology (Hausner, et al., 2006 Hilu et al., 2003). Based on assessments of recoverability,
sequence quality, and.levels of ispecies discrimination; rbcLfand matK genes were
recommended to be used as the plant barcode to.identify speciméns and contribute
toward 'the discoveny ofioverlooked speeies of landsplants! (CBOL Plant Working Group,

2009).



13

a) ITS
Pentas (outgroup)
— O. japonical
.00/100 —— O. japonica?2
—— O. japonica3
0.58/91 — O. japonica4
— H. michelloides
1.00/100 __ O hﬂvﬂfa (1
a 0.99/90
0 99;§E ’ ( :
1.00/99 r entas (outgroup
— O. japonical ]
2 —— 0. japonica2

0.53/95
o,sefes_l__E
0.93/61

b) atpB-rbcL

— O. japonica3
0. japonica4
O. japonica’
0. japonica6 A

— H. michelloides
O. havatanal
. Q EO. havatana3
1.00/88= 0. havatana4 L

1.00/63 O. havatana?2
: O. kuroiwai
1007100 0. pumila B

Figure 2.5 Ba;ﬁ| rﬂ %s%oﬁ%ﬁywaq ﬁﬁ ) trnK/matK regions of

Ophiorrhiza sppiThe topologies of the strict consensus trees of the most parsimonious

trees m sm rm )‘Errqi) pt the branch
indicat‘ﬂby an arrow in tree c, which collapsed in the strict consensus tree. Numerals

indicate Bayesian posterior probabilities (left) and bootstrap percentages in the

maximum parsimony analyses (right) (source: Nakamura et al., 2006).
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2.2.3 Chemical constituents of Ophiorrhiza

CPT was isolated and identified from entire plant of O. mungos (Tafur et al.,
1976). Later, publications on isolation of the constituents from the other Ophiorrhiza spp.
were reported including O. fistipula, O. kuroiwae, O. liukiuensis, O. pumila,
O. rugosa, and O. trichocarpon (Table 2.1). CPT, its derivatives, and CPT-related

marized in Table 2.2.

/@he distribution of CPT in different

theﬁighﬁf CPT accumulation were found

2 ﬁ2003

CPT is biosynthesized at the

alkaloids isolated from these plants are st

). At the subcellular level,

te in a vacuole via vesicles
ed that the lipophilic form of
dic conditions of the vacuole
not move across a tonoplast
e vacuole, a site for avoiding self-
diffuse freely inside the cytoplasm

............... a toplasmic CPT might be
A

AUEINENINYINS
RIAINTUNRINYIAY



Table 2.2 Chemical constituents and structures found in Ophiorrhiza spp.
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Chemical compound

Chemical structure

Reference

Camptothecin

7-Methoxy CPT

9-Methoxy CPT

10-Methoxy CPT

Asano et al., 2009
Kitajima et al., 2005
Klausmeyer et al., 2007
Roja, 2006

Saito et al., 2001

Tafur et al., 1976
Yamazaki et al., 2003
Zhou et al., 2000

Arbain et al., 1993

Kitajima et al., 2005
Roja, 2006

Tafur et al., 1976
Yamazaki et al., 2003
Zhou et al., 2000

Asano et al., 2009
Kitajima et al., 2005

L= = |

10-Hydroxy CPT

AN

Yamazaki et al., 2003

ae




Table 2.2 (continued)
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Chemical compound

Chemical structure

Reference

9,10-Methylenedioxy CPT

Chaboside

Lyalosidic acid

Mappicine

Klausmeyer et al., 2007

Yamazaki et al., 2003

Kitajima et al., 2005

ﬂ‘lm ‘V]EI‘VISEmﬂ

F gl

Yamazaki et al., 2003

ammmm UN1INY”




Table 2.2 (continued)
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Chemical compound Chemical structure

Reference

Pumiloside

Kitajima et al., 2005
Yamazaki et al., 2003

Deoxy pumiloside \\\‘”I,{' .

Kitajima et al., 2005
Yamazaki et al., 2003

Strictosamide

Kitajima et al., 2005

Strictosidinic acid

Yamazaki et al., 2003

AusiIngn i

ARIAIATUNMIING”
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.8 £

Figure 2.6 Proposed modeéls for € T [ ulation, and excretion in the hairy

root cell of O. pumila. Dots \w lles. Black arrows indicate CPT
esi

trafficking pathways. Dots i -mediated CPT transport. Dashed

arrow indicates possible outwar n.the vacuole (source: Sirikantaramas et
et L,

al., 2007). M

3
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2.2.4 Ophiorrhiza distributed in Thailand

Ophiorrhiza existing in Thailand has been recorded for 44 species (Puff, 2007).
Only some species have local name in Thai (Smitinand, 2001; Puff and Chayamarit,
2006). Many species of Ophiorrhiza were recorded as the endemic and rare plants of
Thailand (Santisuk et al., 2006). Since Flora of Thailand (Rubiaceae) is on a process of

revision, many species are still not fully resolved (Chamchumroon and Puff, 2003). The

AULINENINYINT
ARIAATAUNNIING A Y



Table 2.3 Ophiorrhiza spp. distributed in Thailand.
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Botanical name Local name Distribution Reference
O. alata Craib ANuanAAana1a | South eastern: Chantaburi | Smitinand, 2001
O. ankae Craib afRensay Northern: Chiang Mai, Smitinand, 2001
Nan, Tak Chamchumroon et al., 2005
O. brachycarpa - Koh Chang, Trat Chamchumroon and Puff, 2003
O. communis Ridl. duwwsaung Malay-Yala Smitinand, 2001
Chamchumroon et al., 2005
O. harrisiana - th ChangyTrat Chamchumroon and Puff, 2003
O. hispidula Wall. ex G.Don Mmﬁﬁuﬁﬂﬁm@ Surrat Thani Smitinand, 2001
O. hispidula Wall. ex G.Don | — Do'.i Chiang Dao, Chiang Putiyanan and Maxwell, 2007
var. hispidula I\/IA1
O. kratensis Craib NZLANAL EN Smitinand, 2001
O. larseniorum Schanzer = Penianujar: Surat Thani Schanzer, 2005
O. longifloriformis Schanzer | — Koh‘€hang, Trat Schanzer, 2005
O. pedunculata Schanzer - North;e’.;n: -I\/Iae Hong Son, Schanzer, 2004
(O. hispidula B. Heyne ex Chiaéé?il(/ljaj-,J Chiang Rai;
Hook. f. var. Southﬁsf‘e;rn: Thong Pha
longipedunculata Craib) Phum;jk-é-r;-c':_f.w‘anaburi
O. pseudofasciculata S Northern: Chang Mai,"N@.n, Chamchumroon et al., 2005
Schanzer Chiang Rai, Lampang | Schanzer, 2005
O. ripicola Craib LLh\iﬂ'@u@’m Doi Inthanon NationaIT Smitinand, 2001
Park#Chiang Mai Chamchumroon et al., 2005
Puff and Chayamarit, 2007
O. rugosa - Koh Chang, Trat Chamchumroon and Puff, 2003
O. schmidtiana Craib HAWS VNN South'eastern Smitinand, 2001
O. trichocarpon Blume NNANTE Khao Yai National Park, Puff and Chayamarit, 2006

Northern: Chiang Mai,
Chiang Rai, Phayao

Chamchumroon et al., 2005

Schanzer, 2004

O. trichocarpon Blume

var. glabra Schanzer

South eastern: Sa Kaeo

Schanzer, 2004

O. villosa Roxb

Western, Northern: Doi

Chiang Dao, Chiang Mai

Putiyanan and Maxwell, 2007

Schanzer, 2004
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2.3 Topoisomerase | enzyme (Topl)

2.3.1 Cellular role and structure of Topl

DNA topoisomerases are nuclear enzymes that make transient strand breaks in
DNA to allow a cell to manipulate its topology (Osheroff, 1998). Every cell type so far
examined contains DNA topoisomerases for cell growth. During DNA replication, the two
strands of the DNA must become completely unlinked by topoisomerases, and during
transcription, the translocating RNA polymerase«generates supercoiling tension in the
DNA that must be relaxed (Wanag, 1956). There are two classes of topoisomerase,
known as type | and type liseénzyme. Thase enzymes that cleave only one strand of the
DNA are defined as type | (Champouxvl} 2001). In contrast, type Il enzyme make a
transient double-strandedibreak in DNA aﬁc}" pass a separate double-stranded molecule

through the break. 4 J %

Eukaryotic type | topoisorﬁefase (tdbéiébmerase I, Topl) is classified as type IB
add dia
subfamily members (formegly ealied typel;3'),g,-athe Topl that cleaves the DNA by

becoming covalently linked to ?he_ 3 DNA te?m.inlgs (Pommier et al., 1998). The 91-kDa

g =i

human Topl protein has been subdivided into four distinet.domains (Figure 2.7). The N-

terminal domain conta:ih_s putative signals for the enzyme’é 7rrv1thIear localization. The core
domain is essential for.the relaxation of supercoiled DNA; it shows a high phylogenetic
conservation, patticularly'in‘the residues closely interacting with the double helix. The C-
terminal domain contains the active' site ehzyme Ltyrosing, iwhich forms a transiently
covalent phosphodiester bond between Topl andsthe DNA (Gonzélez et al., 2007).
Strand scission occurs throughra transesterification in which a tyrosine/hydroxyl group of
Topl is covalently linked to the 3' phosphate of a phosphodiester bond, liberating the 5'
hydroxyl to generate a strand break (Champoux, 1981) (Figure 2.8). DNA religation
occurs in the following step to release Topl from the cleavage complexes and to repair

Topl-mediated DNA damage.
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Linker C-terminal

N-terminal domain domain domain

1 636 713 765
Poorly conserved, Poorly Conserved,
highly charged, conserved, contains
unstructured, active site
protease sensitive, Tyr723.
contains targeting si

nan Topl comprises an N-terminal

b

domain (open box), a core : -: a.linker domain (diagonally striped box),

1ain boundaries are based on sequence
alignments, limited prote tudies, and res of the protein (source:

Champoux, 2001). « + ' ,

T
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+1

Topl cleavable complex

AULINENINYINT
MOCLNNIEIS LN 81 R

bases flanking the top1 cleavage site are referred to as -1 and +1 for the bases at the 3’

and 5’ DNA termini, respectively (Pommier et al., 1998).
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2.3.2 Mechanism of Topl-targeted CPT

CPT and its derivatives exhibit antitumor activity due to their interacting with the
cellular Topl (Hsiang et al., 1985). This interaction damages the DNA, causing the
cancer cell to be destroyed or preventing the cancer cell from growing and reproducing
(Pommier, 1998). CPT are named topoisomerase “poisons” to distinguish them from
conventional enzyme inhibitors. CPT daes not bind to Topl alone but it stabilizes a
covalent complex between Topl and the nicked DNA (Reid, Benedetti, and Bjornsti,
1998). Trapping of the cleavable complex and”preventing DNA re-ligation could be
poison into the cells (Figure«2:9). TheJ collision-of _advancing replication forks with
compound-stabilized intermediates appellars to produce the cytotoxic DNA lesions that
signal cell cycle arresifand’ cause celt death (Strumberg et al., 2000). Therefore,
inhibitory of Topl activitywas a greé{t_ha@ﬁto a cellular genome to develop a nuclear

toxin that can efficiently kill'cancer cells. J X

CPT and its derivatives ha\}e peen 'Is_tu‘died as potent inhibitors of replication,
transcription, and packing of.double ‘St_r:j:_nf.\ded DNA-containing adenoviruses,
papovaviruses, and herpesviruses, ant;;._‘ihe single-stranded DNA-containing

autonomous parvovi_ruSes (Pantazis et al., 1999). CPT was _‘é'}lso shown to have promising

activity against parési{ic trypanosomes and Leishmania '."(’B'odley and Shapiro, 1995).
CPT, 9-MCPT, 10-MCPT and 9,10-methylenedioxy CPT showed functional inhibition of
the hypoxia-inducible factor<1 0k (HIF-16L); a=mastersregulater, ofsthe cancer cell’s ability
to survive under,oxygen deprivation(Klausmeyer etal., 2007). Hence, these drugs may
have other, desirable activities. against, solid..tumors ,that, are independent of Topl

poisoning.
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(b) Lysosomes
Mitochondria

Figure 2.9 Mechanism of actio l..rﬂ t events in determining the cytotoxic

potency of CPT and its _%rj;:h. Jarei ake, (b) Iysosomal or mitochondrial

= S

sequestration and, (e)inuclear localization and stabilizatie ‘- the “cleavable complex”
)

0

 SUEANIEHEIDT.
S T A T

hypersensmve to CPT-induced cytotoxicity, such as colon adenocarcinoma, ovarian and

(source: Lorence and Nt

esophageal carcinoma. Although Topl is expressed throughout the cell cycle, cells in S-
phase are 1000 times more sensitive than cells in G, or G,- phase reflecting the need for

DNA replication for drug efficacy (Del Bino, Lassota, and Darzynkiewic, 1991).
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2.3.3 Topl of CPT-resistant cancer cell

CPT analogs have proven to be effective anticancer drugs; however, resistance
is still a critical clinical problem (Rasheed and Rubin, 2003). There are several different
ways by which resistance to CPT could hamper the treatment in cancer patients, such
as reduced drug uptake, overexpression of P-glycoprotein, and mutation in Topl gene
which results in altered Topl structure or function leading to decrease in enzyme activity
and ability of CPT to stabilize the cleavable complex (Gupta et al., 1995). Previous study
found that normal cell can express both wila=type .and mutant Topl, whereas CPT-
resistant cancer cells express-mutant Togl only (Wang et al., 1997). Besides, the cancer

cells expressing mutant#opl_eontain similar level and activity of Topl, compared with
)

i

the normal cell.

Most of the mutations are Qon:tainéfd in well-conserved regions of the Topl, the
: |,
core and the C-terminalfdomains, which are critical for catalytic activity and interaction

d 4

with CPT (Gupta et al., 1995).The three—diménéional structure of human Topl suggests

il

four regions that can be mutatedito produce a QFT—resistant Topl (Redinbo et al., 1998)

(Table 2.4). These residues may- play a Stru;g’gu_r_'.aJ_role in the proper packing of the C-

terminal and core .d9mains and may affect CPT effic;é(;y by interfering with the

positioning of Catalﬁié.or CPT-binding residues. Other residues and substitutions in
human Topl which confer resistance in CPT-resistant cancCer cells were summarized in
Table 2.4. Some ©f jthese~paint mutations-in ;human=Top! were also found at the
corresponding” 4 position  in “the™ CPT-resistant™ yeast " and vaccinia viruses.
For example, ,N726S and N726D.substitutions..in-CPT-resistant yeast Topl are at the

corresponding 722 position of human Tepl (Fertala et al., 2600).



Table 2.4 Point mutations at residues of CPT-resistant human Topl.

No. Residues and
Reference
substitution
1 F361 to M370 region Redinbo et al., 1998
2 F361S - Chrencik et al., 2004
]
3 et al., 1994
- 5 BV T
3 | G363C — | B et al., 1993
4 | R364H ‘ Ur ., 2001
5 | M370T /ﬂ“‘“\\\wg .
6 | G503S . ///53:‘\\\ alky 1998
7 K532to " .\.. al.1998
8 | D533N E m,;. h -"‘ \\ ubin, 2003
D533G WA
9 | D583G A 1998
"j‘r‘i;'\—__. r
10 | G717 10 N722 région R
,:;J.-;;:-'M <5
11 | G71 T
12 | L72 Ry~ [Gupk
13 | N722S8
N722S, Nf22A Gupta et al.,, 1995
14 743! E] ﬂ V\@oﬂaﬂzoc 0 ‘j
15 | 25R Rasheed and Rubin, 2003,

'Wﬁs‘&ﬂ‘iw%'%’lw '1& d

T yrerF Woo et al., 2002
17 | T7T29A Kubota et al., 1992
T729 Redinbo et al., 1998
T7291 Wang et al., 1997
18 | G737S Rasheed and Rubin, 2003

27
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2.3.4 Topl of CPT-producing plants

Many CPT-producing plants, including C. acuminata, O. pumila and O.
liukiuensis, have Topl enzymes with several point-mutations that confer resistance to
CPT (Sirikantaramas et al., 2008). Three amino acid substitutions that contribute to CPT
resistance were identified: N421K, L530I, and N722S (numbered according to human

Topl). The proposed amino acids tha involved in catalytic function or affect CPT

d_Ser-722 directly bind to CPT. Other
residues that indirectly bin ’ i e proper positioning of Asp-533
and Ser-722.

The crystal struct
containing topotecan suggeé ino acids would disrupt drug
binding (Sirikantara suggest the effect of an
endogenous toxic me target cellular component.
A phylogenetic tree based i CPT-producing and non-CPT-
producing organisms revealed & v"' e rela fp of CPT-producing plants, O. pumila
and O. liukiuensis, and a separatic a, a non-CPT-producing plant (Figure

2.11). e

X
K
ﬂﬂﬂ’)ﬂﬂﬂ‘ﬁﬂﬂ'ﬂﬂ‘i
QW']MﬂiﬂJ UAIINYAY
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Figure 2.10 Amino acid polym orp opleof CPT-producing plants and non-
d

producing organisms. THE AUMBering 1s awan Topl. The red characters

indicate the amino acid_subsiitli o \K\h ‘CPT-producing plants. Hs, Homo
Cath

sapiens; At, Arabidopsi eus; Of, Ophiorrhiza japonica;

/ i
Op, Ophiorrhiza pumilag O O Ca, Camptotheca acuminata

(source: Sirikantaramas et
‘ Aﬁﬂ. :
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CPT
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Figure 2.11 Neighbor-joining tree of Top/ sequences of plants, yeast, and humans.

The numbers indicate bootstrap values. CPT production is indicated by “+” or

(source: Sirikantaramas et al., 2008).
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2.4 Definition and previous studies of coevolution

The theory of coevolution was briefly described in the Origin of Species (Darwin,

1859) that populations evolve over the course of generations through a process of

natural selection, and presented a body of evidence that the diversity of life arose

through a branching pattern of evolution and common descent. Currently, the concept

of coevolution (covariation/correlated mutation): is the change of a biological object

triggered by the change of a related object (¥Yip«et al., 2008). Coevolution can occur at
v

multiple levels of biology: it can=be as microseopic as correlated mutations between

amino acids in a proteinyor as.macroscopic as covarying traits between different

i

i

species in an environmeat.

Species-level eoevolution lncludes the evolution of a host species and its
parasites, for instance, the coeyolution between the resistance gene and the virulence
gene of host plants and their fungal pathogens (Frank 1993). The interdependent plant-
vertebrate seed dispersal systems suggesf ;he, coevolution of plant-animal (Herrera,
1985). Genetic coevolution mc}:l_uﬂel_es_ the cod}ngqg_e_nes of some interacting proteins are

preserved or eliminated together in new species (Pellegrini el al., 1999), or have similar

phylogenetic trees (Goh et al., 2000). At the amino acid“level, some residues under
physical or functionak=constraints exhibit correlated mutations (Gloor et al., 2005;
Socolich et al., .2005;,Suel et al, .2003)..A corfesponding mutation in two position of the
multiple sequence alignment'may'prepose residues'which are functionally or structurally
important, or possibly key sites of ‘interaction between the protein and its substrate

(Martin et al.,"2008):

The mutation in Topl of CPT-producing plants suggests the coevolution between
CPT biosynthetic pathway and self-resistance mechanism (Sirikantaramas, Yamazaki,
and Saito, 2009). The Ophiorrhiza genus is composed of both CPT-producing and non-
producing species. This provides a great benefit to follow the coevolution of the CPT

biosynthetic pathway and Topl mutation as a self-resistance mechanism.



CHAPTER IlI

THE PRODUCTION OF CAMPTOTHECIN

In this study, CPT productions by Thai Ophiorrhiza plants were explored for the
first time. Plant specimens were collected from various locations of Thailand in order to
find numerous species for coevolution study and for novel alternative sources of CPT.
The methanol extracts of plant samples were analyzed using HPLC/DAD/ESI/MS.
Standard solutions of CPT, CPT derivatives, and chemical compounds involved in CPT

biosynthesis pathway were. also analyzed using-the same method.
v

3.1 Materials and Methods "L

3.1.1 Plant specimen’ coliection

i
\ r

_ \ 4
Ophiorrhiza spegles distribuied in: Thailand were collected from previously

reported provinces (Chamchumrc;oﬁ and I?Ui:f,t2003; Schanzer, 2004, 2005), including
add vl
Trat, Kanchanaburi, Chiang"Mai; Chaing. Ral '_@r)d Lampang. Phuket, Chantaburi and

Nakorn Ratchasima were also investigated for Ophiorrhiza plants. Numbers of

g

specimens collected-from each locality depended on théi_r abundance in the native

habitats and their djiﬁ:erent features. The collected plants;f'v'vere then cultivated in the
Medicinal Plant Garden of the Faculty of Pharmaceutical Sciences, Chulalongkorn
University. All specimens were, identified to species-level by lvan A. Schanzer, Ph.D.
from Herbarium ' Main “Botanical ! Garden, Russia (Table 3.1).' The specimens were
deposited at the Museum of Natural Medicines, #Faculty of Pharmaceutical Sciences,
Chulalongkorn University, Bangkokiand Queen Sirikit | Botanicall 'Garden Herbarium,
Chiang Mai Province, Thailand. Some of fresh Ophiorrhiza specimens are shown in

appendix A.
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Table 3.1 Eight Ophiorrhiza species in this study, their voucher numbers, and localities.

Specimen Part of
Species Voucher No. Locality (area, province)
No. Thailand
O. fucosa Hance ophi 32-33 | BH-090519-032, | Khao Soi Dao Nua, Chantaburi SE
033
ophi 34 VV-090523-034 Khao Soi Dao Tai, Chantaburi SE
ophi 64 VV-090924-064 Phlio National Park, Chantaburi SE
ophi 65 VV-090924-065 Khlong Narai waterfall, SE
Chantaburi
O. harrisiana B. Heyne ex ophid4-27 | VW-090502-014-...Than Mayom waterfall, SE
Hook. f. i 027 Ko Chang, Trat
O. pedunculata Schanzer I ophig28-31 W—O‘?O925-028- Erawan National Park, SW
(O. hispidula Wall. ex G.Don 031~ p Kanchanaburi
var. longipedunculata Craib) I—op_hi—4z4; __7\7_\/‘—09_@7'08—041_ ___I\/Iok Fa waterfall, Chiang Mai N
ophi 47 J - VV—O9E}80’6—O47 Tard Mok waterfall, Chiang Mai N
ophi 57, _ISC—09'§QIJ 9;‘_057 Chae Son National Park, N
F. “ R Lampang
ophif604/ 1=y ISC—O9OQ4-T95_@:60 Mae Yom National Park, N
e ;—1_.—- Lampang
b ophi 66-é7> VV-090925-066- Erawan V‘National Park, SW
.S ‘ ‘ 067 Kanc_:.-ﬁa-nabu ri
O. plumbea Craib j__ophi 1-13 VW-090421-001- Barj_gpae waterfall, Phuket WS
013
O. pseudofasciculata ophi 87 BH-090726-037 Doi Suthep-Pui National Park, N
Schanzer Chiang Mai
ophi 54 ISE-090920=054™ | I€haesSonNationalPark, N
Lampang
ophi 62 ISC-090918-062 | Khun Kon waterfall, Chiang Rai N
ophi 63 ISC-090917-063 | Doi Pha Hom Pok National N
Park, Chiang Mai




Table 3.1 (continued)
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Species Specimen Voucher No. Locality (area, province) Part of
No. Thailand
O. ridleyana Craib ophi 52-53 | VV-090806- | Queen Sirikit Botanical N
052, 053 Garden, Chiang Mai
ophi 55-56 | ISC-090919- | Chae Son National Park, N
055, 056 Lampang
ophi 61 Mae Yom National Park, N
ampang
O. trichocarpon Blume ophi 44-45 806~ Mok Fa waterfall, Chiang Mai N
var. glabra Schanzer ( \k\h - '
N \. ok waterfall, Chiang Mai | N
l. u en Sirikit Botanical N
en Ch|ang Mai
‘ \ ae Son National Park, N
a pang
‘ ao Yai National Park, NE
Nakorn Ratchasima
Ophiorrhiza sp. 35 hai,Barni Rajabhat SE

f’ Chantaburi

il

j

ﬂumwﬂmwmm
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3.1.2 Methanol extraction

According to the previous study of alkaloid accumulation in O. pumila (Yamazaki
et al., 2003), young leaves and roots which contained high amount of CPT were used as
materials for CPT analysis in this study. Specimens from different localities of each
species were examined for CPT analysis. Young leaves and roots of Ophiorrhiza
samples were freeze-dried and ground using liquid nitrogen with Multi-beads shocker”
(Yasui kikai Co, Japan) at 1500 rpm for 40" ssand stored in a vacuum desiccator
overnight. The dried specimens were weighed and extracted with MeOH 10 mg/1 mL
(dry weight), following by Ultrasonication for 30 min“and kept at 4°C overnight. The
crude extracts were centrifugedsat 1500@ g for 10 min. The supernatants were filtered
through 0.45-um filters™ (Millipore Coy USA) and analyzed by Agilent 1100 series

HPLC/DAD/ESI/MS (Palo Alte, CA JUSA).
3"

3.1.3 HPLC-MS analysis =

HPLC analyses were carried-out usirfé'é’Mightysil RP-18 column (5 mm, 250 mm
x 4.6 mm, Kanto Chefieal-Ceo-ine;-dapan)-at-a-flow-raie-of 0.8 mL/min. Elution gradient
was as follows: 0-35 r:nih linear gradient from solvent A [Hz(r)i:HOAc:I\/IeOH (79.8:0.2:20)]
to solvent B [H2OZHOACVZ|\/|GOH (9.975:0.025:90)], 3540 nﬁin isocratic at 100% of solvent
B. Each examined sample ‘was analyzed three'times. Alllsamples in each time analysis
were randomly “injected into a system. The HPLC-MS system was set to 4°C. The
standard) compounds. i powder:formiwere ! dissolved/ iniMeOH o prepare standard
solution (Appendix B). Standard solutions of CPT, 9-methoxy camptothecin (9-MCPT),
10-hydroxy camptothecin (10-HCPT), pumiloside (PMI), deoxy pumiloside (DPMI),
chaboside and mappicine were analyzed using the same method (Yamazaki et al.,
2003). CPT and other compounds in Ophiorrhiza samples were identified by their MS
spectra, UV spectra at 254-nm detection and retention times compared with those of

standard compounds. The contents of compounds detected in each sample were
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calculated. Average contents and standard deviation (SD) of triplicate analyses were

calculated.

3.2 Results
3.2.1 Species identification

Ophiorrhiza specimens collected in this study were identified into eight species
(Table 3.1). Only one sample: Ophiorrhiza~Sp«85, from Rambhai Barni Rajabhat
University, Chantaburi Province, could n'E)Jt be determined a specific species. According
to the morphological identification, Ophi 62 was not assured being

O. pseudofasciculata (Appendix A, Figureli AT).
'} "

3.2.2 HPLC-MS results
il I"-T.:*-'
HPLC-DAD chromatograms _monitoreq.fajtJ,J254 nm, UV spectra and mass spectra

of standard compounds were showf in App?ndri-x B. CPT, 9-MCPT, 10-HCPT, PMI, and

g =i

DPMI were detected in the samples (Table 3.2). Chabeside and mappicine were not

found in any samples:.' The average contents of detected;e‘ompounds of five species,

O. fucosa, O. harrisiana, O. plumbea, O. ridleyana and Ophiorrhiza sp. 35, were

calculated (Figure 3.1, 3.2,84-3.6).

HPLC-DAD chromatograms of some samples, including Ophi 64 (O. fucosa),
revealedialpeakiat.a retention-time approximately 264/ min leluted ‘earlier than 9-MCPT
peak at 26.9 min (Figure 3.8). This compound had UV and mass spectrum patterns
similar to those of 9-MCPT. Thus, it was named 9-MCPT analog and was calculated for
the content by comparing with 9-MCPT standard. The average contents of 9-MCPT

analog in five Ophiorrhiza spp. were shown in Figure 3.3.

From eight species of collected Ophiorrhiza, CPT was found in the root extracts

of four species: O. fucosa, O. harrisiana, O. ridleyana and O. plumbea and in the leaf
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extract of one species, O. harrisiana. 9-MCPT and 9-MCPT analog were detected in
CPT-detected species and also in the leaf extract of Ophiorrhiza sp. 35. 10-HCPT was
detected only in the root and leaf extracts of Ophi 56 (O. ridleyana). PMI and DPMI were
detected in four CPT-detected species. Average contents of CPT and CPT derivatives in
each species were calculated (Figure 3.7). The highest amounts of CPT and 9-MCPT

analog were detected in the leaf extracts of O. harrisiana. The highest amounts of

AULINENINYINT
ARIAATAUNNIING A Y



Table 3.2 HPLC-MS results of compounds detected in the leaf (L) and rgo/t/(R) extracts of eight Ophiorrhiza spp.
P
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-

. ) . Specimen CPT 9-MCPT O-MCPT 10-HCPT PMI DPMI
Species Locality (area, province) No. WMoucher-No. analog

| L R L R L L R L R L R
O. fucosa Khao Soi Dao Nua, Chantaburi hi 32 BH-090519-032 — + - - — + - - - + - -
Khao Soi Dao Tai, Chantaburi Qphi 34 VVTQ9O523—O34 - + - + + + - - _ + — +
Phlio National Park, Chantaburi VV—G90924—064 + - + _ + _ _ _ + _ +
Khlong Narai waterfall, Chantaburi + - + - + - — — + — +
O. harrisiana Than Mayom waterfall, Ko Chang, Trat + + 4 + + = = = + = +
+ + + + + = = = + = +

+ — + + = = + + =
. + + = + + = = + + = -
O. pedunculata Erawan National Park, Kanchanaburi L,VV-OQD,Q,‘IZS—QS1 - - - - - - - _ — — _
Joghier fwwosmezs-oe7 | = [ - [ - [ - - -1-1-1-1T-1T-1-
Mork Fa waterfall, Chiang Mai O‘ﬁhi 4129 /209070804 1 - - - - - - — _ _ _ _ _
Jae Son National Park, Lampang Ophi/7-+-+ | 1SC-090919:057 N I I I N U R
O. plumbea Bangpae waterfall, Phuket Ophi ?:EVV- 3 - + - + + + = = = + - +
Qpni I
™ Ophi 6 VV-090421- Fl -l +«T-T+«1T-T-T-T+«T-1T+%
O. pseudofasciculata | Doi Suthep-Pui National Park, Chiang Mai - Qphl3Z BH-090726-037 — = e _ _ _ _ _ _ _ _
Jae Son National Park, Lampang o Ophi 54 |SC-090920-054 B ) - _ _ _ _ _ _ _
Khun Kon waterfall, Chiang Rai T [“Ophilt2 1SC-090918-062 — m- - - - - - - - - _ _
Doi Pha Hom Pok National Park, Chiang Mai_ ! Ophi 63 1SC-090917-063 - - - - - - - - - - - -
O. ridleyana Queen Sirikit Botanical Garden, Chiang Mai Ophi 52 VV-090806-052 = = = = = = = = - - - -
Jae Son National Park, Lampang L “Ophi 55 ISC-090949-055 - + + + — 3 - - = + = +
M I E 1 1 =1 F ? 3 = + + 3 = + = +
Mae Yom National Park, Lampan hi'61 L. 1ISC-090913 o — H + - = = = - + _ 4

O. trichocarpon Queen Sirikit Botanical Garden, Chiang Mai Ophi 51 VV-090808-051 - - - - - - - - - -
var. glabra Jae Son National Park, Lampang Ophi 58 ISC-090919-058 - - - d - - - _ _ _ _ _
Khao Yai National ParksNakorn Ratchasiina Ophi 68 W-090926-068 t) _ 1 . - - - - - - _ _
Ophiorrhiza sp. 35 | Rambhai Bamni Rajabhat University, Chantabuti || Ophi 35) | W4000523-035 & L 1| L2 | & d" FY N1 I BN IR I I N R
q Ophi 36 VV-090523-036 - - + + = - _ - _ _ _ _

‘+'  detected

‘

‘~* non-detected

VAS
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Figure 3.2 9-methoxy camptothecin content (% dry weight) in the leaf and root extracts

of each Ophiorrhiza samples. Each bar represents the mean + SD of triplicate analyses.
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Figure 3.4 10-hydroxy camptothecin content (% dry weight) in the leaf and root extracts

of each Ophiorrhiza samples. Each bar represents the mean + SD of triplicate analyses.
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Figure 3.6 Deoxy pumiloside content (% dry weight) in the leaf and root extracts of each
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Figure 3.8 HPLC-DAD chromatogram of the root extract of Ophi 64 showing a peak of
unknown compound, 9-MCPT analog, at a retention time 26.4 min and a peak of

9-MCPT at 26.9 min.
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3.3 Discussion

The distribution of Ophiorrhiza spp. collected in this study (Table 3.1, Fig 3.9)
showed some interesting viewpoints. Ophiorrhiza in northern part of Thailand had high
species diversity. For instance, there were four species collected in one location,
Chae Son National Park, Lampang that were O. pedunculata, O. pseudofasciculata,
O. ridleyana, and O. trichocarpon..Even Mok Fa and Tard Mok waterfall in Chaing Mai
Province are small areas, two species werefound. Ophiorrhiza in other parts of Thailand
had lower diversity compating-with the northern-part-For instance, Chantaburi Province
in south-eastern part was found iwo species in four locations. We can imply that the
northern areas are appropriaie for the'lgrovvth of “Ophiorrhiza plants. According to
previous study (Schanzep 2004) ‘and our collecting experience, most Ophiorrhiza
habitats were along #streams: and wateffa[l§ on humus, open soil, wet rocks, in
evergreen, mixed, or disturbed pamboo d;minated forests. They required humid climate
with shade, not directed sunligﬁlt. :-For int.:.r;a;__sgecies aspect, O. pedunculata and O.
trichocarpon collected in “thig; s.tLde had{_r j3(1"7,4'de distribution comparing with O.

pseudofasciculata and O. ridleyana which w\érejound only in northern part of Thailand.

O. fucosa which hag hever been reported in Thailand Wére found only in Chantaburi

Province.

Although there was a fluctuation of GPI content, the presence or absence, and
part of accumulation’ of CPT detected|in samples; within species, but Ophi 52, were
congruent (Figure 3.1), despite their various localities of collection (Table 3.1).
Conversely, /different. @phiofrhiza spp. grown naturally' in the same area had different
CPT-producing abilities (e.g. O. pseudofasciculata and O. ridleyana from Chae Son
National Park, Lampang). From these results, we propose that Ophiorrhiza in Thailand
had CPT production abilities which were mainly related to species, not habitat. Based on
our hypothesis, Ophi 52 should not be O. ridleyana; only its morphological
characteristics looked similar to this species. Thus, we expected that matK and Topl

sequence analysis results can resolve this problem.
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Figure 3.9 Distribution of Ophiorrhiza spp. collected in this study: A. O. fucosa;
B. O. harrisiana; C. O. pedunculata; D. O. plumbea; E. O. pseudofasciculata;
F. O. ridleyana; G. O. trichocarpon; H. Ophiorrhiza sp. 35. Black shapes represent CPT-
and CPT derivatives-producing Ophiorrhiza spp. White-centered shapes represent non-

CPT- producing Ophiorrhiza spp.
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Unlike CPT, some compounds had incongruent detection results in samples
within species. For instance, 9-MCPT was not detected in Ophi 32, among other
O. fucosa plants and 9-MCPT analog was not detected in Ophi 61, among other
O. ridleyana. However, it was noticeable that most samples showed relative contents of
detected compounds within species (Figure 3.1-3.6). For instance, among O. harrisiana,
Ophi 18 had the highest content of CPT, 9-MCPT, 9-MCPT analog, including PMI and
DPMI. Among O. fucosa, Ophi 32 had the lowest content of CPT, 9-MCPT analog, and
PMI, whereas 9-MCPT and DPMI were not.detected. In fact, PMI and DPMI are the
indicators of CPT produciion=~Fhis study, PMi-and-DPMI| were detected in the CPT
accumulating parts in CPT-preduging species. From these results, we can imply that the
plants which had relative centents of PMI'jl DPMI, and CPT might be in a CPT-production
phase. From the relation off CRT and:CPT derivative contents, we still cannot conclude

that CPT derivatives are produced earlier o_fthe CPT production.
)

From HPLC-MS results (Table 3.2),_'9?MCPT analog was detected in all 9-MCPT-

. )
containing species. 9-MCPT analog were eluted earlier than 9-MCPT for 0.5 min
approximately (26.4 min of 9-MCPT analog and 26.9 min of 9-MCPT). Mass spectra of

these two compounds _showed the major ion m/z 379:0:M #H] ' (Appendix B). A recent

study (Shweta et a/;,‘;ZWO) reported an identification of 9-MCPT isomer, 10-methoxy
camptothecin (10—MCPj_') using LC-MS/MS and HRMS. TAIthough solvents for mobile
phase were not the sameé .as our study, they used the same C18 column and used
gradient elution’ of ‘high polar to less polar: mobile phase. Surprisingly, HRMS
chromatograms revealed the retention times of 10-MCPT at 24.07,min and 9-MCPT at
24.53 min, which differed ffor 05 /min similar to aur results (Figure™8.8): 9-MCPT analog
may possibly be 10-MCPT. To prove this assumption, we have to analyze the samples
with standard compound of 10-MCPT, otherwise, it is necessary to use the higher

techniques.

The HPLC-MS data confirms the species identification results. However,
O. pseudofasciculata had not any HPLC-MS data to confirm that Ophi 62 is exactly this

species. Among O. harrisiana, Ophi 18 had the remarkably high contents of 9-MCPT
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(Figure 3.2) and DPMI (Figure 3.6). Ophi 56 (O. ridleyana) was the only 10-HCPT-
detecting specimen in this study (Figure 3.4). Thus, Ophi 62, Ophi 18 and Ophi 56
should be analyzed for genetic characteristics to prove they were exactly the species

previously identified.

The fluctuation of CPT and CPT derivative detections in this study was possibly
because of the different age of examinedplants and the instability of the compounds.
Some growing plants might not ready to produce secondary metabolites or produce in
trace amounts below the iniiial detectioanoint of lhe-equipment. In addition, the content
of any compounds produced by plantvcan pe affected by seasonal variability, plant
elicitor, and part of the plant material. The? example of this case may be Ophiorrhiza sp.
35 that was detected only 9-MCPT and iJ‘f[swanang in_quite low amount. Another factor
affecting HPLC-MS analysis was thé time.:u:s,ed in one analysis for each sample which
was about an hour. Lotssof samplés weré s:fayed over-night in HPLC-MS system. An
increasing of crude extract concentration r_ofn-'hydrolysis of the compounds may occur.
We decreased these possible eerr"sl’by setﬁrﬁbﬁgytemperature of the HPLC-MS system to

T w2 d4

4°C and random injection of all 'samples in each time. However, the content of some

compounds were fluetuation in '“t_r-iplicate anély-é-é_é‘such as~10-HCPT, especially in the

leaf extract.

Average contents of CPT and CPT derivatives in each Ophiorrhiza spp. in Figure
3.7 demonstrated gthataOphionthizay plantscaceumalated CRT=mostly in roots and in
derivative forms:jFor O. fucosa and O. ridleyana, CPT was detected only in roots,
whereas, GRT derivatives.were- detected, in deaves-andsroots.~lt is, the ffact that plants
possess secondary compounds to defend themselves against herbivore attacks or the
manifestation of microorganisms (Sirikantaramas et al., 2009). In this case, Ophiorrhiza
plants might produce CPT mainly in root, and then CPT would be changed into water-
soluble derivatives in order to be easily transported to protect the upper parts of the
plants. This hypothesis may not included O. harrisiana, the only one species that

produce CPT in both leaves and roots.
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In conclusion, this is the first study which reports the detections of CPT, CPT
derivatives, and chemical compounds involved in CPT biosynthesis pathway in O.
fucosa, O. harrisiana, O. plumbea, O. ridleyana, and Ophiorrhiza sp. 35. These five
Ophiorrhiza species could be alternative sources of CPT and CPT derivatives for
anticancer research and pharmaceutical industrial production in the future.

Subsequently research should focuses on a quantitative analysis of CPT and CPT
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CHAPTER IV

SEQUENCE ANALYSES OF MATK AND TOPOISOMERASE |

In order to classify and study a coevolution in Ophiorrhiza spp., we constructed
the molecular phylogenetic trees based on chloroplast matK and nuclear Topl
nucleotide sequences. Besides, amino acid sequences of Topl enzymes were analyzed

to investigate point mutations in the CPT-producing Ophiorrhiza species.

4.1 Materials and Methods

From all specimens, samples fr(;m eight Ophiorrhiza species were examined
(Table 4.1). Mostly, onegsample Was cﬁggen as a representative for each species.
Ophi 18, Ophi 56, and Ophi 62 were alsoi’;,arTQ!yzed to prove that they were exactly the
species previously identified by their_morpﬁ_é)]_pgjcal characteristics.

"
v i

22

4.1.1 RNA extraction and réverse transq?piibn
Fresh leaves;of.each-examined-samples-were-rapialy:ground with liquid nitrogen

using mortar and pe:stte, and then extracted with RNeas',;/TM Plant Mini Kit (Qiagen,
Germany), following the manufacturer's protocol. Total RNA was performed on 0.8%
agarose gel electrophoresis stained byiethidium /bromide and visualized under UV light.
A Lambda DNA#Hind Il Digest (New England BiolLabs Inc., USA) was used as standard
molecular sizesTheywextracted=RNA jwas promptlyskept at -80°C Tatal RNA of each
examined sample was converted to CDNA using SuperScriptTM [[I Reverse Transcriptase
(Invitrogen, USA) and oligo(dT),, primer, following the manufacturer’s protocol. The total
cDNA of each sample was then kept at -20°C for further use in PCR amplification. For
qualification and quantification of RNA and cDNA samples, gel electrophoresis method
was used. Samples were loaded in 0.8% agarose gel (Bio-Rad Laboratories, USA) and

run on an electrophoresis apparatus filled with 1XTAE buffer. The gel was stained with

ethidium bromide solution, destained and transferred to Gel Doc™ XR System (Bio-Rad
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Laboratories, Inc., USA). The samples were visualized under UV light and

photographed.

Table 4.1 Specimens of eight Ophiorrhiza spp. with accession numbers and size of their

full-length matK and Topl sequences.

Species Locality Examined Accession No. (size)
(area, province) specimen matK Topl
O. fucosa Phlio"National Park, Ophi 64 AB564412 | AB564420
Chantaburi i (1518 bp) | (2781 bp)
O. harrisiana Than viayem waterfall, Ophi 27 AB564413 | AB564421
Ko Ghang, Jrat | (1518 bp) (2766 bp)
i
_ Ophi 18 v -
; (1518 bp)
O. pedunculata Mork-Fa wateﬁéll, "} # Ophi 41 AB564414 | AB564422
Chiangmai dd (1518 bp) (2766 bp)
O. plumbea Bangpae {'/va:ferfall, Phu?ket Ophi 6 AB564415 | AB564423

¥/
— (1518 bp) (2766 bp)

Ophi 37 AB564416 | AB564424

F B r -'_,I:J
O. pseudofasciculata | Doi Suthep=Pui National

o

Park, Chiangimai - 4 == (1518 bp) | (2778 bp)
~ | Khun Kon waterfall Ophig25 Y v
Chiangrai 1 (1518 bp) | (2854 bp)
O. ridleyana _{ Mae Yom National Park, Ophi 61. AB564417 | AB564425
Lampang (1518 bp) (2781 bp)
Chaé Son Nationdl Park, Il Ophi 56 v 4
Lampang (1518 bp) (2832 bp)
Queen.Sirikit Botanical Ophi 52 v -
Garden, Chiang-Mai (15181bp)
O. trichocarpon Tard Mok waterfall, Ophi 46 AB564418 | AB564426
var. glabra Chiang Mai (1518 bp) (2766 bp)
Ophiorrhiza sp. 35 Rambhai Barni Rajabhat Ophi 35 AB564419 | AB564427
University, Chantaburi (1518 bp) (2766 bp)

v Full-length gene was sequenced but not submitted to GenBank.

- Full-length gene was not sequenced.
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4.1.2 Primers design
4.1.2.1 matK primers

To amplify and sequence the matK gene of Ophiorrhiza, four primers were
designed. Nucleotide matK sequences of O. pumila (accession no. AB247150),
O. kuroiwae (AB247256), O. japonica (AB257123), and O. hayatana (AB247255) were
obtained from DDBJ/EMBL/GenBank databases. All sequences were aligned and

conserved regions were selected. Details oi'theSe primers are presented in Table 4.2
-t

and the relative positions on.matkK gene are shown.in Figure 4.1. The designed primers

were synthesized by AitbietechsPte Lid, Singapore.
)

i
=t
i

Table 4.2 PCR amplification primeré and slé'_eq['j'encing primers of matK gene used in this

study. 1k 2ds 4%
% ol ok '

Primer name ‘1“Primer sequence (5' to 3') Direction
matkKOpu-560F JCCBTCCCCBAGBTATCTATTC Forward
matKOpu-1188F TGCCTCTTCCTTGCATTTATIACG Forward
matKOpu-1698R | GCACACTTGAAAGATAGCCCATAAA |  Reverse
matkOpu-2227R | |  ATTTCCATTTACAAGGCCTCAGAA Reverse

matkKOpu-560F matKQpu-1118F
—_ —
trnK 5' matK 1518 bp 3' trnK

-— -
matKOpu-1693R  matKOpu-2227R

Figure 4.1 Relative positions of the PCR amplification primers and sequencing primers
on matK gene (1518 bp in length) of Ophiorrhiza spp. Arrows (—» ) represent forward

primers. Arrows («—) represent reverse primers.



50

4.1.2.2 Topoisomerase | primers

Nine primers were newly designed. Nucleotide Top!/ sequences of O. pumila
(AB372508), O. liukiuensis (AB372509) and O. japonica (AB372510) were aligned and
conserved regions were selected. The designed primers were synthesized by Aitbiotech
Pte Ltd, Singapore. Opstart primer was obtained from Graduate School of
Pharmaceutical Sciences, Chiba  University,, Japan. Details of these primers are

presented in Table 4.3 and the relative posiiions«on matkK gene are shown in Figure 4.2.

v
Table 4.3 PCR ampilificationsprimers. and sequencing.primers of Top/ gene used in this

study. :
o |
Primer name Primer sequence (5" to 3') Direction
opstart ATGGCTG}TGAGGCCTGTA Forward
Topl-471F GCTAGGAGITCTGGITGOTCA Forward
Topl-960F QCAATATCCCAAAGAATCAAGAA Forward
Topl-1518F CGTETCAAMBABAAGETCGGTA Forward
Topl-2139F COAAGTGGGAAAGAGGGTAGT Forward
Topl-696R CATTTIGITGAAGTIRIGCTGC Reverse
Topl-1078R: = TAACAGAAGCTGGTGACTTC Reverse
Topl-1518R TACCGACCTTCTCTTTGACACC Reverse
Topl-1831R /| GCTTTCTCATATTICTCCTTGTCA Reverse
Topl-2753R CATGGCCEAGGCAAACT Reverse
opstart Topl-471F Topl-960F Topl=1518F Topl-2139F
— — —_ — >
I tonoisomerase |'2781 bp T T —
+— <+ <+ <+ <
Topl-696R  Topl-1078R  Topl-1518R  Topl-1831R Topl-2753R

Figure 4.2 Relative positions of the PCR amplification primers and sequencing primers
on Topl gene (2781 bp in length) of O. pumila. Arrows (=) represent forward primers.
Arrows (4—) represent reverse primers. Pin shape with white circle (T) indicates amino
acid mutation at position 530 based on H. sapiens Topl. Pin shape with black circle (T)

indicates mutation at position 722 based on H. sapiens Topl.
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4.1.3 PCR amplification

The cDNA fragments encoding matK and Topl were used as templates for PCR
amplification of matK and Topl genes using TaKaRa Ex TaqTM Polymerase (Takara Bio
Inc, Japan), following the manufacturer’s protocol. PCR amplification was carried out in
Bio-Rad Laboratories C1000 Thermal Cycler (Bio-Rad Laboratories, Inc., USA). The PCR
products were run on a 1% agarose gel with Lambda DNA/Pstl marker and

subsequently cloned into E. coll.
4.1.3.1 PCR of matik.gene

PCR amplification gifmatK region was performed using 2 uL of cDNA template in
50 pL of reaction mixture gonsisting.of 5 units/uL TaKaRa Ex Taqg TM, 1X Ex Taqg Buffer
(including 2 mM of MgCL), 2.5/ mM eaEh of dNTPs mixture, and 0.2 pM of each
matKOpu-560F and maitkKOpu-2227R pnmiyr The PCR eycling program started with an
initial denaturation step ati95°C for 3 miny follpwed by 30 cycles of denaturation at 95°C
for 30 s, annealing at 50°C for 30 s,extensrom. amt{.72 C for 2 min, and a final extension at

72°C for 5 min, then held at 4°C_An expeotéd%s_i_ze of the PCR product was 1700 bp

approximately.
4.1.3.2 PCR of'topoisomerase | gene

PCR amplification wassperformed using 2 UL -of 6DNA template in 50 pL of
reaction mixture,consisting of 5'units/ull TaKaRa Ex*Taq ™ 1 Ex Taq Buffer (including
2 mM of MgCl,), 2.5 mM each _of dNTPs mixture,~and 0.2 pyM. of €ach primer. Initially,
Topl-1518F and Topl-2753R primers were used to amplify' a mutation' region in Topl
gene. The PCR cycling program started with an initial denaturation step at 95°C for 3
min, followed by 30 cycles of denaturation at 95°C for 30 s, annealing at 48°C for 30 s,
extension at 72°C for 1.5 min, and a final extension at 72°C for 5 min, then held at 4°C.
An expected size of the PCR product was 1200 bp approximately. Other couples of
primers were used to complete a full-length gene of Topl using similar PCR condition

with the modification of an extension time depended on fragment size.
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4.1.4 Cloning and sequencing

PCR products of matK and Topl fragments were cloned and transformed to
E. coli DH50. competent cells with the pGEI\/I®—T Easy Vector System (Promega Corp,
USA). Each PCR product (3 pL) was ligated with pGEM-T Easy Vector (1 pL) using 1 uL
of T4 DNA ligase enzyme in 5 pL of 2X ligation buffer. Ligation mixture was incubated at

4°C overnight and transformed to E. coli DH50L competent cells by heat shock method.

Competent cells was removed from'the=80°C freezer and thawed on ice. After
thawing, 100 L of cells was'mixed with 5 uL ofligation'mixture and incubated on ice for
30 min. The cell mixture was.healsshocked at 37°C for 60 s and rapidly placed on ice for
5 min and then 900 uL of SOCi/media (42"0 preheated) was added to the cell mixture.

The cell mixture was transferred into a 15-ml'tube and shacked for 1 hr at 37°C.

_—

i
\ r

The recombinant/Clones Wére seI{e‘ptéd using blue/white selection technique.
The LB-Amp (Luria-Bertani- medidm' with éfﬁpi’CiIIin) plates were prepared earlier. The
mixture of 2% X-Gal in DMF (40 pL) and 100’mM IPTG (100 pL) was spread on LB-Amp
plate to prepare an X-gal plate. The recombmnt E coli cell mixture was plated onto the

X-gal plates and placed at 37 C overnlght Wh|te Colomes were randomly chosen from

the overnight plates and checked for corrected size of mser’gs by colony PCR.

Colony PCR was performed using small amount of white colony as a template in
10 pL of reaction mixture] consisting: afireagents/in @ propertioa:similar to that of typical
PCR amplificatien with T7 and SP6 primers. The PCR cycling program was the same as
that of PCR,product-amplification,with the madification ef 5 mininitial denaturation time.
The products’of colony PCR were determined the Size by gel agarose electrophoresis.
The colonies inserted with expected-sized PCR products were cultured in LB-Amp broth

and shacked at 37°C overnight.

Recombinant E. coli culture was extracted for plasmid using GenElute™ Plasmid

Miniprep Kit (Sigma-Aldrich Corp, USA), following the manufacturer’'s protocol.
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The purified plasmids were used as templates for nucleotide sequencing by Aitbiotech

Pte Ltd, Singapore.

4.1.5 Phylogenetic tree construction

The obtained matK and Topl sequences were assembled and their consensus
sequences were constructed using Seql\/ianTM program (DNA Star Inc, USA). The
nucleotide sequence data.was submgted 0" the.- DDBJ/EMBL/GenBank nucleotide
sequence databases with.aeecession nﬁmbers (Table 4.1). The nucleotide sequence
alignments of matK and«fop| were perfon,lmed (Appendix C and D). Both separated and
combined matK and _fopl seguence d?t?—matrices were phylogenetically analyzed

using PAUP* 4.0b10 prograr (Sinauér_Assch Inc, USA).

\ #

J
In the case of matK »sequencéif_ O: pumila  (accession no. AB247150),
O. kuroiwae (AB247256),/0. japonica (A82§¢Z123), and O. hayatana (AB247255) were
included in the analysis with Joosia umbel}/‘fél_?é (AY538396), belonging to the same

family, added as an outgroup.. Maximum pa‘r'si;mgny (MP) analysis was performed using

a branch-and-bound é'_earohinq strategy. All characters Wei:'_lreﬂ treated as unordered and

equally weighted. St"riét, semistrict and 50%-majority consensus trees of all equal MP
trees were generated and compared together. Bootstrap analyses of 1000 replicates

were performegd-Wwith a branch-and-boundiseareh.

MP trees of Topl and combined matK .and Topl data:matrices were also
reconstructed with.'the! same.! approach as matK. Topl sequences of O. pumila
(AB372508), O. liukiuensis (AB372509) and O. japonica (AB372510) were included in
the Topl analysis with Camptotheca acuminata (AB372511) and Catharanthus roseus
(AB372512) as outgroups. The combined matK and Topl tree was midpoint-rooted

without any outgroup added to the analysis.
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4.1.6 Analysis of topoisomerase | amino acid

Nucleotide sequences of fopoisomerase | of each Ophiorrhiza spp. were
translated into amino acid sequences. Encoded amino acid sequences of Ophiorrhiza
Topl protein were aligned using MegAIignTM program (DNA Star Inc, USA) and were

compared with those of other organisms retrieved from GenBank. These additional Topl

Camptotheca acuminata, . s oreducing organisms, O. japonica,

Catharanthus roseus and

AULINENINYINT
ARIAATAUNNIING A Y



55

4.2 Results

4.2.1 RNA determination

Total RNA extracted from leaf tissue of samples (Table 4.1) and Lambda DNA-
Hind Ill marker were visualized under UV light and photographed. Figure 4.3 showed

two bands of 28S and 18S ribosomal , RNA (rRNA) and a smeared appearance of

F
partially degraded RNA. J /,

Figure 4.3 Agarose” gel electrophoresis of total*RNA “extracted from Ophiorrhiza

samples.

Lane M: Lambda DNA-Hind Il marker
Lane 1: O. fucosa (Ophi 64)

Lane 2: O. harrisiana (Ophi 27)

Lane 3: O. pedunculata (Ophi 41)
Lane 4: O. plumbea (Ophi 6)

Lane 5: O. pseudofasciculata (Ophi 37)
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4.2.2 PCR and colony PCR product determination

4.2.21 matK gene

The PCR products of matK amplified with matKOpu-560F and matKOpu-2227R
primers were approximately 1700 bp in length. From agarose gel electrophoretogram,

each sample showed one band of PCR produciwith corrected size (Figure 4.4). These

-

were cloned and transformed to E. coll.

SCE NN N<— ~1,700 bp

Figure 4.4 Agarose| gel electrophoresis [ofl 1700-bp matK regiontamplified from cDNA of

Ophiorrhiza samples.

Lane M: Lambda DNA/Pstl marker
Lane 1: O. fucosa (Ophi 64)

Lane 2: O. harrisiana (Ophi 27)

Lane 3: O. pedunculata (Ophi 41)

Lane 4: O. plumbea (Ophi 6)

Lane 5: O. pseudofasciculata (Ophi 37)
Lane 6: O. ridleyana (Ophi 61)
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Eight randomly white colonies were picked from the overnight plates and
checked for corrected insert size by colony PCR (Figure 4.5). The colonies inserted with
1700 bp PCR products were cultured. Plasmids were extracted using GenElute™

Plasmid Miniprep Kit.

A B C
A A A

r N\ N A\
1234567812845 ¢678M12345¢6738

<€— ~1,700 bp

F

K_Lﬂf_A N ]

123456781234'&"‘678M12345678

s...i..u‘ E slii;r: lel|.UHIUl

Figure 4.5 Colony 'screening for the“1700-bp size 'of matke=region' inserts. The number

above each lane indicates clone number of Ophiorrhiza spp.

Lane M: Lambda DNA/Pstl marker

A: O. fucosa (Ophi 64) D: O. plumbea (Ophi 6)

B: O. harrisiana (Ophi 27) E: O. pseudofasciculata (Ophi 37)
C: O. pedunculata (Ophi 41) F: O. ridleyana (Ophi 61)
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4.2.2.2 Topoisomerase | gene

The PCR products of Topl amplified with Topl-1518F and Topl-2753R primers
were approximately 1250 bp in length. From agarose gel electrophoretogram (Figure
4.6), most sample showed one band of PCR product with corrected size.

O. pseudofasciculata (lane 5) also showed two non-specific bands which were 300 bp

and 800 bp in length. These were cloned,and transformed to E. coli.

| /7

- d e - “ H <— ~1,250 bp
e -

Figure 4.6 Agarese gel electiophoresisiof 1250-bp"Topl fragment amplified from cDNA

of Ophiorrhiza samples.

Lane Malambda DNA/Pst marken
Lane 1: O. fucosa (Ophi 64)

Lane 2: O. harrisiana (Ophi 27)
Lane 3: O. pedunculata (Ophi 41)
Lane 4: O. plumbea (Ophi 6)

Lane 5: O. pseudofasciculata (Ophi 37)
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Eight randomly white colonies were picked from the overnight plates and
checked for the size of inserts by colony PCR (Figure 4.7). The colonies inserted with
1250 bp PCR products were cultured. Plasmids were extracted using GenElute™

Plasmid Miniprep Kit.

J i 3 N\ 77 N\
123 4 5 67 .8 M1 2849 6.7 812345678

|
A
.

ﬂguud ‘, i <—~1,250bp

8 B '
= i 844

Figure 4.7 Colony screening for the 1250-bp size of Topl fragment.inserts. The number

above eachlane indicates clone number of Ophiorrhiza spp.

Lane M: Lambda DNA/Pstl marker

A: O. fucosa (Ophi 64) D: O. plumbea (Ophi 6)

B: O. harrisiana (Ophi 27) E: O. pseudofasciculata (Ophi 37)
C: O. pedunculata (Ophi 41)
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4.2.3 Phylogenetic tree of matK gene

The matK sequences of O. pumila, O. kuroiwae, O. japonica, and O. hayatana
obtained from GenBank database were added in the analysis. Joosia umbellifera,
belonging to the same family, was added as an outgroup. The nucleotide sequences of

matK were aligned using CLC Sequence Viewer program (CLC bio, Aarhus, Denmark)

(Appendix C) and phylogenetica using PAUP* 4.0b10 program (Sinauer
Assoc Inc, USA). |

The obtained characters and numbers of

parsimony-informative the numbers of equally most
parsimonious trees w v | " naximum parsimonious trees (MPTs)
was shown as a phylo | w.\ consensus tree of 11 equally
MPTs was constructed 9).lhedl \\\.‘ h MPT is 179; CI = 0.9609,

isensus tree classified Ophiorrhiza

AULINENINYINT
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5 O. plumbea 6

2 O. harrisiana 18
O. harrisiana 27

O.fucosa 64

— 1o, ridleyana 61

4| O.ridleyana 56
4 . )
— Ophiorrhiza sp. 3/
1
10. pumila (AB247 ,
2 O. kuroiwae (AB247
5 ) .
O. japonica (AB2571
‘2
2 O. hayatana (AB247255)

O. pseudofasciculata 37

2 O.ridleyana 52
1 .
1 O. pseudofasciculata 62

2 O. pedunculata 41 -

o.tchocarpon 15 E | 7
o FWEI’J ‘VlEJ"VI?W gIn7

o BTG TT AR R o o1

maxmunq parsimonious trees (MPTs) is 179; Cl = 0.9609, Rl = 0.9167 and RC = 0.8808.

Joosiaumbellifera (AY538396)

Numbers above the lines are branch lengths of the maximum parsimonious tree (MPT).

Specimen numbers come after taxa name.
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O.plumbea6

O.harrisiana 18

O.harrisiana 27
55
<50 —— O.fucosa64
ba 73
<50
100 O.ridleyana61
A 63
100 100 ——— O.ridleyana 56
91 90
Y Ophiorrhizasp.35
O.pumila(AB247150)
64 O.kuroiwae (AB247256)
<50
pa ——— 0.pseudofasciculata37
100 O.ridleyana52
98
100 L O.pseudofasciculata 62
67
— O.pedunculata4l B
100
56
——— O.trichocarpon 46
— O:]japonica(AB257123)
73
55
e O.hayatana (AB247255)
Joosiaumbellifera (AY538396)

Figure 4.9 The 50% majority consensus| tree of 11 eguallyl MPTSybased on the matK
gene. The length of each MPT is 179; Cl = 0.9609, Rl = 0.9167 and RC = 0.8808.
Numbers above the lines are %majority between all MPTs. Numbers below the lines are
%bootstrap values with 1000 replicates. Arrows indicate nodes collapsed in the strict
consensus tree. Specimen numbers come after taxa name. ‘A’ and ‘B’ indicates the

clade of CPT-producing and -non-producing plants.
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4.2.4 Phylogenetic tree of fopoisomerase | gene

The Topl sequences of O. pumila, O. liukiuensis, and O. japonica obtained from
GenBank database were added in the analysis. Campfotheca acuminata and
Catharanthus roseus were added as outgroups. The nucleotide sequences of Topl were

aligned using CLC Sequence Viewer program (CLC bio, Aarhus, Denmark) (Appendix

USA).

The obtained T characters and numbers of

parsimony-informative he numbers of equally most
parsimonious trees w hown as a phylogram (Figure
4.10). The strict conse i ally | . was constructed (Figure 4.11).
08025 and RC = 0.7269.The strict

consensus tree classified OrTh. D.into jor clades.

)

% §
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14 O.fucosa 64
9 .
O. harrisiana 27
17
1 Is
Ophiorrhiza sp. 35

1
16 O. pumila (AB372508)

O.ridleyana 61

hocarpon 46

nica (AB372510)

-
-
Culata 62

4 -
O. pseudofasciculata 37

‘a o
B e TR S—

259

SV EERIRT) I TATETA Y

Figure 4.10 The maximum parsimonious phylogram of Topl gene. The length of each

MPT is 1189; Cl = 0.9058, Rl = 0.8025 and RC = 0.7269. Numbers above the lines are

branch lengths of the MPT. Specimen numbers come after taxa name.
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O.fucosa64

O. harrisiana 27

84

Ophiorrhizasp.35

o

.ridleyana 61

58

@]

.ridleyana 56

69

(@]

.liukiuensis (AB372509)

94

O

.pumila (AB372508)

(@)

76 .plumbea6

o)

.pedunculata4l

60 100

(©)

.trichocarpon 46

0.japonica (AB372510) B

O. pseudofasciculata 62

O.pseudofasciculata 37

Camptothecaacuminata (AB372511)

Catharanthusroseus (AB372512)

Figure 4.11 The 'strict consensus tree"of two equally"MPTs based on“the Topl gene.
The length of each MPT is 1189; CI = 0.9058, Rl = 0.8025 and RC = 0.7269. Numbers
below the lines are %bootstrap values with 1000 replicates. Specimen numbers come
after taxa name. ‘A’ and ‘B’ indicates the clade of CPT-producing and -non-producing

plants.
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4.2.5 Phylogenetic tree of combined data of matK and topoisomerase | gene

The matK and Topl sequences of Ophiorrhiza spp. were combined.
The nucleotide sequences of combined matK and Topl were aligned using CLC
Sequence Viewer program (CLC bio, Aarhus, Denmark) and phylogenetically analyzed

using PAUP* 4.0b10 program (Sinauer Assoc Inc, USA).

The obtained combined | (1 | data-matrices were 4381 total
characters were 119 (2.72%).
The single most parsimonio onstri (Figure 4.12). The length of MPT is
295; Cl = 0.7966, Rl =6 : C = 0,648 T was midpoint-rooted without

any outgroup added g’ apalysis. The single most parsimonious tree classified
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Root extract
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Figure 4.12 The single most parsimonious tree based on a combined maitK and Topl
data matrices. The length of each MPT is 295; Cl = 0.7966, Rl = 0.8137 and RC =
0.6482. Numbers above the lines are branch lengths of the MPT. Numbers below the
lines are %bootstrap values with 1000 replicates. The tree was midpoint-rooted without

any outgroup added to the analysis. Specimen numbers come after taxa name.

unds detected in the leaf and root extracts
g%or ~' (absence) symbols.

The results from HPLC-MS analysis of

of each specimen were indicat

w l\\

4.2.6 The alignme

According to i ‘,; 5f  To - nucle tide" sequences (Appendix D),
O. pseudofasciculata Ml
insertion caused nume ACi
and Ophi 56 were e ' ‘ '-" it cid alignment (Appendix E).
equer ed samples of Ophiorrhiza spp.
(Table 4.1) were aligned wit_h_gw o E). The order of taxa in the
alignment was arra. ................. | | ic trees. The 26 positions

| . T | )
which showed unique’amino a eported in Figure 4.13 (A). The

orted in Figure 4.13 (B).

codons translated to the

ﬂumwamwmm
QWWMT’I‘?EM URIINYIAY

e unique amino acids were rep
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Linker C-terminal

N-terminal domain Core domain ) .
domain domain

N —I | Human topoisomerase | |

[}
1 ﬁ 215 ﬁ 636 ﬁ 713 ﬁ765

[Topl amino acid substitution No. I 1 I 2 | 3 |4

sls|7|s| |9|1o|11|12|13|14]15|16|17|1s|19||20|21|22|I23|24|25|26I
Position based on H. sapiens - | 67| - [97] - ]139|173| - 226 |247 [331 370 (420 | 421 [424 |527 |530 (610 | 617 679 [706 | 713 717 | 722 | 736 | 743
IHomo sapiens - T S| - P L \ M N M | Q | F L E L K T Q G N | W |
Catharanthus roseus K P|S|S|P|P - L | \Y K M | P F F L D \ K E T G N H |
0. japonica K P S Fl1T P T \ | | K M | Q F F L E \i K E T G N H |
0. pseudofasciculata 62 K|P|S|IF|]T|P|T|V | | K| M | Q| F F L E|V K E T G| NJ|H |
0. pseudofasciculata 37 K P S Fl1T P T \ | | K M | Q F F L E Vv K E T G N H |
0. trichocarpon 46 K[P|S|IF|]T|P|T|V | ! K| M | Q| F F L E|V K E T G| NJ|H |
0. pedunculata 41 K P S FI1T P T Vv | | K | Q F F L E \' K E T G N H |
0. plumbea 6 E L | F P P A A I | K | Q R | | K G E K A S S H M
Ophiorrhiza sp. 35 E L | S P A|A A | L R v L C | | K G E K A S S Q M
0. harrisiana 27 E L | S P A A A M 5 R ; ) L C | | K G E K A S S Q M
0. liuki E L | S P el A A M L R 1 Q C | | K G E K A S S H |
O. rit 56 E L | S P A [ A A M A| R sy Q F F L E Vv K E T G N H |
0. ridleyana 61 E L | S P ATTA A M T R s V 1 C | | K A E K A S S Q M
0. pumila E L | S [T ) A M L RufSe] V s C | | K G E K A S S Q M
0. fucosa 64 E L | S P A LA A M L R V. V s C | | K G E K A S} S} Q M
Camptoth K AR F R P A J ) R M | P F F L N \ K E T G S H Vv
Position based on amino acid alignment 79 |125(175 |179(227 |2754334 | 345 417 431% 522 |561 | 612 | 614 {617 |721 724 |804 [811 877 (906 | 913 917|922 [ 936 | 943
Position based on nudeotide ali 277 |374518 [530(673 817 994 [1028 12451300 (1547 6}@ 1816(1823|1832(2125 2134 [2374(2393| (259027532774 [2786(2802|2845 (2866
IHomo sapiens — |ACC| — |TCT[CCT [CET|TTGH — GTA"| ATG | AAT | ATG| ATC | CAA [ ATT | TTT | CTC |GAG | CTT AAG | ACA | CAG GGA | AAT | TGG | ATT
Catharanthus roseus aAG |ccalace [tet|ccalecc | & [ arr ‘et fana [ at6 | AT [cca | i [ v e [oat[err| [asa[eac [acc| [eec]| aat| cart [ ata
0. japonica AAG [CCG|AGC [TTT JACA |CCTJACC || GTT ALLLATT LAAA | ATG | ATA | CAA | TTC | TIT | CTC [GAG | GTG AAG |GAG | ACC GGC | AAT | CAC | ATA
0. pseudofasciculata 62 AAG [CCG|AGC |TTT |ACA |CET |ACC| GTT | i ATT/ | ATT |AAA G| ATA | CAA [ TTC [ TTT | CTC |GAG | GTG AAG | GAG | ACC GGC [ AAT [ CAC | ATA
0. I 37 AAG |ccG|ae |TTT | AcafecT |ace| art |« | aTT | ATT ﬁ‘}fg ATA | CAA | TTC | TTT [ CTC |GAG | GTG AAG |GAG | ACC GGC | AAT | CAC | ATA
. trichocarpon 46 AAG [CCG|AGC [TTT |ACA[CCT JACC | GTT ATT | ATT: xAA ATG | ATA | CAA | TTC | TTT [ CTC [GAG | GTG AAG |GAG | ACC GGC [ AAT [ CAC | ATA
0. pedunculata 41 AAG [CCG|AGC [TTT|ACA |CCTJACC| GTT A{'IT ATT m ATG | ATA | CAA | TTC | TTT | CTC |GAG | GTG AAG | GAG | ACC GGC [ AAT | CAC | ATA
0. plumbea 6 GAG |CTG| ATC |TTT|CCA |GET |GCElGCI} “f ATT | ATT A ATA | CAA | CGC | ATT | ATC | AAG |GGG GAG [ AAG [GCC AGC | AGT | CAC | ATG
Ophiorrhiza sp. 35 GAG [CTG| ATC |TCT|CCAJGCT |GEC| GCT ATT | CTT CTA | TGC | ATT | ATC | AAG |GGG GAG |AAG |GCC| |AGC[AGT | CAA | ATG
0. harrisiana 27 GAG |CTG|ATC |TCT|CCA|GCT |GEC| GCT r _' ATG |C CTA | TGC | ATT | ATC | AAG |GGG GAG [ AAG [GCC AGC | AGT | CAA | ATG
0. liukiuensis GAG [CTG|ATC |TCT|CCA GCT#CC GCE=={ATG | CTT CAA | TGC | ATT | ATC | AAG |GGG GAG | AAG |GCC| |AGC [AGT | CAC | ATA
0. ridleyana 56 GAG |CTG| ATC |TCT|CCA |GCT |GCC .GCT TG T CAA | TTC | TTT | CTC |GAG | GTG AAG |GAG | ACC GGC | AAT | CAC | ATA
O. ridley 61 GAG | cTG | ATC [TCT|CcA |6eT|cec| Ger) [aTG [ crT ATA | TGC | ATT | ATC | AAG | GCG GAG [ AAG [GCC |AGC [ AGT | CAA | ATG
0. pumila GAG |CTG| ATC | TCT[CCA |GCT |GCC| GET. ATG | CTT CTT | TGC | ATT | ATC [AAG |GGG GAG [ AAG [GCC AGC | AGT | CAA | ATG
0. fucosa 64 GAG |cTG| ATC |TCT|ccA |6CT [ceeeci < |aTG | ot CTA | TGC | ATT | ATC | AAG | GGG GAG [ AAG [GCC | AGC [ AGT | CAA | ATG
|Camptotheca acuminata AAG |GTT [AGTTTT [CGA|CCT| — | GTT ATT | GTT CCA | TTIC | TTI#|€TT | AAT | GTA AAG |GAG [ACC GGT | AGC | CAT | GTA

e -2
F |

Figure 4.13 The 26 Eés’itions of amino acid substitutions iﬁ'{l;opl amino acid alignment.
(A) The amino acid substitutions showing two putatively different groups separated by
a black line: CPT-producing-onganisms;(belowsthe line)-andy-non-producing organisms
(above the line)s; The gray boxes indicate amino acid substitutions which have been
reported, inprevious.studies. Arrows indicate the,locations af below-amino acid positions
in four domains of @ human Topl structure (Champoux, 2001) comprising an N-terminal
domain, a core domain, a linker domain, and a C-terminal domain. The numbers
beneath the human Topl structure indicate domain boundaries based on amino acid
sequences of human Topl. (B) The codons translated into each amino acid substitutions
in (A). Hyphens indicate gaps. Red characters represent different amino acid or

nucleotide sequences.
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4.3 Discussion

Sequence analysis of matK revealed its conserve within the genus Ophiorrhiza.
The matK genes of all Ophiorrhiza species and Joosia umbellifera were all 1518 bp in
length. Parsimony-informative nucleotides were only 1.45% from 1518 bp. Figure 4.8
showed the number of different nucleotide of each taxon. The matK sequences of O.
fucosa 64, O. ridleyana 61, and O..idleyana 56 were completely 100% identical even if
they were different species. Conversely, matl'seguences of plant specimens in the
same species were different—in 1-2° bps,ferwinstance O. harrisiana and O.
pseudofasciculata. Despite the maiK tree did not revealed high resolution enough to
divide species, the phylogenetie consens'ps tree of matK (Figure 4.9) revealed two major
clades of Ophiorrhiza spp. that agree with a tmK/maiK tree previously published
(Nakamura, 2006). Clade #/A comprised _‘of 'O. plumbea, O. harrisiana, O. fucosa,
O. ridleyana, Ophiorrhiza sp. 35, O. ,oum/ﬁa and O. kuroiwae. Clade B comprised of
O. pseudofasciculata, O. peo’uncu/ata 0. trlqhocarpon O. japonica, and O. hayatana.

.JJ
The matK phylogenetlc tree showed—a correlation of Ophiorrhiza spp. with

production of CPT and CPT derivatives. Al plants in cladesA can produce CPT or CPT

derivatives. For instaqéaO. pumila produces CPT and 91M§2PT (Yamazaki et al., 2003)
and O. kuroiwae pro@!uces CPT and 10-MCPT (Asapo et al.,, 2009). The other
Ophiorrhiza taxa in clade. B are knowny to be non-CPT-producing plants, e.g.
O. hayatana c¢an produce only anthraquinones' (Chan et al.,.2005). In clade B, O.
ridleyana 52 was clustered with O.spseudofasciculata and separated from other O.
ridleyana specimens. Thus, Ophi 52 is clearly not O. ridleyana but itjis closely related
with O. pseudofasciculata. Due to the close relationships of genetic and morphological
characteristics within species of O. harrisiana, Ophi 18 and Ophi 27 were considered as
O. harrisiana. From these results, Ophi 52 and Ophi 18 were excluded from Topl

analysis.

The strict consensus tree of nuclear Topl gene (Figure 4.11) showed similar

topology to the maiK tree. O. liukiuensis in clade A was previously reported to produce
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CPT, 9-MCPT and 10-MCPT (Kitajima et al., 2005). Compared with the chloroplast matK
tree, the nuclear Topl tree gave a much higher number of parsimony informative
characters (10.68% of Topl and 1.45% of matK) and showed a higher bootstrap
percentage supporting the division of clade A and B (94% for Topl and 91% for matK).
Likewise, the Topl tree revealed higher resolution of the phylogenetic relationship
between species within the tree and may suggest the evolutionary pattern in the genus
Ophiorrhiza. The maximum parsimonious; phylogram of Topl gene (Figure 4.10)
suggests that CPT-non-producing Ophiorrhiza«spp« (clade B) may exist before CPT-
producing species (clade-A).~In fact, Topl enzyme-is known to be a target of CPT.
Therefore, the Topl gene o Ophiorrhiza could have evolved responsively to the

emerging event of gene mutations:for CP'[ production.

The single phylogengticitree of combined. maik and Topl regions (Figure 4.12)

also strongly confirmed the separafion beﬁwé':en the two groups of CPT-producing and
CPT-non-producing Ophiafrhiza plants \_Nit-h “a very high bootstrap value (98%).

. L)
Currently, it has been no feport 6f subgenus division in the genus Ophiorrhiza,
In this study, there is obvious correlation between camptothecinoid detection and

-
=i

taxonomic positions of Oph/offhEa ‘spp. based on matK and Topl phylogenetic trees.

Thus, it is possiblé'_to divide Ophiorrhiza into t\A}o;'.chemotaxonomic groups:

camptothecinoid produp_ers and camptotheoinoid—non—proﬁducers.

The alighmentsy of=matK @andi/Topl nucleotide, .sequences showed several
polymorphic lociwhich can be utilized to design molecular markers to differentiate CPT-
producing ;jand-CPI=non-producing Ophiosrhiza, Fer instancesPCR-RFLP method can
be developed using the" different ‘'enzyme ‘restriction ‘sites between”two groups of
Ophiorrhiza. SCAR marker may be used if there is specific band obtained from RAPD

technique.

The alignment of Topl amino acid sequences (Appendix E) showed moderate
polymorphisms between Ophiorrhiza spp. and other plants; e.g. 68% identity between

O. plumbea 6 and Camptotheca acuminata, and 63% identity between O. harrisiana 27
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and Catharanthus roseus. The amino acid polymorphisms in various residue-positions
(Figure 4.13) revealed the division between all examined organisms, which could be
separated into two groups of CPT-producing and -non-producing organisms. Previous
studies of the structure of human Topl enzyme (Champoux et al., 2001; Redinbo et al.,
1998; Sirikantaramas et al., 2008) suggested several mutated amino-acid residues that
may contribute to production of a CPT-resistant Topl. The mutations of Leu-530 to lle
which were found only in O. pumila and ‘O. liukiuensis, could disrupt CPT-binding by
shifting the Asp-533 that binds to CPT «(aimbered according to human Topl)
(Sirikantaramas et al., 2008)-The Asn-722 which-lies-next to the active-site Tyr-733 has
been reported to be mutated«to Ser or Asp in CPT-producing plants and mutated cells
which are resistant to EPTy such as some human leukemia cell-lines, yeast

Saccharomyces spp. and viruses/(Gupta etal., 1995).

_—

In this study, we found that most o%QfCﬁT—producing Ophiorrhiza species had two
amino acid mutations of Leu-5380/to e an}c_j-f--Asn—722 to Ser, which were identical to a
previous study (Sirikantaramas et a/.v’,‘ 2008)3'&_;\._)_“8’ glso found two amino acid substitutions
at Met-370 and Gly-717, which havé been pFév?iéley reported only in yeast and human
mutated cells (Wang-et al., 197197')» but never.fkslééﬁ ‘reported in plants. Other substituted
residues (Figure 4.1'3)' also suggest the amino acid markerr;s in the Topl sequences of
the CPT-producing or C:PT derivative-producing Ophiorrh('za plants were comparable to
the amino acid positions’ in, four distinct demains of human Topl. These substituted

residues were located near the mutated positions that affect Topl structure (Redinbo et

al., 1998) but had never been found in CPT-resistant human cancer.cells.

The" phylogenetic’ tree” and” Topl "amino "acid " analysis“results confirm that
Ophi 37 and Ophi 62 were O. pseudofasciculata. Although Ophiorrhiza sp. 35 showed
only CPT derivatives production but not CPT, it was placed in clade A of both matK and
Topl phylogenetic trees. Additionally, several mutated Topl residues of this plant were
identical to those of CPT-producing plants. Surprisingly, O. ridleyana 56 was placed in
clade A of both matK and Topl phylogenetic trees but had non-mutated amino acid

residues in reported critical positions. The full-length Topl gene of O. ridleyana 56 was
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closely related with O. ridleyana 61 and other CPT-producing Ophiorrhiza spp.
However, this plant may not have Topl mutation as a self-resistance mechanism,
otherwise, there would be new point mutations which cause resistance in Topl. Hence,
any further study should focus on the effect of these amino acid substitutions on protein

structure, CPT-binding site, and enzyme activity of Topl.

¥
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CHAPTER V

CONCLUSION: COEVOLUTION OF TOPOISOMERASE |
AND CAMPTOTHECIN PRODUCTION

Five species of Ophiorrhiza, O. fucosa, O. harrisiana, O. plumbea, O. ridleyana,
and Ophiorrhiza sp. 35, out of eight species collected in this study, are reported the
detections of CPT, CPT derivatives, ands chemical compounds involved in CPT
biosynthesis pathway. The«distribution 81‘ Ophicrrhiza spp. suggests that Ophiorrhiza
in Thailand had CPT preduction abilities mainlyrelated to species, not habitat.
The sequence analyses™of ghloroplast ,ImatK and nuelear Topl genes suggest that
genetic factors play an important roIeJ" |n determining CPT and CPT derivatives-

producing properties of#Ophiorrhiza plant:% By reason that the molecular phylogenetic

i
\ -

trees of both separated and combin"ed matk and Topl nucleotide sequences had similar

topology and correlated with production of_'--C'PT and CPT derivatives, we conclude that
- £ 4

Ophiorrhiza plants have a coevolution of m'a‘itK-and Top! genes with production of CPT

and CPT derivatives. —

In fact, Topl erjz_;Lme is known to-be atarget-of CF?T;. Therefore, the Topl gene of

Ophiorrhiza could have-evolved responsively to the emergiag event of gene mutations
for CPT production. Several amino acid residues in the Topl gene are preserved in CPT-
producing Ophiorrhizagplants, (prolbably rasca self-resistance, mechanism to avoid self-
toxicity. Despitegencoded protein of matK gene is not correlated with Topl enzyme or
even GRTy the~phylogenetictrees, exhibits (they, coevolution between, matk and CPT
production.”It'could be possible that'CPT-producing ability*is establishied in ancestor of

Ophiorrhiza plants in ancient times.

The alignments of matK and Topl nucleotide sequences showed several
identical positions of CPT-producing Ophiorrhiza which can be utilized to design
molecular markers for differentiation of anticancer Ophiorrhiza species from non-

anticancer species. For instance, PCR-RFLP method can be developed using the
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different enzyme restriction sites between two groups of Ophiorrhiza. SCAR marker may

be used if there is specific band obtained from RAPD technique.

According to the coevolution of matK, Topl genes and production of CPT and
CPT derivatives, matK and Topl gene sequences could be utilized for prediction of CPT-
and CPT derivatives-production ability of any members of Ophiorrhiza. Such molecular
techniques have greater advantages than e¢hemical techniques to suggest production of
CPT and CPT derivatives in Ophiorrhiza spp. For.instance, we can use this molecular
technique for plants that produce trac_? amounis~of CPT at levels below the initial
detection point of the eguipment. Likewise, some. plants may produce only CPT
derivatives that are more”seasitive than the parental CRT molecule and some of this
amount may be lost threugh ihe mate.rial érgpessing technigue. Moreover, our molecular

analysis is not affected by seasonal variébility, plant elicitor, or stage and part of the

i
\ -

plant material. If any plant of the génus is;’_anélyzed and placed in clade A of the matK
and Topl phylogenetic trees, this:would ind_iciat'e a close relationship to CPT-producing

: £
plants and thus they may produce some aMdU_ht of CPT or CPT derivatives.

Additionally, the mutatien:-points-in Tﬁpl_é}mino acid sequences also supported

the nucleotide phyloge_netio frees_on th_e,prediction_éf-'CPT—producing ability in
Ophiorrhiza. The resuits in the present study thus streﬁéthen our hypothesis that
members of the genué' Ophiorrhiza producing CPT or CPT derivatives should have
specific mutationsin Jthe [Topl @ene:r | CRT-producing! O ridleyana 56, which placed in
clade A of bothy matK and Topl phylogenetic trees, had non-mutated amino acid
residues,inyreporstedscriticakpositions. fhissdisagreeable, result-bringssinto question that
there would be other unreported point mutations in Topl Which cause CPT-resistance.
This study is fundamental research toward anticancer development from natural
resources based on CPT and CPT derivatives. Any further study should focuses on the
effect of amino acid substitutions on protein structure, CPT-binding site and enzyme
activity of Topl. The anticancer-producing Ophiorrhiza species should be used as
alternative sources of anticancer research and pharmaceutical industrial production

development. Subsequently research should focuses on a quantitative analysis of CPT
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and CPT derivatives production. Tissue culture technique is also interesting to be
utilized for increasing the CPT-producing potential of Ophiorrhiza plants in Thailand. Our
finding could provide useful information toward recognition of the point mutations in

CPT-resistant cancer patients in the future.
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Figure A1 Ophiorrhiza fucosa Hance: a) habitat; b) and c) inflorescence;

d) peduncle in fruit; e) upper leaf surface; f) lower leaf surface.
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Figure A2 Ophiorrhiza harrisiana B. Heyne ex Hook. f.. a) whole plant; b) habitat;

c), d), e), and f) inflorescence; g) and i) upper leaf surface; h) and j) lower leaf surface.
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Figure A3 Stereo I\/Ilcroécope images of Oph/orrh/za h isiana B. Heyne ex Hook. f.:
) and e) infl 7@ i 10X); c¢) longistylous
flower (10X); ﬁ‘ﬂﬂ ﬁxﬂw WE‘J jﬁﬁloates magnification of
image.
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/dula Wall. ex G.Don var.

Figure A4 Oph/orrh/zg ,oedunculata Scw jj

longipedunculata Crai )hab|tat b) habit; ¢) inflorescence; d) peduncle; e) flowers.
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_ Y | A |
Figure A5 Ophiorrhiza plumbea Craib: a) and ) habitat; c) inflorescence;

| i
d) longistylous flower; e‘)}brevistylous flower; f) fruit.
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Figure A6 Ophiorrhiza pseudofasciculata Schanzer, Ophi 37: a) whole plant;

b) inflorescence; ¢) and d) flower; e) upper leaf surface; f) lower leaf surface.
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QW’]fﬂ\‘iﬂ‘ﬁm TRENENGE

Figure A8 Ophiorrhiza ridleyana Craib: a) habit; b) flower buds; c) inflorescence; d)

brevistylous flower; e) longistylous flower; f) fruits.
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Figure A9 Ophiorrhiza trichocarpon Blume var. glabra Schanzer: a) habitat; b) habit;

c) inflorescence; d) enlarged flower; e) peduncle in fruit; f) enlarged fruits.
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Figure A10 Ophiorrhiza sp. 35: a) habit; b) whole plant; c) bruised whole plant;
d) inflorescence; e) bruised inflorescence; f) longistylous flower; g) fruits; h) bruised

fruits.
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Figure B1 HPLC-DAD chromatograms, UV spectra and mass spectra of 10 ng/10 pL
camptothecin standard: (A) HPLC-DAD chromatogram monitored at 254 nm; (B) UV

spectrum and (C) mass spectrum.
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Figure B2 HPLC-DAD chromatograms, UV spectra and mass spectra of 100 ng/10 uL

9-methoxy camptothecin standard: (A) HPLC-DAD chromatogram monitored at 254 nm;

(B) UV spectrum and (C) mass spectrum.
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Figure B3 HPLC-DAD chromatograms, UV spectra and mass spectra of 1 ug/pL
10-hydroxy camptothecin standard: (A) HPLC-DAD chromatogram monitored at 254 nm;

(B) UV spectrum and (C) mass spectrum.
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Figure B4 HPLC-DAD chromatograms, UV spectra and mass spectra of 100 ng/10uL

pumiloside standard:

(A) HPLC-DAD chromatogram monitored at 254 nm; (B) UV

spectrum and (C) mass spectrum.
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Figure B5 HPLC-DAD chromatograms, UV spectra and mass spectra of 1ug/pL

3(S)-deoxy pumiloside standard: (A) HPLC-DAD chromatogram monitored at 254 nm;

(B) UV spectrum and (C) mass spectrum.
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Figure B7 HPLC-DAD chromatograms, UV spectra and mass spectra of 500 ng/uL
mappicine standard: (A) HPLC-DAD chromatogram monitored at 254 nm; (B) UV

spectrum and (C) mass spectrum.
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The alignment Ophiorrhiza species.

Dots represent identical nuclet ters represent different nucleotides.

¥

AULINENINYINT
IR TN TN



110

20 an &0 L
I I 1 1
O. p/umbea 6 ATGGAGAAAA TCCAAAGATA TTTACAGCTT GATAGATCTC AACAACACGG CTTTTTATAT CCACTTATCT TTCAGGAGTA B0
O. harrisiana 18 . . . . . ... . e i e e e e e 80
O. harrisiana 27 . . . .. ... e e e e e e e 80
O.fucosa B4 . .. ... .. L i i il i i i 80
O.ridleyana 61 .. ... ... . L i i i i e e 80
O.ridleyana b6 .. ... .. ... . i e e e e e 80
Ophlorrh/za SD. 35 e e e 80
pumla ________________________________________________________________________________ 80
KUTOIWAE o i 80
0. pseudofasc:culata P 80
O.ridleyana 52 .. .. ... ... .. e e e e e e 80
0. pseudofasc:culata B L e e e e e e e e e 80
O.pedunculata 41 .. ... ... L i i i i i T 80
0. trlchocarpon A8 e e e T i &0
Aapon/ca ____________________________________________________________ 80
atana  .......... e e e e e e eaae haa e aaeaae haa e aaaaae e 80
Joosia umbelllfera ______ L = o e e 80
120 l-‘ﬁ |n

O. plumbea 6 TGTTTATGGA cnccrcnm ATCATAGGTT AAACCGATCT AGTTTGTTGG Annnccacc TTATGACAAA Annccacn 160
O. harrisiana 18 160
O. harrisiana 27
O. fucosa 64
Q. ridleyana 61
O. ridleyana 56
Ophiorrhizasp. 35 .. ... ... .......
O.pumila ... ... .. ..
O. kuroiwae
O. pseudofasciculata 37
O. ridleyana 52 . . - .
O. pseudofasciculata 62 . . R
O. pedunculatad1 . ... .. ..
O. trlchocarpon 46
Aapon/ca
atana
Joosia umbelllfera

O. plumbea 6 TCCTAATTGT GA

O. harrisiana18 ... ....... 40 . JF S EE @ R A e . ... . ... e e 240
O. harrisiana 27 ., ....... 00 . 40 FFE ok B S T .. ... e e 240
O.fucosa64 ... ..... 200 . #F FFF. 4 SBYAY % " . .. ... . ... L .. 240
O.ridleyana 61 ... .. .. .. B B B A B . . . . . o e e 240
O.ridleyana56 ... ...... . 0 B B e R N . e ... . e . 240
Ophiorrhizasp. 35 .. ....... 4. . 4. FF. .. . . R R . .. . i e 240
O.pumila .. .. . M W el ANAN NN W L i 240
kuroiwae . ... . M . . B B . AR AR R L . e e 240
0. pseudofasc:culata 37 ... AN Fe VAR SORYY NN . 240
O.ridleyana52 . . .  MF M W T eyl RN RN i 240
0. pseudofasc:culata 62 .. ....... 4. .F . . gl AR AR R . s 240
O. pedunculatad1 © 1.0 M MR SRR R N W i 240
0. trlchocarpon 46 ... Y o I . 240
Aapon/ca .......... Y S B S L T 240
atana ... .. J Ny » . . Al I i i s 240
Joosia umbelllfera __________ e N T A..C...... 240
: w =
O. plumbea 6 cGAGTTTTTG GTT bl TCAGAAGG GTTTGCATTT ATTGTGGAAA TTCCATTTGA 320
O. harrisiana18 .. ... ... .. 'y : - 2 320
O. harrisiana 27 ... ....... 4 320
o Od;'ucosa 2411 __________ - r e e e e 320
ridleyana 61 ... .. o i o g e 320
0. ridleyana 56 .. ... L =] £ e e 320
Opbhiorrhiza sp. 35 . .. .. . Gl e it e 320
O.pumila ... . B 3z
O. kuroiwae ... .. P ——————————l ] ... ... ... e, 320
O. pseudofasciculata 37 . . . . . | St 0 | L. ... ... 320
O, ridleyana 52 , . ... X XIS I e, ' . . ... ... e 320
O. pseudofasciculata 82 . . . . T e e 320
O.pedunculata 41 .. T e e e T e e 320
O. trlchocarpon 46 ... .. . _— . ... e 320
,{aponlca ................................... R e e e e 320
atana L i e e R P 320
Joosia umbelllfera C.T. ... .. __c_ Toie AG. . T ______ TB_ __________ S T. 320
‘W
O. plumbea 6 AccATc AATTCATTCA CTATTTCCTT 400
O.harrisiana 18l - -1l W3 %2 . 1.8/ ¥ 1.9 01 0L 15 1. P23 ™% . . ... ..ot 400
0. harrls:ana 27 ___________________________ 400
O.fucosab64 ..} . VR k=t? - - @ F. | . F ) Q. .AF 3 &7 -0 0.0 .80 ...... (i i, 400
Q. ridleyana 6 S D 400
O. ridleyana 56 .......... 400
OphIOIThIZa s .......... 400
um/a .......... 400
__________ 400
O. pseudo .......... 400
n __________ 400
0. pseudofasa lai 6 .......... 400
O. pedun aa __________ 400
0. tr/choc on 46 .......... 400
O.Japonica . ... A e 400
O. hayatana .. ... ... A e e 400
Joosia umbellifera .. AC.. ... ... €. B cBL AL et e T e e e 400
400

O. plumbea 6 TCTTAGAGAA cchTTTTcn CATTTGAATT CTGTATTaGA TATACTAATA ccccncsccs TCCATCTGGA AnTTcTGcTTm
O. harrisiana 18 480
O. harrisiana 27
O. fucosa 64
Q. ridleyana 61
O. ridleyana 56
Ophiorrhiza sp. 35
O. pumila
O. kuroiwae
O. pseudofasciculata 37
O. ridleyana 52
O. pseudofasciculata 62
O. pedunculata 41
O. trichocarpon 46
O japonica
ayatana

480
480
480
480
480
480
. 480
. 480
480
480
480
480
480
480
Joosia umbelllfera 480




sm szo !‘0 !60

O. plumbea 6 CAAACCCTTC GTTATTGGGT AAMAAGATGCC TCTTCCTTGC ATTTATTACG ATTcTTTTTc CACAAGTATT cGAcTTGGAA 560

O. harrisiana 18

O. harrisiana 27

O. fucosa 64

O. ridleyana 61

O. ridleyana 56 .
Ophiorrhiza sp. 35 .

O. pumila

O. kuroiwae .

O. pseudofasciculata 37 .
O. ridleyana 52 .

O. pseudofasciculata 62 .
O. pedunculata 41 .

0. tnchocarpon 46
Aapomca

ayatana

Joosia umbel//fera

O. plumbea 6 TACTCTTATT GCTACAAGCA AACCCTGTTT GGATTTTTCA CCARAAAAGAA hTCAAnGATT GTTTTTCTTA TTATATAATT B40

O. harrisiana18 .......... ........ P 640
O. harrisiana 27 . ......... ........ B i e e e e e 640
O. fucosa 64 ........ G. ... . N 840
O. ridleyana 61 ... ... .. G. .. . B . . i vt meserrarer ererereets sateteties sesewevnne 640
O. ridleyana56 ........ 6. ....vann . I O 840
Ophlorrhlza s’a 35 . ol . e e e 640
O.pumila  .......... ....... ! A 640
O. kuroiwae _ ... 1] Ce i d B .« i b aaaraa e eaaarees rasaararas 840
O. pseudofasciculata 37 ... ....... ..... e e Bl . . . e e e 640
O. ridleyana 52 .. ... .. ... . : .. A ¥ e T 840
O. pseudofasciculata®2 ... ... .. .. . e e ol . < 640
O. pedunculatad41 .. . .. . . . ! L eeee—— . . ... .. ... 640
O. tnchocarpon 46 ... - e . . - . e e e 840
I'{apomca .......... - . ... 3 . . e e e e e 640
ayatana .. ........ 0.0 .. . . . e e e 640
Joosia umbelllfera __________ i G.G....... A A..... C et 640
Y roo !20
O. plumbea 6 CACATGTA cT Tc'rcn'r'r'rcc GATCAACATC 'r'r'r'rcane'rc 720
O. harrisiana18 .......... . a y L % " e e e e 720
O. harrisiana 27 . ... ...... R A F ¥ e A 9 e e e 720
O. fucosa64 ........ AR L . AR NN . . b . e e e 720
O.ridleyana 61 .......... . A oy N h . TP L L.i.iiaeas ararmarars rermrreras 720
O. ridleyana 56 . ......... d " & ¥ k. e i s i raaraasar seasmsraas wasmaraasans 720
Ophiorrhizasp. 35 .......... J oY N S R .. % e e e 720
Opurn/a _________ A A .. = A BN B 720
O. kuroiwae . ....... Y A N ST L. . TS 720
O. pseudofasciculata37 . ......... Y AR R e e e 720
O. ridleyana 52 .. ........ - F-F SN A .Y T 720
O. pseudofasciculata62 .......... Y Y Ry - , 9 e e e 720
O. pedunculata41 .......... ... ; AW S . L e teeeaeaeas 720
O. trichocarpon 46 . ... ...... . ol & . S BB . et i e e 720
0. Aaponlca .......... a5 - - B . 720
atana . ......... .. R . B . T ™ 720
Joosia umbel//fera T N S R -e‘ L. . N C e i 720
: i v

O. plumbea 6 TTTCTTGAAC GAAT T GTAGAAGT CGTTGCGGAG GATTTTCAGG TTAGTTTATG 800
O. harrisiana18 .......... ......... i .. L e e seraeaeaes
O. harrisiana 27 . ......... .......... e
O.fucosa®4 .......... ....... - = e e o
O.ridleyana 61 .......... ....... ; 75 % b i rarsara rararsaear et aeats satsrrarss
O. ridleyana 56 . ... .. Lo S i
OphIOIThIZa s;) 3B ... r 000 ol e e e
O. pumila

O. kuroiwae  ...... . i e
O. pseudofasctculata 37 ... = I
O. ridleyana 52 . ... .. / B . A
O. pseudofasciculata62 . ....." g ¥ B e e
O. pedunculata41 ......... LS .. e e e
O. trichocarpon 46 .. ........ L........ i e e e
O. japonica ..
O. hayatana
Joosia umbellifera

O. plumbea 6

O. harrisiana 18

O. harrisiana 27

O. fucosa 64

O. ridleyana 61 . g.. .
O. ridleyana 56 .

Ophiorrhiza s;) 35
a

SEBEEEEREEEEREEEE BEEEEERREEEEEAEE

O. pumi
0. pseudofasc;ilai l I‘ i | l i ] ' | ]
O. pedungulatad41 .......... ..........
O. riChOCAIDON 46+« v v v v v et et i it
O.JAPONICA .o oo e e e e e e e
O. hayatana . ... ... e e e e e e
Joosia umbellifera B - S Cienn
" =
O. plumbea 6 TGAATAAATG :;A.un:nm CTTGTCCATT rncccnuc TCATTTTGAT crcrccnrc ACTCGGGAAG GTTCTATATA 980
O. harrisiana 18 . . .. .. ... . L i e e i ALl 960
O. harrisiana 27 . . . . - - . o e e e e e ALl 980
O.fucosa B4 . ... ... ... i i i e oAl 960
O.ridleyana B1 ... ... .ot it e e e e T 960
Q.ridleyana B8 ... cueivn v ittt L e sheheaeaet s aereras saasaaeaes e 960
Ophiorrhiza sp. 35 .. .o v e e e aa e e T 960
0. pumla ............................................................ A e 960
O. Kuroiwae .. ... i e e e L 960
O. pseudofasciculata 37 .. ........ it i e eee e e e baeaeaeaee e 960
O.7idleyana B2 v.vuvieien wiereaae st Lerienenen saeaterEer Lesienenea saeweterer Eereresas saeweteren 960
O. pseudofasciculata B2 . . .. .. ... . ... i e e e e s 960
O.pedunculatadl ..o uvieier vieiesae st terienenen saeaterEer Pesienened saeweterer Eereresas saewereren 960
O.tiChOCarpON 46 .. ... oo ittt i e e e e e 960
O JAPONICA . . o e e e e e e e 960
23 12 1 - 960

Joosia umbeII/fera F A A...C ...... - T S RPN S Gl 960



0 1000 1020 1040
1 I I I
0. p/umbea 6 AATGAATTAT CCAATCATTC CTTTGACTTT ATGGGCTATC TTTCAAGTGT GCAACTAAGC CCGTCAATGG TACGGAGCCA 1040
O.harrisiana 18 ..o o it i i i b e e S 1040
O. harrisiana 27 . .. ... ... e e e e e AL e e 1040
O.fUCOSA B4 .o vt i e b e e Ao i 1040
[ L < T AL e e 1040
O.ridleyana b6 ... ... ... i i i e e A e s 1040
Ophiorrhiza sp. 35 . . oo i e e e AL e e 1040
0. pum/a .......................................................... A e s 1040
O. KUMOIWAE oot e e e e e AL e e 1040
O. pseudofasciculata 37 ... ....... ... Lililiiil Liiiaae e AL o 1040
O.ridleyana 2 . ......... ...l i i P Al e 1040
O. pseudofasciculata 82 . .. .. ... .. ... Ll i i o AL o 1040
O.pedunculatad1 . ......... ...l il i i AL e 1040
O.trichocarpon 46 . .. ... ... ... il i i AL o 1040
Of{aponlca .......... vas e e e e D 1040
atana ... L e e AL 1040
Joosia umbel//fera R - - [ A..T T oo G..... AL LLT....... AT 1040
1,080 |.|Im 1,120

|
O. plumbea 6 AATGCTAGAA AATTCATTTC TAATCAATAA TGCTATTAAG AAATTGGATA CCCTTGTTCC AATTATTCCT CTTATTGGAT 1120

O. harrisiana 18 . . . . . . .. . e e e e e e e e 1120

O. harrisiana 27 . e o M & L1

O. fucosa 64 . e 1120

Q. ridleyana 61 1120

O. ridleyana 56 v d s PR & -1
Ophlorrhlza s;) 35 . d T RN e e e e 1120

O pumila d ML it EEE EETEEEESEE GESTEIISIE 1Eiis@Eans 120

O. kuroiwae . ......... T 1120

O. pseudofasciculata 37 ... ....... AN - . = - S P > 120
O. ridleyana 52 . ......... ...G. . A o - T 1120

O. pseudofasciculata2 . ......... . gy - - - - - - a - S P 120
O.pedunculatad1 .......... ...G... ... e N N e et e e 1120

O. trichocarpon 46 ... ... .... L . . ¥ = BT e et e e raere eraseeaas 120
Ol{aponlca ................ ... ... o T -+ cr e i e aeereeeas 1120

yatana ... ....... il .. R . . g e e e 1120

Joosia umbelllfera .......... _— . A M, . e it mermaiaas rmerassaas sasams C... 1120

O. plumbea 6 CATTGGCT

O. harrisiana 18 ... ....... v . 4 . T N A
O. harrisiana 27 .. ........ : S oF N N AL 5 b ..A ........................... 1200
O. fucosa®4 .......... e A 7 - W L A 1200
O. ridleyana 61 ........ gy 4 549 L3 T 1200
O. ridleyana 56 . ......... T e ) 4 AN . . O 1200
Ophiorrhizasp. 35 .......... : Y A 4 : — L s B i s e 1200
Opum/a .......... AN A N - . e 1200
O. kuroiwae _ ......... Y & .. .. AR A e e e 1200
O. pseudofasciculata 37 ... ... .. T AN . ] ™. - k OB L i e 1200
O. ridleyana 52 . ... ... ... Y AR Oy o AR WA . 1200
O. pseudofasciculata®2 .......... Y AN Y 4 ad R . . i b e 1200
O. pedunculata41 ... ... .. .. AR A TR . 4 . E e s hmreaamaa mesimiass maiaiaans 1200
0. tr/chocarpon 46 Y . . M . i b e aesasaeans 1200
,{apomca .......... . -4 4 k. WPy 4. . .. . B - 1200
ayatana . ......... N Ay 8 o . R i e 1200
Joosia umbell/fera __________ N 4 R A 2 ... . % ... A i e 1200

4 - ‘jiw |M
O. plumbea 6 ATTATTGACC GATTT f \ TATCATAG CGGTTCTTCC AAAAAAAAGA GTTTGTATCG 13&0

O. harrisiana 18 .C........ - b W .o eaaeraene peresarers tsersreans
O. harrisiana 27 « -« ..o Ce . s s . L . L L eiiaiiess esaasrsess ssaamaeane 12&0
O.fucosa®4 . ......... .......... B i i iaaaeas hasasseens nasasseers saraesesns 12680
O. ridleyana 61 .......... s e R —— T 1280
O. ridleyana 56 . . . . . eee 4 B - ] = 1260
Ophiorrhiza sp. 35 ... .. »' . & o i i se s maareaaiae riaaeae e 1280
Opum/a : Ll L i i iaaiaeas sararaaess 1280
(ORI R W T 1280
O. pseudofasciculata 37 ... ... e ——————— . o 1280
O. ridleyana 52 . .. ... e e O [ 1280
O. pseudofasciculata62 . .. ... ; e e 1280
O. pedunculata41 ... ... 4 B i s e e 1280
O. tnchocarpon 46 ... . e e e 1280
l!’apon/ca ........ .. . _— .. L e e eiiaes eamaaaas [ 1280
ayatana ... e e e P Y 1280
Joosia umbelllfera ........ - e P« L 1280

1,300 uzn lalu laau

O. plumbea AATAAAGTAT n‘:\ﬁsnc TTTCTTGTGT TMCTTTG GCTCGGAAAC ACARnkGTAC TGTACGTGTT TTTTTGA.M\& 1360

O.harrisiana18 sof. & . 1. B 1- 7% A A B 1T BA 5 BAL B 1 ™ 5 . .. ... e i 13860
O.harrisiana27 Lal- 4. J . 1.7 . L I 1N 1 ™S - YU RTL .1 P15 i i 1360
O fucosabi B 4. . 0.&- & -1--- - FUH- 1 F1 -4 -F2-C1-- 340 &+ i i 1360

O ndleyana 61 __________________________ 1360
1360

Ophlorrhlza s;) 35 .. ......................................................................... G.. 1360

pum:a ...................................................................... 1360

............................................................................ 1360

0. pseudo .................. 1360

.................. 1360

O. pseudofa a ........................ 1360

O peduncula 4 .............. e e 1360

nchoc PONAB oot e e e e e e e 1360

lca ................................................................................ 1360

O ayatana ................... T e e e e e e 1360

Joosia umbellifera . ...... ... ... o C it e C. it 1360
1,380 1,400 1420 1,440

1 1
O. plumbea 6 GATTAGGCTC GTATTTTTTG GACGAATTAC TCCTGTCGGA AGAAGAAGTC CTTTCTTTGA ACTTCCCAAG AGCTTCTTCG 1440
O. harrisiana 18
O. harrisiana 27
O. fucosa 64
Q. ridleyana 61
O. ridleyana 56
Oph:orrhlza s;) 35
pumila
0. kuro:wae
O. pseudofasciculata 37
O. ridleyana 52
O. pseudofasciculata 62
O. pedunculata 41
O. trichocarpon 46
O japonica
ayatana
Joosia umbeII/fera
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|,4m |.4I1 1, nm

O. plumbea 6 ACTTTTCGGG oaemrsma AAATCGAATT mem'r'r'mo AAATTACTTA 'rA'rancaA'r CTGATCAATC ATCAATGA 1518
O. harrisiana 18 A.
O. harrisiana 27
O. fucosa 64
Q. ridleyana 61
O. ridleyana 56
Opbhiorrhiza sp. 35
O. pumila
O. kuroiwae
O. pseudofasciculata 37
O. ridleyana 52
O. pseudofasciculata 62
O. pedunculata 41
O. trichocarpon 46
0. Aapomca
tana
Joosia umbeII/fera

B
G
-
G
G
G
G
-
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The alignment

Hyphens indicate gaps %-.“-: sesent identical nucleotides.
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Red characters repres ifferent nucleotides.
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20 40 L L

I I I I
O. fucosa 64 ATGGCTGTTG AGGCCTGTAC TACTACTAAT TTGATGGAGG ATATGGAGGA CGATGAGGGT CCCGTGATTT TCAAGAGAAG 80
O. harrisiana 27
Ophiorrhiza sp. 35
Q. ridleyana 61
O. ridleyana 56
O. liukiuensis
O. pumila
O. plumbea 6
O. pedunculata 41
O. trichocarpon 46
O. japonica
O. pseudofasciculata 62
O. pseudofasciculata 37
Camptotheca acuminata
atharanthus roseus

O. fucosa 64
O. harrisiana 27
Ophiorrhiza sp. 35
O. ridleyana 61
O. ridleyana 56
O. liukiuensis
O. pumila
O. plumbea 6
O. pedunculata 41
O. trichocarpon 46
O. japonica
0. pseudofasc:culata 62
O. pseudofasciculata 37
Canap otheca acuminata
atharanthus roseus

—— —
O. fucosa 64 TC CAGTGCTCAA Ancccmcan TACAACCC - -
O. harrisiana 27 - T A e
Ophiorrhiza sp. 35 i B AN -

O. ridleyana 61
O. ridleyana 56
O. liukiuensis
O. pumila
O. plumbea 6
O. pedunculata 41
O. trichocarpon 46
O. japonica
0. pseudofasciculata 62
O. pseudofasciculata 37
Canap otheca acuminata
atharanthus roseus

O. fucosa 64
O. harrisiana 27
Ophiorrhiza sp. 35
O. ridleyana 61
O. ridleyana 56
O. liukiuensis
. pumila
O. plumbea 6
O. pedunculata 41
O. trichocarpon 46
O. japonica
0. pseudofasc:culata 62
O. pseudofasciculata 37
Canap otheca acuminata
atharanthus roseus

O. fucosa 64
O. harrisiana 27
Ophiorrhiza sp. 35
Q. ridleyana 61
O. ridleyana 56
O. liukiuensis
O. pumila
O. plumbea 6
O. pedunculata 41
O. trichocarpon 46
O. japonica
O pseudofasciculata 62
lpseudofasc:culata37 1 - 1) &8 FLES F !l B2 F%1.) - --1-0-1-.
Camptotheca acuminata . AT LA e K UE tF el T.. ...T..GAT GA.CGGT...
atharanthus roseus Mo . AL e LT GLLTL T . L. CA..CA, ...C.GG.GT TT..AG.TG. 400

. p

0. plumbea 6

O. pedunculata 41

O. trichocarpon 46
O. japonica

0. pseudofasctculata 62

O. pseudofasciculata 37
Camptotheca acuminata

T.G... . P P .

atharanthus roseus L LCCTTT.. L. AL ..., . ..G..A... T.A...AG.. .GA....T.G ..TCC..T.A GATTGG..T. .GC.AT..TT 480

i i i “*
O. fucosa 64 AGCAACTCCG AGAGCTCTGA TGATGAGAAA CCATTGATCG CTAGGACTTC TGGTTGCTCA TCCAAGGGAA AATCTAACCA 512
O. harrisiana 27 . . . .. . .. e e e e e s 512
OPhIOIhiZa SP. 35 . i e e e e e e e e e e 512
O.ridleyana B1 ... .. ... .. . e e e e T e 512
O.ridleyanaB6 ... ... . ... .. e e 2 512
O. IUKIUENSIS . . .. e i e L 512
O. pumila e e 512
O.plumbea B . .. ... ... . e e e e o 512
O. pedunculatadl .......... e e L 512
O. trichocarpon 46 . .. ... .. .. J T ot e e e 512
O.japonica  .......... e e T et e e 509
O pseudofasciculata62 ... ....... J O 508
tpseudofasc:culata 37 ... e e T o e e 509
Camptotheca acuminata G.TG.T..T. LACTC.T LACCG.A.T. ALA....... GC..C...A. 482
atharanthus roseus LALG.T..T L.CAC.. LLCCL.CA... unenen.n LCA.C..... 560




580 600 620 Ba0
I I 1 I
O. fucosa 64 TGCTAATAAG GAGGGTGGTG ATTCTTGTTC AATTCGAAGG CCAGTTGTCG AAGAAAG- - -
O. harrisiana 27 . . - ... ... ...
Ophlorrhlza sp.35 ...l L.

O. ridleyana 61

O. ridleyana 56

O. liukiuensis . .
O.pumila . ......... .. ... ...,
O.plumbea 6 .......... ..........
O.pedunculatad1 . ......... ..........

O. trichocarpon 46 . .. ....... ..........
O.japonica  .......... ... ...

O. pseudofasciculata62 . ......... ..........
O. pseudofasciculata 37 ... ....... ..........
Camptotheca acuminata ...C..C..A .GATTGATCA
atharanthus roseus A.TG.GC..A ..A...A..

I I 1 I
O. fucosa 64 CAGAGGATGA AAAACCTCTG TCACGGAGGT TCCCATCAAA GTCGAGTTTA GGGGAATCTA CTAGCAAGTC TTACGACTCG 657

O. harrisiana 27 . . . .o oot e e e e e e e e 657

Ophiorrhiza sp. 35 . . .. . . e e e e e e 857

O. ridleyana 61 . ......... A A B57

(O 20 o3 7= 2 = I A 857

O. IUKIUBNSIS o o o o et e et e e e e e e e e A B5T

O.pumila ... .. ... L e e e A B57

O.plumbea 6 . ......... .......... ...... B b e e e e A BST

O. pedunculatad41 . ......... .......... i B . e e LT A 657

O. trichocarpon 46 .. ........ .......... J o v it iiiirir teeeeemeve mrmenenmas Ll T A 857

O.japonica . ......... ......... J Ll e T A B54
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O. fucosa 64 TGAAAAAAGT AAATAAGAAG TCTAAGAAGG TGATTAAJU\I\ AACAGCATAC ACCAAGTCAT CTAAAGTACC TCCGGGTTCT 1131

O. harrisiana 27 .. ........ ...... B e e e e 113
Ophiorrhizasp. 35 .......... ...... D 1131
O.ridleyana®1 .......... ...... Bt e e e e e e e 131
O.ridleyana6 .......... ...... B e e e e e e e 13
O. liukivensis . ......... ...... B e e e 1131
O.pumila  .......... ...... Bl e e e e e e e e e 1131
O.plumbea 6 .......... ...... B e e e e e e e 131
O. pedunculatad1 . ......... ...... B e e 1134
O. trichocarpon 46 . ......... ...... B e e e e e e e e 1131
O.japonica  .......... ...... B T e 1134
O pseudofasciculata62 .. ... ..... ...... S C...... 1128
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O. harrisiana 27 . .........
Ophlorrh/za sp.35 ..........
O.ridleyana 61 .. ........
O. ridleyana 56 . .........
O. liukivensis ... ... ....
.pumila ... ...

O. plumbea 6

O. pedunculata 41

O. trichocarpon 46
O. japonica
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atharanthus roseus
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O. harrisiana 27 . .. ...
Ophiorrhizasp. 35 . .......
O. ridleyana 61 ........
O. ridleyana6 . ........
O. liukiuensis .. .......
O.pumila .. ........
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O. harrisiana 27 . . . .. ..o e e e e e e e e 1611
Ophiorrhiza sp. 35 .. .o e e e e e e e 1611
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Can&p otheca acuminata LT..A C..A..T ........ CA .T..... c cC e e A A G Covunnnn A 1518
atharanthus roseus Lo TG Avv i AL LA T T A A Cov v A 1560
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O. fucosa 64 CGCATCCATC CAAGGGATAT TACCATAAAT ATTGGAAAGG ATGCTCCAAT TCCTGAATGT CCCATCCCCG GTGAAAGATG 1691
O. harrisiana 27 1691
Opbhiorrhiza sp. 35
Q. ridleyana 61
O. ridleyana 56

O. liukiuensis 1691
O. pumila 1691
O. plumbea 6 1601

O. pedunculata 41

O. trichocarpon 46
O. japonica

O. pseudofasciculata 62

O. pseudofasciculata 37
Camptotheca acuminata
atharanthus roseus

O. fucosa 64
O. harrisiana 27
Ophiorrhiza sp. 35
O. ridleyana 61
O. ridleyana 56
O. liukiuensis
O. pumila
O. plumbea 6
O. pedunculata 41
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O. japonica
O. pseudofasciculata 62
O. pseudofasciculata 37
Camptotheca acuminata
atharanthus roseus
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O. fucosa 64

O. harrisiana 27
Ophiorrhiza sp. 35
O. ridleyana 61

O. ridleyana 56

1851
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O. liukiuensis 1881
O. pumila 1851
O. plumbea 6 1851

O. pedunculata 41

O. trichocarpon 46
O. japonica

O. pseudofasciculata 62

O. pseudofasciculata 37
Camptotheca acuminata
atharanthus roseus

O. fucosa 64

O. harrisiana 27
Ophiorrhiza sp. 35
O. ridleyana 61

O. ridleyana 56

1931
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1831
L. 1en
. 193

O. liukiuensis 1931
O. pumila 1931
O. plumbea 6 1931

O. pedunculata 41

O. trichocarpon 46
O. japonica

O. pseudofasciculata 62

O. pseudofasciculata 37
Camptotheca acuminata
atharanthus roseus

1831
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1934
1828
1928
. 1835
1877

O. fucosa 64

O. harrisiana 27
Opbhiorrhiza sp. 35
O. ridleyana 61

O. ridleyana 56

201
2011
2011
201
2011

O. liukiuensis 2011
O. pumila 2011

O. plumbea 6 .......... v e e ees he e eeaeer ha e ren waeaeaenas eaeaneaeaee aeetaeaene caaaaeaeas 2011

O. pedunculatad1 .......... ‘ C..... T 2011
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O. fucosa 64 TGACCGGCTT GACACCAGTA AACTAAATGC TCATCTGAAG GAACTCATGC CTGGTCTTAC CGCAAAAGTT TTCCGTACAT 2251
O. harrisiana 27 A....
Ophiorrhiza sp. 35
O. ridleyana 61
O. ridleyana 56
O. liukiuensis
O. pumila
O. plumbea 6
O. pedunculata 41
O. trichocarpon 46
O. japonica
O. pseudofasciculata 62
O. pseudofasciculata 37
Camptotheca acuminata
atharanthus roseus

O. fucosa 64
O. harrisiana 27
Opbhiorrhiza sp. 35
O. ridleyana 61
O. ridleyana 56
O. liukiuensis
O. pumila
O. plumbea 6
O. pedunculata 41
O. trichocarpon 46
O. japonica
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0. tpseudofasciculata 37
Carrép otheca acuminata
atharanthus roseus
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O. fucosa 64
O. harrisiana 27
Ophiorrhiza sp. 35
O. ridleyana 61
O. ridleyana 56
O. liukiuensis
O. pumila
O. plumbea 6
O. pedunculata 41
O. trichocarpon 46
O. japonica
O. pseudofasciculata 62
O. pseudofasciculata 37
Camptotheca acuminata
atharanthus roseus

2411
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. 241
2411
2441
2411
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O. fucosa 64 2491

O. harrisiana 27 Y . o o g Y T N T 2491
Ophiorrhiza sp. 35 A ., f . I T 2491
O. ridleyana 61 Y Y A et 3 B, 2491

O. ridleyana 56 .. Ml . e e e 2491

O. liukiuensis Ny B - . i 2491
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O. plumbea 6 - = W
O. pedunculata 41 ces i -
O. trichocarpon 46
O. japonica
O. pseudofasciculata 62
O. pseudofasciculata 37
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O. pedunculata41 ., .7.. AP S e e e i 2543
O. trichocarpon 46 . I . e e maeeeas maeaeaaaan 25473
O. japonica . oY . - 1 . e . 2546
O. pseudofasciculata 62 .. R T 'YL B R 2 e T 6T GAGTGCTCTG GTTCGTTGTT 2562
O.tpseudofascmylata37 . I Fd 2 Fr%4).-11-1-8---- fe eeesessees seeeaneaan 2540
Camptotheca acuminata 1] ’ A1 | = c. 9. 0ch W B R T T 2447
atharanthus roseus .. T ee tiemeian caaeaaan 2405
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O. liukiuénsis
O. pumila
O. plumbea 6
O. pedunculata 41
O. trichocarpon 46
O. japonica
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O. ridleyana 56
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O. plumbea 6
O. pedunculata 41
O. trichocarpon 46
O. japonica
O. pseudofasciculata 62
O. pseudofasciculata 37
Camptotheca acuminata
atharanthus roseus
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O. harrisiana 27
Ophiorrhiza sp. 35
Q. ridleyana 61
O. ridleyana 56
O. liukiuensis
O. pumila
O. plumbea 6
O. pedunculata 41
O. trichocarpon 46
O. japonica
O. pseudofasciculata 62
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Camptotheca acuminata
atharanthus roseus
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O. trichocarpon 46
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Can&p otheca acuminata
atharanthus roseus
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Homo sapiens
Catharanthus roseus
O. japonica

O. pseudofasciculata
Q. trichocarpon

O. pedunculata

. O. plumbea
Opbhiorrhiza sp. 35
O. harrisiana

O. liukiuensis

O. ridleyana

O. pumila

O. fucosa
Camptotheca acuminata

Homo sapiens
Catharanthus roseus
O. japonica

O. pseudofasciculata
O. trichocarpon

O. pedunculata

O. plumbea
Ophiorrhiza sp. 35
O. harrisiana
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O. pumila

O. fucosa
Camptotheca acuminata

Homo sapiens
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O. japonica
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O. harrisiana
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O. ridleyana

O. pumila

O. fucosa
Camptotheca acuminata

Homo sapiens
Catharanthus roseus
O. japonica

O. pseudofasciculata
O. trichocarpon

O. pedunculata
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Opbhiorrhiza sp. 35
O. harrisiana

O. liukiuensis

O. ridleyana

O. pumila

O. fucosa
Camptotheca acuminata

Homo sapiens
Catharanthus roseus
O. japonica

O. pseudofasciculata
O. trichocarpon

O. pedunculata
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Ophiorrhiza sp. 35
O. harrisiana

O. liukiuensis

O. ridleyana

O. pumila
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Catharanthus roseus
O. japonica
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O. pedunculata
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Opbhiorrhiza sp. 35
O. harrisiana

O. liukiuensis

O. ridleyana

O. pumila

O. fucosa
Camptotheca acuminata

Homo sapiens
Catharanthus roseus
O. japonica

O. pseudofasciculata
Q. trichocarpon

O. pedunculata
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O. harrisiana

O. liukiuensis

O. ridleyana

O. pumila

O. fucosa
Camptotheca acuminata
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o019
819
o919
919
921
921
921
821
B89
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