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I. Abstract |

Camptothecin (CPT) and its analogue 10-hydroxycamptothecin (HCPT) are two naturally
occurring monoterpene indole alkaloids in Camptotheca acuminata. Both, CPT and HCPT
show potential efficacy as anticancer and antiviral agents. Currently, there is a high
demand for CPT and commercial nurseries cannot meet the demand for CPT production.
Therefore, the production of these compounds relies primarily on natural grown plants,
which is the main reason that C. acuminata is facing a steep decimation in its population.
Thus, an efficient and reliable micropropagation protocol would aid Camptotheca’s
conservation and at the same time would be a sustainable source for the production of
CPT. This thesis has evolved from the profound knowledge of C. acuminata.

The key objective of this study was to investigate the growth, development and production
of secondary metabolites of C. acuminata, using the Temporary Immersion System (TIS).
Shoots were cultured in two different TIS vessels, DVS and RITA®. In the course of this

study the following results were achieved.

» EX situ germination of shortly stored seeds ranged from 60 to 80%, while fresh
seeds did not germinate. Conversely, in vitro seeds germination raised up to 100%
after pericarp and endosperm were removed. Whereas stem cuttings cultured ex situ
in a mixture of soil, sand and vermiculite showed a rooting and survival rate of 32

to 38% regardless of the seasons.

=  Multiple shoots were successfully initiated in vitro from one-year-old greenhouse
plants via axillary buds. Each nodal explant produced one shoot but when this shoot
was excised and subcultured on MS medium supplemented with 0.5, 1.0 and 1.5
mg "' BAP, an average of 7.3, 9.8 and 16.8 shoots per explant were obtained,

respectively.

= Plant regeneration via organogenesis from matured zygotic embryos and seedlings
hypocotyl have been established in both solid and liquid media. Shoot bud
formation occurred on radicle, hypocotyl, apical tip and cotyledon explants cultured
on MS medium containing high cytokinins (BAP, Kin, 2iP) and low auxins (NAA,
2,4-D and TAA). An average of 17 buds was scored per callus derived from apical
tips and 10 buds among calli derived from cotyledons, hypocotyls and radicles. The
best shoot bud formation occurred on 2 mg I BAP plus 0.1 mg I TAA.
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» Somatic embryogenesis was induced on hypocotyl segments from 14-day-old in
vitro seedlings in MS medium containing 35 g I sucrose devoid PGR after 16
weeks of incubation in both the DVS and RITA® vessels. Embryo maturation was
extremely slow in TIS but when plated on the same solid PGR-free medium,
proembryos matured into well-developed cotyledonary embryos within four weeks.
Cotyledonary embryos were selected and re-cultured in MS medium supplemented
with 0.5 mg 1" BAP in TIS for plantlet conversion. Plant conversion via somatic
embryos was successfully achieved in TIS and in sterilised substrates moistened

with 0.5 mg 1" BAP.

= Shoot multiplication and in vitro rooting of C. acuminata was successfully

achieved in solid medium and in TIS.

O After eight weeks in culture a multiplication rate of 7 shoots per explant
was obtained in solid MS medium supplemented with 0.5 and 1.0 mg 1"
BAP and 9 shoots per explant with 1.5 mg I" BAP. Shoots cultured with 0.5
mg "' BAP showed the best quality.

0 Shoot multiplication rate in TIS was influenced by the BAP concentration
and the immersion cycles. Shoots cultured in MS medium supplemented
with 1.0 and 1.5 mg I BAP showed the highest multiplication rate in both
DVS (23 + 3.1, 29 + 3.0) and RITA® vessels (14 + 2.8, 20 + 4.9)
respectively, but hyperhydricity and callus formation was obvious,
especially on explants in RITA®. The best results on shoot growth and
multiplication rate in TIS was achieved with 0.5 mg I BAP. However,
shoot proliferation in DVS was distinctly affected by the one minute
immersion cycles (IC) 4 and 8 times daily (d"'). The highest shoot
multiplication rate scored in DVS was 20 and 13 shoots per explant after
eight weeks at 4 and 8 IC d”, respectively. Shoots grown in RITA® were
not affected by the IC. An average of 15 shoots per explant was scored in
both IC treatments. Shoot height and fresh weight was also not affected by
the different IC treatments.

0 In vitro rooting of microshoots was more successful with IBA in both solid

medium and in TIS than with NAA. The two auxins had no effect on the in
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Vitro rooting on sterilised substrates. Rooting percentage with 0.5 IBA was
90% in DVS, 92% in RITA®, 81% in solid medium, while those on the
different sterilised substrates ranged from 60 to 92%. Root induction with
NAA was less effective. EX Vitro rooting on non-sterile substrates ranged

form 27 to 46%.

0 The highest survival rate under greenhouse conditions was recorded on
plantlets derived from sterilised substrates with 93% followed by those
derived from RITA® with 47%, solid medium with 45% and from DVS
with 41%.

= In vitro cell, tissue and organ cultures of C. acuminata were examined for their
variation of camptothecin (CPT) and 10-hydroxycamptothecin (HCPT) content.
Quantification was carried out on undifferentiated and differentiated cultures grown
in TIS and in solid medium. CPT accumulation was also detected in liquid culture
media. Among the in vitro cultures the highest amount of CPT was found in
individual genotypes grown in TIS and in solid medium with an average of 2.5 and
2.2 mg g' DW, respectively. The maximum CPT content found in ex vitro
seedlings ranged from 2.3 to 4.8 mg g DW and in in vitro grown seedlings from
4.1 to 4.5 mg g' DW. Cotyledonary embryos and regenerated plantlets were
marked with 0.87 and 1.23 mg g”' DW, respectively. CPT excretion in liquid media
at 8 IC d”' was about 6 ug g”' FW in RITA® (0.048 mg I"") and 12.6 pg g"' FW in
DVS (0.193 mg 1™).
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Camptotheca acuminata (Decne) (Xi Shu, der Gliicksbaum) gehdrt zu den Laubbdumen
der Familie Nyssaceae (Cornales, Hartriegelgewichse) und ist der einzige Vertreter seiner
Gattung. C. acuminata wurde wihrend einer systematischen Priifung chinesischer
Arzneipflanzen vom United States Department of Agriculture (USDA) in den flinfziger
Jahren entdeckt. Es hat sich herausgestellt, daB sowohl aus den Blittern als auch aus
Friichten, Samen, Rinden und Zweigen verschiedene Indolalkaloide isoliert werden
konnen, darunter Camptothecin (CPT). CPT ist ein Anti-Krebs-Wirkstoff, der zur
Behandlung von Lungen- Eierstock-, und kolorektalem Krebs verwendet wird. Aufgrund
einer weltweit stetig steigenden Nachfrage fiir CPT, wird C. acuminata durch
Wildsammlungen derart ausgebeutet, dafl die Art inzwischen vom Aussterben bedroht ist.
Auch kommerzielle Baumschulen sind noch nicht in der Lage diesen Bedarf zu decken und
den Raubbau zu verhindern. Vor dem Hintergrund, dal C. acuminata vom Aussterben
bedroht ist und die Nachfrage fiir den Rohstoff CPT jedoch kontinuierlich steigt, sollte in
der vorliegenden Arbeit ein zuverldssiges Protokoll zur in vitro Vermehrung von C.
acuminata erstellt werden, sodall in einem weiteren Schritt sowohl die Produktion von
neuen Pflanzen als auch die Gewinnung des Rohstoffs CPT gewihrleistet werden kann.
Eines der Hauptziele dieser Arbeit war die in vitro Kultivierung von C. acuminata im
Temporary Immersion System (TIS), um das Wachstum und die Entwicklung der Pflanzen
und damit die Produktion des Sekundirstoffes CPT zu optimieren. Zusétzlich zu der in
vitro Kultivierung wurde die konventionelle Methode angewendet, C. acuminata im
Gewichshaus zu vermehren.

In der vorliegenden Arbeit wurden folgende Ergebnisse erzielt.

e Die ex situ Keimung kurz gelagerter C. acuminata Saaten zeigte im Gewichshaus eine
Keimrate von 60 bis 80%, wihrend frisch geerntetes Saatgut nicht keimte. Im
Gegensatz dazu wurde in vitro eine Keimrate bis zu 100% erzielt, dies jedoch erst nach
Entfernung von Perikarp und Endosperm.

e FEine Stecklingvermehrung in einer Substratmischung von Quarzsand, Erde und
Vermiculit zeigte im Gewi#chshaus, unabhiingig von der Jahreszeit eine Uberlebensrate
von nur 32-38%. Parallel hierzu konnte eine in vitro Vermehrung von einjdhrigen
Gewichshaus-Pflanzen erfolgreich etabliert werden. Aus jedem SproBabschnitt
entwickelte sich jeweils nur ein SproBl. Nach Abschneiden und Umsetzen dieser
Sprosse auf MS Medium unter Zusatz von 0,5; 1,0 and 1,5 mg 1! BAP, wurden pro
Explantat im Mittel 7,3; 9,8 bzw. 16,8 neue Sprosse gebildet.
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Aus reifen zygotischen Embryonen und verschiedenen Keimlingsabschnitten wurden
tiber den Weg der Organogenese und somatischen Embryogenese, Pflanzen erfolgreich
regeneriert. Organogenese wurde bei verschiedenen Keimlingsexplantaten, sowohl auf
festem als auch in fliissigem MS Medium mit hohen Cytokinin- (BAP, Kin, 2iP) und
niedrigen Auxinkonzentrationen (NAA, 2,4-D, TAA) erreicht. Es wurden bis zu 17
Knospen am Kallusgewebe von Apikalmeristemen gebildet und im Mittel 10 Knospen
am Kallusgewebe von Kotyledonen, Hypocotylen und Wurzeln. Die meisten Knospen
wurden bei einer Cytokinin-Auxinkombination von 2 mg 1" BAP und 0,1 mg 1" TAA
gebildet. Die Induktion somatischer Embryogenese wurde an Hypocotylexplantaten
nur im TIS in phytohormon-freiem MS Medium mit 35 g 1" Saccharose erfolgreich
induziert. Die Maturation somatischer Embryonen verlief jedoch sehr langsam. Eine
Ausplattierung auf phytohormon-freies Festmedium (Agar) mit 35 g I Saccharose
fiihrte innerhalb von vier Wochen zu gut ausgebildeten Kotyledon-Embryonen. Diese
Embryonen wurden entnommen und im TIS zur Pflanzenregeneration weiter kultiviert.
Die Pflanzenregeneration mittels somatischer Embryogenese war erfolgreich im TIS
und auf sterilen Substraten, die mit 0,5 mg 1" BAP-haltigem MS-Medium befeuchtet
wurden.

Die in vitro Sprossvermehrung und Bewurzelung von C. acuminata war sowohl auf
Agar-Medium als auch im TIS in zwei verschiedenen Kulturgefilen (DVS und
RITA®) erfolgreich.

0 Bei Zugabe von 0,5 bzw. 1,0 mg 1" BAP wurde auf Agar-Medium nach acht
Wochen eine 7 fache Sprossvermehrung erzielt und eine 9 fache Rate bei Zugabe
von 1,5 mg 1" BAP. Die mit 0,5 mg I BAP kultivierten Sprosse waren jedoch
von deutlich besserer Qualitét.

0 Die Sprossvermehrung im TIS wurde durch die BAP- Konzentrationen und die
Anzahl der Flutungen pro Tag beeinfluflit. Die hochste Vermehrungsrate wurde
im MS-Medium mit 1,0 bzw. 1,5 mg I"' BAP erreicht. Bei 4 Flutungen pro Tag
wurden im DVS 23 + 3,1 bzw. 29 + 3,0 und RITA® 14 + 2,8 bzw. 20 £ 4,9
Sprosse pro Explant gebildet. Diese Sprosse waren jedoch von schlechter
Qualitit, besonders im RITA® zeigten sich die Pflanzen glasig und neigten zur
Kallusbildung. Die besten Ergebnisse beim Sprosswachstum, sowie bei der

Vermehrungsrate wurden im TIS mit 0,5 mg I' BAP erzielt.
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0 Die hochste Vermehrungsrate in DVS war 20 fach bei 4 Flutungen und 13 fach
bei 8 Flutungen pro Tag, wihrend im RITA® die Vermehrungsrate nur 15 fach
war. Im Gegensatz zum DVS wurde im RITA® die Vermehrungsrate nicht durch
die Flutungshdufigkeiten beeinflufit. Die Sprossgrofie und das Frischgewicht
waren im TIS flutungsunabhéngig.

O Bei der in vitro Bewurzelung von Microsprossen wurden mit IBA, sowohl auf
Agar-Medium als auch im TIS bessere Ergebnisse erzielt als mit NAA. Im
Vergleich zu Fest- und Fliissigkulturen hatte die Verwendung von IBA und NAA
fir die in vitro Bewurzelung auf sterilen Substraten keinen Einflu. Die
Bewurzelung betrug mit 0,5 mg 1" IBA im RITA® 92%, im DVS 90%, auf Agar-
Medium 81% und auf den verschiedenen sterilen Substraten 60 bis 92%. Die ex

vitro Bewurzelung betrug bei nicht sterilen Substraten 27 und 46%.

Die hochste Uberlebensrate unter ex vitro Bedingungen zeigten in vitro bewurzelte
Pflanzen, die aus sterilen Substraten stammten (93%), gefolgt mit 47% aus RITA",
45% aus Agar-Medium und 41% aus dem DVS.

Die Sekundirstoffe Camptothecin (CPT) und 10-Hydroxycamptothecin (HCPT)
wurden mittels der HPLC-Analyse an verschiedenen C. acuminata Pflanzengeweben
bestimmt. Die in vitro Pflanzen zeigten ein unterschiedliches Verteilungsmuster der
CPT- und HCPT-Anreicherung. Im allgemeinen hat sich herausgestellt, da3 die
Inhaltstoffe genotypisch- und von den Kulturbedingungen abhidngig waren. Der
hochste CPT-Gehalt auf das Trockengewicht (TG) bezogen lag zwischen 2,5 mg g™ fiir
in TIS kultivierte Sprosse, und bei 2,2 mg g fiir Kulturen auf Agar-Medium. Der
maximale CPT-Gehalt betrug bei den ex situ Simlingen 2.3 bis 4,8 mg g TG und bei
den in vitro Pflinzchen 4,1 bis 4,5 mg g"' TG. Eine grofe CPT- Variation wurden bei
den verschiedenen Kalli und somatischen Embyronen festgestellt. Der hochste CPT-
Gehalt wurde mit 0,87 mg g"' TG in den Kotyledonen-Embryonen und mit 1,23 mg g
TG bei den regenerierten Pflinzchen bestimmt. Hohe HCPT-Gehalte kamem nur in
den Hypokotylen der ex situ Sdmlinge vor. Die in vitro Simlinge enthielten sehr wenig
bzw. kein HCPT. Die hochste CPT-Absonderung aus den Pflanzenkulturen in das
Néhrmedium wurde bei 8 Flutungen pro Tag in beiden Systemen gemessen, und zwar

im RITA® mit 6 pg g FG gefolgt von 12,6 pg g FG im DVS.
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Camptotheca acuminata (Decne) is a deciduous and endangered tree species endemic to
east Tibet and southern China, where it is popularly known as Xi Shu (Happy Tree). The
genus Camptotheca belongs to the Nyssaceae family (Li and Adair, 1994), which is
represented by three other genera, Nyssa (tupelos) with about 7-10 species in eastern North
America and east to Southeast Asia, Davidia (D. involucrata, Dove tree) a monotypic
genus in central China and Camptotheca with two species in China (C. acuminata and C.
lowreyana). A fourth genus Diplopanax with two species (D. vietnamensis and D.
stachyanthus) in southern China and Vietnam has recently been transferred to the
Nyssaceae family (Averyanov and Hiep, 2002). The species C. lowreyana seems to be very
rare and is mentioned only in few reports. Thus, C. acuminata is the only well known
species of its genus and it is distributed in south-eastern China mostly along the Yangtze
River, growing in forests and on hillsides at altitudes between 250 and 1500 metres
(Perdue et al, 1970; Ying et al., 1993). In its natural habitat, C. acuminata is a fast
growing tree. The woods of C. acuminata are primarily used as furniture, packaging
material, mine timber, pulp and fuel wood (Li, 2000). The genus C. acuminata is also
cultivated as an ornamental plant but recently its greatest commercial value lies in its
secondary metabolites production, which is mainly isolated from seeds and barks. This is
one of the reasons why the genus is facing a steep decimation in its wild population. Trees
of C. acuminata are commonly raised from seeds (Perdue et al., 1970) and are the major
source for the monoterpene-indole alkaloids camptothecin (CPT) and 10-
hydroxycamptothecin (HCPT), which has been identified by Wall et al., (1966). CPT and
its analogues have recently emerged as one of the most promising agents for cancer
treatment because of their inhibitory activity against tumour cells and the Human
Immunodeficiency Virus (HIV) (Priel et al., 1991). Unlike Taxol® and other anticancer
agents, CPT is the first known inhibitor of topoisomerase (Topo I), a DNA enzyme that
plays key roles in DNA replication, transcription, and recombination. As a result of CPT's
action, breaks occurred in the DNA single- and double-strand, leading to termination of
replication and inhibition of transcription and subsequent death of the cell (Hsiang et al.,
1985; Ewesuedo and Ratain, 1997; Wu and Liu, 1997; Czuwara-Ladykowska et al., 2001).

Currently, two semi-synthetic derivatives of CPT, topotecan (trade name Hycamtin®)
(TPT) and irinotecan (trade name Camptosar”™) (CPT-11) are widely used as a standard
treatment against ovarian and colorectal cancer (Cunningham et al., 1998; Douillard et al.,
2000). The worldwide market value for CPT derivatives TPT and CPT-11 was estimated at
about US$ 750 million in 2002 which rose to US$ 1 billion by 2003 and has now reached
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2.2 billion US$ in 2008 (Lorence and Nessler, 2004; http://www.tremcon.net/trading
/biotech/cpt.html, 2009). Thus CPT is becoming increasingly important and it is a valuable
starting material for the production of TPT, CPT-11 (Maliepaard et al., 2001) and several
other camptothecin analogues. There are a few other plant species such as Nothapodytes
foetida (Icacinaceae) Ophiorrhiza mungos (syn. O. pumila, Rubiaceae) and Ervatamia
heyneana (Apocyanceae) from which CPT is being isolated. However, C. acuminata
remains the major source of CPT and in spite of the rapid market growth, CPT is still
harvested by extraction from barks and seeds of naturally grown C. acuminata trees
(Lorence and Nessler, 2004). The few commercial nurseries for C. acuminata cannot meet
the demand for CPT production. Thus, it is assumed that the extraction of CPT relies
primarily on plant materials and fruits that are harvested from naturally grown trees, which
are causing a hazard to this plant (Li ez al., 2002).

In 2000 and again in 2006 C. acuminata was proposed for protection in the CITES
appendix II (http://www.cites.org/eng/cop/11/prop/58.pdf) but the proposal was withdrawn
on both occasions.

The yields of CPT from field trees vary widely and depend on factors that are difficult to
control. For instance, plant diseases such as leaf spot and root rot are some of the major
fungal diseases that can limit the cultivation of Camptotheca plants (Li et al., 2005) and
diminish the production of CPT. Cultivation of Camptotheca plants is limited to
subtropical climates and it takes about ten years for plants to produce a stable fruit yield
(Li et al., 2005). Currently, the combination of a high demand for CPT and its variable
concentration in naturally grown plants has led to a number of strategies to gain plants or
cell lines that could produce higher amounts of CPT.

Therefore, the production of in vitro grown plants to obtain its natural products (CPT) may
be an attractive alternative. Several attempts have been made to produce CPT from cell
suspension (Sakato and Misawa, 1974; Wiedenfeld et al, 1997), however, the low yield
limits this approach (Lorence et al., 2004). Cultures of differentiated tissues and the
selection of highly desirable propagated plants may be an alternative source for the
production of CPT. To date, only a few reports on the in vitro culture of C. acuminata have
been published using shoot buds (Jain and Nessler, 1996; Li and Liu, 2001, 2005; Wang et
al., 2006) and plant regeneration through organogenesis (Wang ef al., 2006). Consequently,
the rate of micropropagated plants is still critical to meet the pharmaceutical demand for
CPT production. Therefore, the main objectives of this study was to develop an effective

method for plant regeneration and multiplication of C. acuminata in Temporary Immersion
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System (TIS), a technique that allows mass production of plant material within a short
period of time which is also considered to be a practical and an efficient method for in
vitro commercialisation (Aitken-Christie, 1991; Berthouly and Etienne, 2005). Until now
there has been only one report on the in vitro culture of C. acuminata using TIS (Sankar-

Thomas et al., 2008).

1.1. Aims of the Study

Camptotheca acuminata is an economically important medicinal plant and an endangered
species. The extraction of CPT from raw material is variable and consumes a lot of
resources (Wang et al., 2005). Therefore, conventional breeding can not meet the demand
for its pharmacologically active compounds. Developing a reliable protocol for the in vitro
cultures of C. acuminata could open the door for large-scale production and at the same
time supersede the extraction of CPT from plants of wild populations.

Hence, the main objectives of this study were to establish an efficient and reliable protocol
for in vitro culture of C. acuminata in the TIS and the selection of desirable clonally
propagated plants according to their camptothecin (CPT) production.

In order to study the objectives of this thesis, experiments have been carried out between
2004 and 2007 under controlled environmental conditions (temperature, air humidity and
light intensity) in growth chambers and greenhouses. To secure high genotype variability
of C. acuminata cuttings obtained from various botanical gardens and private growers
within the EU and seeds from different geographic locations in China and the USA were

used as starting material. This thesis is composed of the following steps.

i.  Propagation Methods of Camptotheca acuminata.
i1.  Regeneration via organogenesis and somatic embryogenesis.
iii.  Shoot multiplication in solid media and in TIS.
iv.  The in vitro and ex vitro rooting of microcuttings derived from solid media and TIS
v.  The acclimatisation of rooted plantlets to ex vitro conditions in greenhouses.
vi.  Analysis of CPT content in undifferentiated and differentiated plant tissues and in
the exudations of culture media. Finally, plants are selected as desirable clones

according to their CPT contents.
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Fig. 1 Flow chart for the micropropagation of C. acuminata. The following steps were
taken, to establish a reliable protocol for the in vitro culture, plant regeneration and shoot
multiplication. Brown boxes represent the ex vitro conditions and the remaining colours
(yellow, green, purple, blue and grey) the in vitro conditions. DVS (= Dual Vessel System).
RITA® (= Récipient a Imersion Temporaire Automatique)
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2.1. Camptotheca acuminata

2.1.1. Botany

Camptotheca acuminata Decne (Nyssaceae) is a rapidly growing deciduous tree native to
southern China and east Tibet. Camptotheca trees exhibit monopodial growth that can
reach a height of 20 to 25 m and under favourable conditions their trunks can grow to a
diameter of 100 cm. Young twigs are pubescent and purplish while older ones are
glabrous. The bark of fully-grown trees is pale-grey with deep furrows. Leaves are
petiolate, alternate, pinnately veined, entire or occasionally dentate with a length of 10 to

30 cm and 6 to 15 cm in width.

Fig. 2 (A) One-year old acclimatised Camptotheca acuminata plants with an average
height of 1 to 1.5 m (B) Flowering plant (http://www.botanic.jp/plants-ka/kanren.htm) (C)
Green fruits (http://had0.big.ous.ac.jp/plantsdic/angiospermae/dicotyledoneae/choripetalae/
nyssaceae/kanrenboku/kanrenoboku.htm) and (D) Ripe seeds (http://www.hktree.com/tree/
Camptotheca%?20acuminatal.htm)


http://www.hktree.com/tree/
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Young leaves are dark-red and pubescent, which gradually turn green and then greyish
with age. Two to three sessile flowers form a cyme and about 15 to 30 cymes form a
globular head. These heads are arranged in terminal or axillary raceme-like inflorescences
(Fig. 2B). The white flowers in the upper terminal head are bisexual and bloom first,
whereas the lateral heads are male or sometimes also bisexual. Flowers bloom from May to
August. The mature fruit is an almost wingless samara about 20 to 30 mm long and 6 to 9
mm wide with one seed, which is ripen between September and December. Usually, trees
start to bear fruits 7 to 10 years after germination.

Apart from C. acuminata it is reported that there are two other varieties, C. acuminata var.
tenuifolia and C. acuminata var. rotundifolia. C. tenuifolia, which was found growing
along streams in the province Guangdong has longer fruits, smaller leaves and grow to a
height of 5 m only (Fang and Soong, 1975; Fang and Zhang, 1983). C. rotundifolia was
recently found at a low elevation (45 m above sea level) and differs from C. acuminata and
C. tenuifolia by the brown bark, sub-round and small leaves and grows to a height of 10 m
(Yang and Duan, 1988). Currently, C. acuminata is becoming an economically important
plant and is now cultured commercially in Asia and North America for its valuable

secondary product camptothecin.

2.1.2. Geographical Distribution

C. acuminata is a tertiary relict and a monotypic genus of the family Nyssaceae.
Camptotheca was first recorded in 1848 and scientifically described and named by
Decaisne (1873), Director of the Jardin Des Plantes, Paris. The genus name Camptotheca is
from the Greek. Campto (= bent or curved) and theca (= a case) referring to the anthers,
which are bent inward. The species name acuminata is derived from acuminate, which
refers to the tips of leaves. C. acuminata was also widely distributed in Japan during the
Tertiary Period (Suzuki, 1976; Tanai, 1977). Today it is native only to central, southern and
south-eastern China, in the provinces of Anhui, Zhejiang, southern Jiangsu, Jiangxi, Fujian,
Hubei, Huna, Guangdong, Guangxi, Guizhou, Sichuan and Yunnan. In China the
Camptotheca tree is cultivated as an ornamental tree and as a firewood species because of
its rapid growth. In this century the species was reintroduced to Japan and today it is also

cultivated in South Korea, Taiwan, Europe and the United States (Li and Adair, 1994)
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Provinces of China

1 Jiangsu 7 Hunan

2 Anhui 8 Jiangxi

3 Hubei 9 Zhejiang

4 Sichuan 10 Guangxi

5 Yunnan 11 Guangdong

6 Guizhou 12 Fujian

Fig. 3 Natural distribution of C. acuminata in China. ® C. acuminata (Decne, 1973) var.
acuminata; * C. acuminata var. tenuifolia (Fang and Soong, 1975); B C. acuminata var.
rotundifolia (Yang and Duan, 1988). Seeds used in this study were obtained from three
provinces (1, 4, 11; grey underlaid).

2.1.3. Ecology

In its natural environment C. acuminata plants are shade-tolerant and are mostly found in
thickets. Camptotheca plants require an annual mean of 28 to 57% sunshine, a humidity of
about 80% and a precipitation of 1000 to 2000 mm per annum of which 75% falls during
April to September and a winter drought (Perdue et al., 1970; Chou and Li, 1990).
Temperature varies from 15 to 23 °C at low elevation and 2 to 14 °C at higher elevation
(above 2000 m). Plants have withstood temperature of -11 °C in California and -13 °C in
South Carolina, USA (Perdue ef al., 1970) and -12 °C in South Korea without any severe
damages (Meyer, 1991). Camptotheca plants growing at an elevation above 2000 m in
China even survived the coldest month (January), which was recorded with a mean
temperature of -20 °C (Chou and Li, 1990). From C. acuminata trees growing in Austria

and the Netherlands it was reported that only the terminal buds are often damaged at
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temperatures below 0°C (Bulk, personal communication 2003; Tod, personal
communication, 2004). These cold tolerances may result from different seed sources or
possibly different ecotypes. C. acuminata trees are also found growing at the edges of
forests, in valleys and on slopes along streams in moist, fertile and well drained friable clay

soils with a pH ranging from 4.5 to 6.0 (Ying ef al., 1993; Li and Adair, 1994).

2.2. Camptothecin (CPT)

2.2.1. Plant Secondary Metabolites

Plants have evolved their own unique strategies not only to attract pollinating insects and
seed or fruit dispersing animals but also to protect themselves against threats and
adversaries. One of these strategies is the production of a wide range of secondary
metabolites, which are generally associated with the defense against herbivores and
pathogens (Wink, 2003). Many of these compounds (phenols, alkaloids, terpenoids, etc.)
represent a large reservoir of chemical structures with biological activity and were apparent
in the earliest annals of human history. It is estimated that 80% of the non-industrialised
world still relies on plants as the major source of medicines in their primary health care
(Farnsworth and Soejarto, 1985; Wijesekera, 1991). Many of these known compounds
such as curare, opium, reserpine, paclitaxel or camptothecin are being exploited as poisons,

stimulants, narcotics and pharmaceuticals (Wink, 1998).

2.2.2. Camptothecin and its Pharmacological Effects
Camptothecin (CPT) and 10-hydroxycamptothecin (HCPT) are naturally occurring toxic
alkaloids (Cao et al., 1986).

Camptothecin (CPT) 10-Hydroxycamptothecin (HCPT)

Fig. 4 Molecular structure of camptothecin (C,0H16N2O4) and 10-hydroxycamptothecin
(C20H16N205).



2. Literature Overview 9

CPT is an indole alkaloid first isolated from the leaves of C. acuminata (Wall and Wani,
1991) during a phytochemical screening by the United States Department of Agriculture
(USDA) in the early 1950s. In 1958 the anticancer properties of this alkaloid were
discovered by Wall (USDA) and Hartwell from the National Cancer Institute (NCI) and it
was identified as a pyrano-indolizinoquinoline alkaloid, which they termed CPT (Fig. 4)
(Wall et al. 1966; Perdue et al., 1970). In the early 1970s clinical trials were conducted on
CPT as an anticancer agent but were then dropped because of a variety of unacceptable
side effects. Renewed interest was revived after Hsiang et al., (1985) discovered that CPT
directly inhibited topoisomerase I (Topo I), a DNA replication enzyme, and catalysed a
cascade of events that lead to cell death (apoptosis) and therefore inhibiting the DNA
replication. Apart from its potent anticancer activity, CPT was also reported to show
inhibitory and antiviral activity against the fowl plague virus BHK21/13 replication (Kelly
et al., 1974), Trypanosomes and Leishmania (Bodley and Shapiro, 1995), the Human

Immuno Deficiency Virus (HIV) and the equine infectious anemia virus (Priel ez al., 1991).

2.2.3. Semi-Synthetic Derivatives of Camptothecin
In 1996 topotecan and irinotecan, two semi-synthetic derivatives of CPT (Fig. 5), received
approval for human testing and application from the Food and Drug Administration

(FDA).

"
KT) Irinotecan (CPT-11) Topotecan (TPT)

Fig. 5 Molecular structure of the two major semi-synthetic derivatives of CPT (black),
irinotecan  hydrochloride trihydrate (Cs3H3sN4Og) and topotecan hydrochloride
(C23H23N305), which have been approved for clinical use since 1996.

Topotecan, which is manufactured by SmithKline Beecham Pharmaceuticals (also known

as GlaxoSmithKline) is sold under the trade name Hycamtin® and is used to treat advanced
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ovarian cancers that have resisted other chemotherapy drugs. The injectable irinotecan HCI
was approved as a treatment for metastatic cancer of the colon or rectum; irinotecan is
marketed by Pharmacia and Upjohn under the trade name Camptosar™ (Heron, 1998;
McDonald, 1997). Bodley et al., (1998) reported that CPT has cytotoxic effects on
Plasmodium falciparum. Both the industry and academic research groups worldwide have
focused their attention on CPT as an antitumor and antiviral agent (Lorence and Nessler,
2004). Thus CPT has proved to be a powerful drug for several treatments, which have
made it a valuable compound for the production of other water-soluble derivatives

(Creemers et al., 1996) that are less cytotoxic than CPT itself.

2.2.4. Biosynthetic Pathway of Camptothecin

Although much is known about the pharmacological effects of CPT, little is known about
its biosynthesis (Silvestrini et al., 2002). Several studies on plant cell cultures have
indicated that CPT biosynthesis and accumulation, as in the case of many other alkaloids,
are under the strict control of cell development and environmental factors (De Luca and St.
Pierre, 2000). The biological activity and biosynthesis of CPT has been recently reviewed
(Lorence and Nessler, 2004). Although CPT is a quinoline alkaloid lacking the basic indole
structure, it is suggested to be of the terpene indole-alkaloid (TIA) family (Wenkert et al.,
1967), which belongs to a group of low molecular weight. CPT is a nitrogen-containing
molecule and has a pentacyclic structure (Fig. 4). Most alkaloids are derived from the
amino acids, phenylalanine (Phe), tryptophan (Tyr), lysine (Lys) and ornithine (Orn) (De
Luca and St. Pierre, 2000) and all TIAs including CPT are derived from the precursor
strictosidine, a condensation product formed by the reaction between indole tryptamine and
terpenoid secologanin, which is then catalysed by the enzyme strictosidine synthase
(Kutchan, 1995). Early experiments have confirmed that the tryptamine moiety is
completely incorporated into the CPT molecule (Sheritha and Rapoport, 1976).
Strictosidine is then converted to strictosamine via intramolecular cyclisation and this
compound is a precursor of CPT. The remaining details and precise intermediates between
strictosamide and CPT are not completely defined. Therefore, it is postulated that CPT
could be formed from strictosamide by three transformations (Hutchinson et al., 1979).
The steps following strictosamide formation remain somewhat speculative (O’Connor and
Maresh, 2005). A series of chemically reasonable transformations have been proposed
(Fig. 6) though there is little experimental evidence for these steps (Hutchinson et al.,

1979; Cordell, 1974).
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[Plastidic Non- Mevalonate Pathway (MEP)]

Pyruvate Glyceraldehyde-3-phosphate
DXS

1-Deoxy-D-xylulose-5-phosphate (DXP)
\[, DXR
2- C-Methyl-D-erythritol-4-phosphate (MEP)

4-Diphosphocytidyl-2- C-methyl-D-erythritol-2-phosphate
¢ MECS
2-C-Methyl-D-erythritol-2,4-cyclodiphosphate(MEC)

Isopentenyl diphosphate (IPP)

Dimethylallyl diphosphate (DMAPP)

[Shikimate Pathway] \l/
Chorismate Geraniol
AS G10H i/CPR
Anthla¥;lgte 10-Hydroxygeraniol
10-HGO
Tryptophan Loganin
TDC JSLS

SSS

Strictosidine

Strictosamide
[3(S)-Pumiloside]

[3( S)-Deoxypumiloside]

Camptothecin

Fig. 6 Biosynthetic pathway for TIAs in Camptothecin producing plants (Lorence and
Nessler, 2004). The blue arrows indicate multiple steps between the intermediates.
Enzymes in red: TSB (B-subunit of tryptophan synthase), TDC (tryptophan
decarboxylase), SSS (strictosidine synthase), and 10-HGO (10-hydroxygeraniol
oxidoreductase) were characterised in either C. acuminata or O. pumila. TSB is abundant
in vascular tissues (cambium, primary xylem and primary phloem; Lu and McKnight,
1999). Other enzymes involved in this pathway already cloned in Catharanthus roseus the
best characterized TIAs-producing model, are also shown: 1-deoxy-D-xylulose-5-
phosphate (DXP) synthase (DXS); DXP reductoisomerase (DXR); 2-C-methyl-D-
erythritol-2, 4-cyclodiphosphate synthase (MECS); geraniol-10-hydroxylase (G10H), and
secologanin synthase (SLS). In C. roseus DXS, DXR, MECS, and G10H are expressed in
the internal phloem parenchyma, while SLS, TDC and SSS are expressed in the epidermis
(Burlat et al., 2004).
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Two of these potential biosynthetic intermediates, 3(S)-pumiloside and 3(S)-deoxy
pumiloside, have been isolated from another CPT producing plant Ophiorrhiza pumila
(Carte et al., 1990; Kitajima et al., 1997; Yamazaki et al., 2003). The biosynthetic pathway
for TIAs (Fig. 6) after Lorence and Nessler (2004) shows that CPT is derived from both
the shikimate and mevalonate pathway since tryptamine is derived from the shikimate and

secologanin from the MEP pathway.

2.3. Plant Micropropagation

Plant in vitro propagation (micropropagation) techniques are becoming increasingly
popular as an alternative method of plant cloning. It is the major and most widely accepted
practical application of plant biotechnology (Mehrotra ef al., 2007). A significant
advantage offered by in vitro propagation over the conventional methods (ex situ) is that,
in a relatively short span of time and in relative small rooms, a large number of plants can
be produced starting with one single individual. Hence, micropropagation allows plant
breeders to introduce new cultivars much earlier than they could through conventional
practices and the establishment and maintenance of virus-free plant stocks (Morel and
Martin, 1952, 1955).

Other aspects of in vitro propagation are the large-scale regeneration for commercially
important elite material with desirable and characteristic traits. Presently,
micropropagation techniques are being used for plants that are difficult to propagate
through conventional practices. Many botanic gardens and institutions are using these
techniques for the conservation of genetic resources of elite and rare plant species that are
threatened or on the verge of extinction (Normah et al., 1997; Wawrosch et al., 2001;
Michael et al., 2001). This applies also to economically important crops that are
vegetatively propagated or plants with recalcitrant seeds that cannot be stored under
conventional seed bank conditions (George and Sherrington, 1984; Dodds, 1991; George,
1993). In spite of these merits, the major limitation of in vitro propagation is the high plant
production costs. Generally, “conventional” micropropagation processes are carried out in
culture vessels containing medium solidified with gelling agents. Although this method is
generally used, it has some disadvantages. Propagation in solid or semi-solid medium
requires a large number of culture vessels, agarose media and aseptic division of plant
tissues. Cultures need periodic transfer to fresh media at least every 4 to 6 weeks due to
exhaustion of the nutrients in the medium, which may alter the continuous tissue growth

and proliferation (Debergh and Maene, 1985).
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Consequently, the running costs mainly for intensive manual labour and gelling agents
increase the production costs. Thus, conventional micropropagation is time consuming,
intensive and generates 40-60% of the plant production costs (Etienne and Berthouly,
2002). In order to simplify the in vitro process, reducing manual labour and production
costs it was necessary to develop simpler and cheaper methods for the mass production of
micropropagated plantlets.

Therefore, during the past decades there has been an increased interest to enhance plant
production and at the same time to reduce production costs (Andrea-Kodym and Zapata-
Arias, 2001). To overcome these limitations a number of strategies have been developed
such as the use of shake cultures utilizing liquid medium solely (Weathers and Giles, 1988)
or in combination with solid culture medium (Debergh and Maene, 1981; Aitken-Christie
and Jones, 1987). Culture in solid medium is inert and hampered automation, whereas
utilising liquid medium facilitated automation and reduced intensive labour and
consequently the production costs (Debergh, 1988; Aitken-Christie, 1991). Thus, the

Temporary Immersion Culture System combines the advantages of solid and liquid media.

2.3.1. Temporary Immersion System (TI1S)

The Temporary Immersion system (TIS) is a method that combines the advantages of both
the semi-solid and liquid culture media. TIS is a periodical flooding and draining of the
entire culture with liquid nutrients for a defined time. The principle of this method was
already mentioned by Heller (1965), which was probably the first concept of TIS. He
reported that an up-and-down motion of nutrients without renewal showed the same effect
as a true renewal in suspension culture. In 1985, Tisserat and Vandercook applied a similar
method for the first time in plant tissue culture. They designed a system consisting of a
large elevated culture chamber that was drained and then refilled with fresh medium at
certain intervals. The first semi-automated culture system was introduced in 1988 by
Aitken-Christie et al., (Ziv et al., 1998; Aitken-Christie, 1991). However, there were some
drawbacks. Hyperhydricity was one of the most common disadvantages using liquid
media, which results in severe physiological disorder of herbaceous as well as woody
shoots (Kevers et al., 2004). In order to overcome this physiological disorder in plant
shoots and the technical limitations encountered in the liquid medium, a new TIS vessel
known as RITA® vessel (Automated Temporary Immersion Apparatus) was developed at
the French Laboratory CIRAD (Alvard ef al., 1993; Teisson and Alvard, 1995). The growth

and multiplication rate of plantlets are enhanced by aeration and the close contact of
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plantlets with liquid medium, which facilitates the availability of nutrients and
phytohormones that promote shoot growth and proliferation (Ziv, 1989; Sandal et al.,
2001).

Fig. 7 The RITA®, a one litre vessel comprised of two compartments. (A) The complete
opened vessel with airflow vents on the cap (air inlet 1 and outlet 2). The culture medium
is kept in the lower compartment of the vessel (arrow), while plant material is located in
the upper compartment laid out with a polysulfone foam disc. (B) The upper compartment
with plant material taken out of the vessel for medium renewal.

This new technique has been successfully tested with growth of meristem cultures (Alvard
et al., 1993), microcuttings and somatic embryogenesis of many tropical crops such as
Ananas comosus (pineapple), Musa acuminata (banana), Citrus deliciosa (mandarin),
Coffea arabica (coffee) and Hevea brasiliensis (rubber tree) (Escalant et al., 1994;
Cabasson et al., 1977; Teisson and Alvard, 1995). and recently with the induction of
somatic embryogenesis and plant regeneration of Camptotheca acuminata (Sankar-Thomas
et al., 2008).

The basic RITA® vessel has a capacity of one litre and consists of a two compartment
units, which are connected by a central tube. The liquid culture medium is kept in the

lower compartment, while explants are located in the upper. As soon as air pressure is
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applied through a 0.2um hydrophobic sterile filter (Midisart® 2000, Sartorius) into the
central tube (Fig. 7A 1) the air forces the liquid medium to the upper compartment
immersing explants as long as the air pressure is applied. As soon as the air pressure is
released, the liquid medium flows back to the lower compartment by gravity. During
immersion, the airflow aerates the medium, agitates explants and the atmosphere inside the
vessel escapes through the sterile outlet filter in the cap (Fig. 7A 2). Hence, the air inside is
simultaneously renewed at every immersion. The RITA® vessel can also be used to
produce large number of tissue cultures and could simply be scaled up and automated
(Aitken-Christie, 1991). Apart from RITA® a second type of TIS vessel was used in this
study, the Dual Vessel System (DVS) (Fig. 8) The DVS is similar to the twin flasks
principle of Escolona et al. (1999).

Fig. 8 (A) The Dual Vessel System (DVS) consists of two separate vessels connected with
silicone and glass tubes. A Schott flask (left) is used as a medium reservoir while explants
are located in the second vessel (right). (B) Explants during ebb and (C) during flood.

As shown in Fig. 8 the DVS consists of two separate chambers, one for growing plants and

the other as a reservoir for the liquid medium. The two chambers are connected by silicone
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and glass tubes. The air pressure is first applied to the medium reservoir forcing the
medium over into the culture chamber to immerse the explants completely. After a defined
time of immersion the airflow is reversed to withdraw the medium from the culture
chamber.

Thus, with the TIS system manual labour is drastically reduced in comparison to culture
and subculture in solid medium. Another advantage is that there is less risk of
contamination due to the self-sealing couplings used to disconnect and connect the vessel
during culture media renewal without disturbing the plant tissues. Hyperhydricity problems
could be solved by adjusting the duration and immersion frequency of cultures. Thus, in
general the use of liquid medium for in vitro culture simplifies the handling, reduces
production costs and is considered to be the most appropriate way to achieve automation

(Aitken-Christie, 1991).
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3.1. Plant Materials

3.1.1. Cuttings and Seeds

In order to secure a plant stock with a high genotype variability of Camptotheca acuminata
for this thesis, cuttings were obtained during 2004 from the botanical gardens of Vienna,
Austria; Utrecht, The Netherlands; Bonn, Germany and from a private grower in
Boskoop, The Netherlands. Seeds of C. acuminata were obtained in 2005 from four
different geographical locations. Seeds originated from three provinces in China, Sichuan,
Jiangsu and Guangdong and from a plantation in Baton Rouge, Louisiana (USA). Seeds
from each geographical location were considered as one group (Fig. 9) Thus, seeds
originating from Sichuan were grouped as Ch 1, from Jiangsu as Ch 2, from Guangdong
as Ch 3 and those from Louisiana as Lou. Four seedlings from each group Ch 1 (Bp31,
Bp81, Bpl101, Bpl41), Ch 2 (Mp27, Mp28, Mp35, Mp36), Ch 3 (Gz5, Gz7, Gz9, Gz10)
and Lou (Lp4, Lp13b, Lpl8, Lp45) were randomly chosen for further cultivation. Each
seedling was considered as an individual genotype and multiple shoots from each seedling

as identical clones.

Seeds I—)lw,—)| Genotypes I—)| Clones
Seeds

[ [
Sichuan Guangdong
(Chl) (Ch3)
I I Jiangsu [ 1 Louisiana
[Bp31| [Bps1| [Bp1o]] [Bp1at]L__ €2 | Gzs | | 627 [ 629 | [Gat0] (Lou)
Bp31/1| Bp81/1 |Bpl01/1{Bp141/1 Gz5/1 | | Gz7/1 Gz9/1 || Gz10/1
Bp31/2 || Bp81/2 |Bpl101/2|({Bp141/2 Gz5/2 | | Gz7/2 | | Gz9/2 || Gz10/2
Bp31/3 | Bp81/3 |Bpl101/3(|Bp141/3 Gz5/3 | | Gz7/3 | | Gz9/3 || Gz10/3
| [ | | |
IMp27] | Mp28| | Mp35 | | Mp36 | |Lp4] |Lp13] | Lp18] [Lp45]
| | | | | | | [
Mp27/1|[Mp28/1|Mp35/1|[ Mp36/1 Lp4/1 | [Lp13/1] [Lp18/1|[Lpas/
Mp27/2||Mp28/2 | Mp35/2|| Mp36/2 Lp4/2 | [Lp13/2| |Lp18/2| | Lp45/2
Mp27/3||Mp28/3 [ Mp35/3|| Mp36/3 Lp4/3 | [Lp13/3| |[Lp18/3||Lp45/3

Fig. 9 Flow chart showing the four groups of C. acuminata seeds (yellow), the four
genotypes (green) and the individual clones (blue) of each genotype.
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3.2. Plant Culture Media

Preliminary experiments with B5 basal medium (Gamborg et al., 1968) and MS medium

(Murashige and Skoog, 1962), supplemented with various cytokinins (Kin, BAP, GA3,
TZD, 2iP) and auxins (IAA, 2,4-D, IBA, NAA) used solely or in combination, showed that

full strength MS medium was more appropriate to culture C. acuminata cuttings as well as

seedlings. For shoot multiplication, a full strength MS medium supplemented with BAP

was used. Unless otherwise specified, only a full strength MS medium was used

throughout this study for both the solid and liquid cultures.

Tab. 1 Composition and preparation (Macronutrients, Micronutrients, Vitamins and other
supplements) of the modified Murashige and Skoog (MS) medium.

Constituent

MS

Concentrated Working Storage

Medium Stock Solution Solution

[mg I] [mg I"] miI"]  [°C]
Macronutrients
Ammonium nitrate 1650 33000 50 4
Calcium chloride dihydrate 440 8800 50 4
Magnesium sulphate heptahydrate 370 7400 50 4
Potassium nitrate 1900 38000 50 4
Potassium phosphate monobasic 170 3400 50 4
Micronutrients (Trace elements)
Boric acid 6.2 620 10 -18
Cobalt chloride hexahydrate 0.025 25 1 -18
Cupric sulphate pentahydrate 0.025 25 1 -18
Manganese sulphate monohydrate 16.9 338 50 -18
Molybdic acid sodium dihydrate 0.25 250 1 -18
Potassium iodide 0.83 830 1 -18
Zinc sulphate heptahydrate 8.6 172 50 4
Sodium iron (IIT) ethylene diamine 37.5 750 50 4
tetraacetic acid
Organics supplement (Vitamins)
Glycin 2 40 50 4
Myo-inositol 100 2000 50 4
Nicotinic acid (B3) 0.5 50 10 -18
Pyridoxine hydrochloride (B6) 0.411 41.1 10 -18
Thiamine hydrochloride (B1) 0.1 10 10 -18
Buffer
Sodium dihydrogen phosphate dihydrate 192.5 3850 10 4
Other Supplements
Sucrose 30000
Phyto-Agar 6000
Gelrite 2500
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Plant culture media preparation was made from self-made concentrated stock solutions. All
solutions were prepared using de-ionised water. Working solutions were then prepared by
mixing the individual groups of components (macro-, micronutrients, organic compounds
and phytohormones) to achieve the required working concentration. After the addition of
supplements, the pH was adjusted to the required value using HCl or KOH. For solid
media gelling agent (phytoagar) was added before the pH was adjusted. Stock solutions of
the major MS inorganic nutrients were prepared at 20-fold and trace elements at 100-fold
concentrations. Vitamins and individual plant growth regulator (PGR) for the different
components were also prepared in advance (Tab. 1), likewise the stock solutions of other
ingredients (e.g. NaFe-EDTA, glycin, myo-inositol and sodium dihydrogen phosphate
dihydrate). Vitamins, trace elements and PGRs were stored in small volumes at -18 °C,

while all other stock solutions were kept in a refrigerator at 4 °C.

3.3. Culture Vessels

Explants in solid media were cultured either in Petri dishes or in home canning jars from
Weck® (Wehr, Germany) of various sizes, 250, 500, 750 and 1000 ml, which were sealed
with felt rings that allowed aeration due to temperature fluctuation in the growth chambers

(Fig. 10A).

3.3.1. Temporary Immersion System (TIS) Vessels

Micropropagation experiments in TIS were carried out in two different types of culture
vessel, the Dual Vessel System (DVS) and RITA® vessel (Chapter 2.3.1). DVS explant
vessels had a volume of 500 and 1000 ml (Fig. 10C). In order to decimate turbulence of
newly cultured explants all treatments for shoot multiplication in DVS were initial with
200 ml liquid medium for the first four weeks, thereafter, 400 ml medium was used. The
second vessel type was the one litre RITA® vessel (Fig. 10B) utilising 250 ml liquid
medium throughout this study.

For the callus, organogenesis and somatic embryogenesis induction, plant regeneration
and rooting in RITA® and DVS explants were immersed for one minute every 6 hours (4
immersion cycles daily = IC d), whereas, for shoot multiplication four and eight IC d
were applied. Electronic timers were used to control the frequencies and duration of the

immersion cycles (IC).
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Fig. 10 Type of vessels used in this study. (A) Different sizes (250, 500, 750 and 1000 ml)
of Weck® glasses used for solid medium culture. (B) The RITA® vessel (CIRAD, France)
with 2 compartments in one. (C) The Dual Vessel System (DVS) with a Schott bottle as
medium reservoir and a Weck® glass for the growing culture.

3.4. Sterilisation

3.4.1. Culture Apparatus, Glassware and Equipment

All aseptic processes were conducted under a laminar flow hood, which was
decontaminated by turning on the hood and wiping the inwards surfaces with 96% ethanol
15-30 minutes before initiating any operation. Heat-labile components (e.g., polyethylene
scintillation vials or conical tubes) were submerged for several minutes in 96% ethanol 15
minutes before use. Glassware such as Petri dishes, Weck® glasses, beakers and
Erlenmeyer flasks were sterilised by exposure to 214 °C in a hot air steriliser overnight.
All TIS culture vessels, water, paper filters, pipette tips, aluminium foil etc. and culture
media were autoclaved at 121°C and 103 kPa for 15 minutes. Working instruments such as
scalpels, forceps, scissors and other metal objects were rinsed in 96% ethanol, flamed and

allowed to cool down before being used.
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3.4.2. Nutrient Media and Substrates

Solid MS media were gelled with either 6 g 1" phytoagar or 2.5 g I'' Gelrite®. (Duchefa
Biochemie B.V., Netherlands) and the pH was adjusted to 5.8 for both solid and liquid
media before being autoclaved at 121 °C and 103 kPa for 15 minutes. Substrates for the
plantlet regeneration via somatic embryogenesis and the in vitro rooting were moistened
with MS medium supplemented with or without PGR before being autoclaved twice within

48 hours at 121 °C for 45 minutes.

3.4.3. Sterilisation of Plant Material

Tab. 2 Sterilants and tenside used to sanitise plant material.

Sterilantsand | Concentration| Exposure Remarks
tenside ) [%6] [minute]
Ethyl alcohol Has a better wetting properties than 96 %;
(ethanol) 70 0.5to 1 | 0.5 minutes for embryos and 1 minute for
(Sigma-Aldrich) plant materials
. For dissected zygotic embryos 5 minutes
Sodium . i . )
hypochlorite 1 51000 |18 enough; young leaf m.aterla¥ '15 mmptes
(NaOCl) * and stem cuttings 20 minutes; is efficient
cheap and should be prepared fresh
Is toxic and requires special handling and
Mercuric chloride 0.110 0.5 210 10 waste disposal; more effective for mature
(Merck) ’ ' cuttings of Camptotheca plant material
and seeds before dissection
. 2 A surfactant, which reduces the surface
Tr}ton X'IOO_ 5 3 tension and allows a better contact
(Sigma-Aldrich) between explants and solution

* Commercial bleach contains about 5% sodium hypochlorite; using a concentration of 20% is
equivalent to 1.0% sodium hypochlorite (equal to a 1:5 dilution).

3.5. Growth Chambers

3.5.1. lllumination and Temperature

C. acuminata cultures in solid medium were grown in two different walk-in growth
chambers with different environmental conditions. Chamber I (Weiss Technik, Typ LKK
+2, 1981) has a dimension of 250 cm width x 200 cm depth x 210 cm height and was
equipped with 24 Philips lamps TLD 58W/840 situated vertically behind the culture
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vessels (Fig. 11A), with an artificial light radiation of 150 to 300 pmol m™ s. All explants
cultured in chamber I were grown under 15 h photoperiod, with night and day temperatures
of 19 and 24 + 0.5 °C, respectively and a humidity of 60%.

Chamber II (Fig. 11B and 11C) with a dimension of 240 cm width x 260 cm depth x 230
cm height and was equipped with 6 Philips TLD 18W/940 and 6 TLD 58W/840 lamps
situated horizontally above the culture vessels, with an artificial light radiation of 30-79
pumol m? s All plants in this chamber were maintained at a 16-hour illumination and a

constant temperature of 26 + 0.5 °C, with a humidity of 66%. All TIS treatments were

conducted in chamber II.

Fig. 11 A view inside the two plant growth chambers. (A) Chamber I primarily used for
solid and suspension cultures. (B) and (C) Chamber II for solid, suspension and TIS
cultures.

3.6. Plant Propagation Methods of C. acuminata

3.6.1. Exsitu Seed Germination

A minimum of 50 and a maximum of 100 seeds from each location were cultured in two
different substrates, peat overlaid with a mixture of vermiculite and soil (2:1:1) and peat
overlaid with quartz sand (2:1). All cuttings and seedlings were maintained at 60 pmol m™ s

PPFD at a temperature of 24 + 2 °C under greenhouse conditions. Cultures were visually
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checked daily and irrigated with tap water when necessary. Growth and development

scoring were carried out at 4, 8 and 12 weeks intervals.

3.6.2. Conventional Propagation via Stem Cuttings

Since plant material within Europe was limited and only seasonally available, stock culture
of C. acuminata plants were established through conventional propagation (stem cuttings
and seeds) to maintain a greenhouse collection of starting material for experimental
purposes. For the ex vitro culture four different types of cuttings (Fig. 12A), softwood
(SW), semi-softwood (SSW), semi-hardwood (SHW) and hardwood (HW) were taken from
two to three-year-old plants and cultured (December/January, March/April, June/July) using
two different root stimulator powders, Wurzelfix® (0,01% I-naphthaleneacetic acid (NAA)
and Rhizopon® (0,05% indole-3-acetic acid, IAA).

I
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Fig. 12 The four different types of cuttings (A), softwood (SW), semi softwood (SSW),
semi-hardwood (SHW) and hardwood (HW). (B) Cuttings, propagated ex Situ in a
substrate mixture of sand, soil and vermiculite.

All leaves were removed and stems were cut into pieces of 10-12 cm in length with three
to five nodes each. The cut ends of 100 stem cuttings were dipped into Wurzelfix® and
another 100 in Rhizopon® before they were cultured in well-drained plastic trays
containing a mixture of moist sand, soil and vermiculite 1:2:1 (Fig. 12B). One to two nodes

of each stem were buried into the substrate for root induction.
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3.6.3. Invitro Seed Germination

C. acuminata seeds were obtained from different geographical locations: Baton Rouge,
Louisiana (USA) (Fig. 13A) and from the provinces Guangdong, Sichuan and Jiangsu
(China) (Fig. 13B).

T R A N A |
10 mm

Fig. 13 C. acuminata seeds. (A) Seed from Louisiana (yellow) and (B) from China (dark
brown). (C) Seed with testa and (D) mature zygotic embryo dissected from the endosperm.

Seeds with pericarp were washed in a 5% (v/v) Triton X-100 detergent solution (Biomol
GmbH, Hamburg) for 3 minutes then thoroughly rinsed with sterilised water until foam
free. The seeds were then dipped into a 70% (v/v) ethanol solution for 1 minute.
Thereafter, they were transferred into a 20% (v/v) sodium hypochlorite solution (NaClO)
(Clorox® containing 5.0% Chlorine), for 10 minutes, gently agitated once or twice during
this time. Subsequently, they were rinsed four times with sterilised deionised water. The
zygotic embryos were aseptically removed from the testa (Fig. 13C) and then from the
endosperm (Fig.13D). Ten embryos were placed in each vessel (Weckglass®, @ 100 mm x
69 mm) containing 100 ml PGR-free MS medium (Murashige and Skoog, 1962)
supplemented with 30 g I sucrose. All cultures were maintained under a 16-hour
photoperiod provided by Philips TLD 58W/840 fluorescent lamps, with a light intensity of
60 pmol m™ s PPFD at 25 + 1°C.

3.6.4 Micropropagation via Apical and Axillary Buds
Young branches from greenhouse and botanical gardens plants of C. acuminata were used

as starting material for shoot multiplication in solid medium and in TIS. Apical tips and
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axillary buds from greenhouse plants were removed by cutting the stem just above and
below the node. The cuttings were approximately 1 to 1.5 cm long, each including one
node with a bud. These single node explants were washed under running tap water for 15
minutes before surface sterilisation. Explants were surface sterilised with 0,1% mercuric
chloride solution for 10 minutes gently agitated once or twice during this time. Hereafter
they were washed four times in sterilised deionised water and air dried for 2 to 5 minutes
under aseptic condition before culture. Ten explants were cultured in each vessel
(Weckglass®, @ 100 mm x 69 mm) containing 100 ml full strength MS medium
supplemented with three different concentrations of BAP (0.5, 1.0 and 1.5 mg ") and 30 g I’

sucrose. Cultures were maintained under the same condition as described in chapter 3.6.3.

3.7. Plant Regeneration via Organogenesis and Embryogenesis

3.7.1. Callus Induction in Solid and in Liquid Media

Mature zygotic embryos were divided into four parts (Fig.14), which were then used as
explants for embryogenic callus induction. Explants were excised and small pieces of 2 to
5 mm inoculated in solid MS medium supplemented with 30 g I"' sucrose and different
combinations and concentrations of cytokinins and auxins (Tab. 3). For each treatment a
minimum of three replicates were cultured with five explants per dish. Each genotype was

kept separately.

Radicle Apical
tip

Hypocotyl Cotyledon

Fig. 14 Division of a mature zygotic embryo into radicle, hypocotyl, apical tip and
cotyledon for embryogenic callus induction.
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Tab. 3 MS medium supplemented with various plant growth regulators (PGRs) used to
induce organogenesis and somatic embryogenesis in solid and in liquid culture.

MS-Medium with |Concentration of growth regulators [mg 1]
ri PGR
various PG Kin | BAP 2iP IAA 24-D | NAA
BI 2.0 0.1
B21 2.0 0.1
B22 2.0 0.5
K21 2.0 0.1
K22 2.0 0.5
NiP 0.1 0.2

For callus induction directly in liquid medium, hypocotyl and leaf segments from twenty-
one-days-old in vitro grown seedlings were used. Hypocotyls were cut into 2-3 mm discs
or into cylindrical pieces of 5 mm length, while each cotyledon was divided into 10-15 mm
pieces. Explant segments were then transferred into 250 ml Erlenmeyer flasks containing
50 ml liquid induction medium (Tab. 3). Culture treatments were identical for each
seedling explant and a minimum of 3 flasks was set up for each treatment. Flasks were
placed on a 2D rotary shaker at 108 rpm for 12 weeks. Cultures were incubated at 25 + 0.5 °C
under 16 hours photoperiod in chamber II at 20 pmol m™ s PPFD. Visual and stereo
microscope observations were carried out at two-day intervals for explants in solid media
and at four-day intervals for explants in liquid media for callus, somatic embryo and

organogenesis development. Explants were subcultured at four-week intervals.

3.7.2. Embryogenic Callus Induction in PGR-free Media in TIS

Hypocotyls of fourteen-day-old seedlings (Fig. 15A) with a height of about 20 to 40 mm
were dissected and used as primary explants. For the induction of somatic embryogenesis,
ten hypocotyl segments of 2-3 mm thickness (Fig. 15B) from each seedling were cultured
in 200 ml full-strength hormone free MS medium containing various concentrations of
sucrose (20, 25, 30 and 35 g 1""). Each treatment consisted of three replicates. It should be
noted that each seedling represents a single genotype. Explants were cultured in two
different types of TIS vessels, the Dual Vessel System (DVS, Fig. 15C, D) and the RITA®
(Fig. 15E).
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modification

Fig. 15 (A) Fourteen-day-old C. acuminata seedling. (B) Hypocotyl segments 2-3 mm
thick for TIS culture. (C) Standard DVS, (D) modified DVS and (E) RITA® vessels.

Explants were cultured in both the standard (Fig. 15C) and modified DVS (Fig. 15D). In
the modified DVS a silicone ring and a sieve were placed on a stainless steel ring to
prevent direct contact between explants and the liquid layer that remained in the culture
chamber after each immersion cycle. Consequently, this modification served at the same
time as an orientation device for the explants. Temporary immersion cycle was 1 minute

every 6 hours throughout the study unless otherwise indicated.

3.7.3. Plant Regeneration via Organogenesis in Solid and Liquid Media
Friable and nodular calli, which were assumed to be potentially organogenic or embryogenic
were selected and cultured on MS medium supplemented with 0.5 mg I" BAP or in PGR-

free medium containing 3% sucrose for maturation and adventitious shoot or somatic



3. Material and Methods 28

embryo regeneration. All regenerated adventitious shoots of about 10-15 mm induced in
solid and in liquid medium were excised and transferred to solidified MS medium fortified
with 0.5 mg "' BAP for plantlet development. Induced somatic embryos were also selected

and cultured following the same pattern used for the adventitious shoots.

3.7.4. Plant Regeneration via Somatic Embryogenesis in TIS

To accelerate maturation, embryogenic calli induced in PGR-free medium containing 35 g
sucrose in TIS were removed and plated on the same medium gelled with 6 g "' Phytoagar.
After four weeks of maturation in solid medium, embryos at cotyledonary stage were
selected and re-cultured in DVS and RITA® in medium fortified with 0.5, 1.0, 1.5 mg It
BAP and in PGR-free medium. A total of 25 embryos were placed in each vessel and all
treatments were conducted nine times. After six weeks in TIS, regenerants were visually
evaluated. Only embryos grown in 0.5 mg "' BAP and PGR-free medium were scored and
classified in three morphological categories, adnated, deformed and normal growth.
Growth and development were evaluated by recording the conversion rate in percentage,

the numbers of leaves and roots of regenerants.

3.7.5. Plant Regeneration via Somatic Embryogenesis in Sterilised Substrates

For the in vitro culture in sterilised substrates a total of 10 cotyledonary embryos were
dislodged from the solid culture medium and transferred into Weck®™ glass jars in four
different substrates mixtures, with five replicates each: 1) A mixture of sand and
vermiculite (SV, 1:2 v/v); 2) Sand, soil and vermiculite (SSV, 1:2:2 v/v/v); 3) Pure sand
and 4) pure soil. All substrates were moistened with MS medium supplemented with 0.5
mg I BAP before being autoclaved twice within 48 hours at 121 °C for 45 minutes.
Cultures were visually evaluated under aseptic conditions after 4, 8 and 12 weeks. Growth,

development and survival rate of regenerants were recorded.

3.8. Shoot Multiplication in Solid Medium and in TIS

3.8.1. Multiple Shoot Induction in Solid Media

In the course of this study preliminary experiments had shown that media supplemented
with BAP were more appropriate for the growth and development of C. acuminata shoots.
To test the effect of different BAP concentrations four seedlings (= genotypes) from each
group Chl (Bp31, Bp81, Bpl101, Bpl41), Ch2 (Mp27, Mp28, Mp35, Mp36), and Lou
(Lp4, Lp13b, Lpl8, Lp45) were randomly chosen and used as explants for multiple shoot
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induction. Shoot tips or axillary buds of in vitro-raised seedlings were cultured in solid MS
medium supplemented with three different concentrations of BAP (0.5, 1.0 and 1.5 mg I™")
and 30 g "' sucrose. After a culture period of 4 and 8 weeks explants were harvested and
the multiplication rate, number of shoots per explant, shoot height (mm), fresh weight
(mg), leaf area (mm?), chlorophyll (mg g FW) and stomata density (mm™ leaf area) were
recorded. All treatments consisted of ten replicates and the experiment was repeated at

least three times.

3.8.2. Multiple Shoot Induction in TIS (DVS and RITA®)

Shoot tips and axillary buds of C. acuminata established in solid medium cultures were
excised and subcultured for a period of 8 weeks in TIS. Explants were cultured in both the DVS
and RITA® vessel containing full strength MS media fortified with 0.5, 1.0 and 1.5 mg 1"
BAP plus 30 g I sucrose to compare the effect of BAP concentrations on shoot proliferation
among the clones of the different genotypes of the three individual groups Chl, Ch2 and
Lou of C. acuminata. During the first four weeks a working volume of 200 ml culture
medium was used in DVS and thereafter 400 ml. For the RITA® vessel a volume of 250 ml
was used throughout this study. Seven to twelve shoots (20 mm in height) were cultured in
each vessel. As a control the same numbers of shoots were grown in PGR free medium.
The immersion cycles set to 1 minute every 3 and 6 hours, was controlled by electronic
timers for both DVS and RITA®. All treatments consisted of at least five replicates and the
experiments were repeated two times. Visual observations of growth and development
were done at a weekly interval and evaluation included recording the number of shoots
per explant, shoot height (mm), fresh and dry weight (mg), leaf area (mm?), chlorophyll

(mg g FW) and stomata density (mm™ leaf area) over a culture period of 4, 6 and 8 weeks.

3.9. Rooting and Acclimatisation

3.9.1. Invitro and Ex vitro Rooting

In vitro rooting of regenerants and microcuttings were conducted in solid media, in liquid
media in TIS (DVS and RITA® vessels) and in three different sterilised substrates: 1) A
mixture of sand and vermiculite (SV, 1:2 v/v); 2) Sand, soil and vermiculite (SSV, 1:2:2
v/v/v) and 3) pure commercial sowing soil. Shoots of regenerated plantlets via somatic
embryogenesis were rooted in a half strength MS medium, while microcuttings derived
from solid medium and TIS were rooted in full strength MS medium. Shoots of 20 to 30

mm in length were excised from proliferating cultures and transferred into the liquid media
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systems DVS and RITA® set at 4 IC d”' and in solid media supplemented with either 0.5
mg I IBA or 0.5 mg 1" NAA. Shoots cultured in sterilised substrates were also moistened
with MS media containing 0.5 mg 1" IBA or 0.5 mg I"' NAA but without sucrose. Approx.
10 shoots were cultured in solid media and in sterilised substrates while 15 to 20 shoots
were cultured in the TIS vessels for root induction. All TIS cultures were maintained in
growth chamber I, while cultures in solid medium and sterilised substrates in growth
chamber II. Visual observations were made every day and the effects of IBA and NAA on
rooting were evaluated after 6 weeks in culture.

For the ex vitro rooting, shoots were cultured in three different substrates (SSV, SV and
commercial sowing soil), which were moistened with 0.5 mg 1" IBA or 0.5 mg I"" NAA
without sucrose. Explants were maintained in a greenhouse at 25 + 2 °C under a 12-hour
photoperiod (Philips 400 Watt Son-T Agro HPS lamps) and at 60 - 70% relative humidity.
All treatments were performed with a minimum of five replicates and were repeated at

least three times.

3.9.2. Acclimatisation to Greenhouse Conditions

Rooted plantlets derived from the in vitro systems (solid media, DVS, RITA® and from
sterilised substrates) were transplanted into well-drained trays (30 cm x 45 cm) or plastic
pots (90 mm x 60 mm) containing commercial sowing soil. Soil mixture comprised of
quartz sand, peat, clay and NPK-minerals with pH 5.6. Pots and trays with in vitro derived
plantlets were kept covered for the first 10 days to avoid dehydration. Hereafter, the traylids
were opened periodically for acclimatisation. Plantlets were grown at 60 pmol m™ s PPFD,
at a temperature of 24 + 2 °C and 60% humidity. The survival rate was recorded after 6

weeks.

3.10. Camptothecin (CPT) Extraction and Sample Preparation

3.10.1. Callus, Greenhouse Plants, Shoots Grown in TIS Solid Media

The extraction and quantification of CPT and HCPT using the HPLC was done according
to the method described by Yan et al., (2003). About 0.5 to 1.0 g freshly harvested or
frozen plant tissue was placed into a 50 ml centrifuge glass tube to which 3 to 4 ml of 61%
ethanol was added, depending on the amount of tissue used. Tissues were thoroughly
homogenised with an Ultra-Turrax T25 Homogeniser before the extract was sonicated for
10 minutes at 50 °C in a Sonorex RK510 Bath (Bandelin, Berlin, Germany). After cooling

down to room temperature samples were made up to a volume of 5 ml with 61% ethanol.
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The extract was centrifuged at 15,000 g for 10 minutes (Model Biofuge, Heraeus
Instruments). The supernatant was filtered through a PTFE 0.45 pum filter into a HPLC vial
for CPT analysis. CPT content was expressed in mg g™ dry weight.

3.10.2. Cell suspension Cultures

Cell culture was centrifuged for 10 minutes to separate the supernatant from the cells.
Thereafter, the supernatant was filtered through a PTFE 0.45 um directly into HPLC vials
for CTP analysis. The remaining cell sediment was similarly prepared for analysis as in

3.10.1.

3.10.3. Embryogenic Callus and Different Stages of Somatic Embryos
Embryogenic callus and somatic embryos of globular, torpedo and cotyledonary stages
(0.2 to 1.2 g) were prepared individually and the same procedure as described in chapter

3.10.1 was applied for CPT analysis.

3.10.4. CPT Excretion into Liquid Culture Media
Liquid culture media were filtered through a PTFE 0.45 um directly into HPLC vials for
CPT and HCPT exudation analysis. CPT content was expressed in pg g FW for exudation.

3.10.5. CPT Recovery Test

For the recovery test 5 ml CPT at a concentration of 51pg ml" was spiked to the 200 mg
leaf sample, which was extracted and analysed as described above. The same extraction
procedure was used on a 200 mg leaf sample without CPT. Both extracts were analysed by
HPLC and the recovery was calculated by use of the equation:

Recovery = [(A-B)/C] x 100 where A is the quantity of CPT in the spiked sample, B is the
quantity of CPT in the leaf sample without added standard, and C is the quantity of CPT
added.

3.11. HPLC Analysis of Camptothecin (CPT)

A rapid and sensitive assay for quantitative determination of CPT and 10-Hydroxy-
camptothecin (HCPT) in the different tissues of C. acuminata, was performed on an
isocratic reverse-phase high performance liquid chromatography system (RP-HPLC). The
HPLC-system consists of a Knauer Pump 64 (Knauer, Berlin, Germany), an AS-2000
Autosampler (Merck/Hitachi, Darmstadt, Germany), and a Waters Model 474 scanning
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fluorescence detector. Chromotographic separation of analytes was carried out on an analytical
column LiChroCART 250-4 5 pm Superspher 100 RP-18 (Merck) with a 4 x 4 mm pre-
column maintained at 35 °C. The mobile phase consisted of 58% methanol and 42% Water
(58 : 42, v/v) with a flow-rate of 1 ml min" and the injected volume was 20pl.
Fluorescence detector was set at an excitation of 370 nm (Aex) and the emission of 434 nm
(Aem). Retention time for HCPT and CPT were 5.6 and 8.5 minutes, respectively. The CPT
and HCPT standards used to prepare the calibration curves (25-102 ng ml™") were purchased
from Sigma-Aldrich (Eisenhower, Germany). All standard solutions were stored at -20°C.
The quantifications of CPT and HCPT were calculated based on the area of separated

peaks using standard calibration curves.

3.12. Plant Selection According to their CPT Content

To select plants with high CPT content, it was important that all plants had been cultured
under the same conditions and harvested at the same stage of development. Clones of four
genotypes from each group were selected randomly according to their height, branching
pattern, leaves size, and colour. Samples from each clone were analysed individually for
their CPT contents. For the selection the following criteria were used: Clones with best
growth and multiplication rate and the highest CPT content were considered the best for

further culture.

3.13. Fresh and Dry Weight Measurements

It was not appropriate to use a precision balance for small amount (< 1 mg) of tissue
material in the laminar flow hood, therefore, fresh weight increment of shoots were
measured without sacrificing the samples during the experiment. Culture vessels containing
solid medium were weighed outside the laminar flow hood before and immediately after
shoots were transferred into it to define the fresh weight. At the end of the experiment each
entire culture was taken out and placed in pre-weighed vessels to determine the final fresh
weight. The same procedure was repeated for the fresh weight of callus and embryos at
different stages. To determine cell suspension fresh and dry weight 5 to 10 ml cell
suspension was transferred into a pre-weighed centrifuge tube. Samples were centrifuged
for 15 minutes at 2,000 g until no cells were present in the supernatant, which was then
carefully pipetted without disturbing the pellet. The centrifuge tube was then weighed
again to determine the fresh weight. Hereafter, all samples were oven dried at 105 °C until

no change in dry weight was observed.
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3.14. Leaf area

Leaf area was measured by a simple tracing technique. Eight to 15 leaves were randomly
chosen from each jar and placed between DIN A4 papers and an accurate trace of the leaf
outline was captured. Thereafter, the leaf outline was cut out and weighed, likewise a piece
of paper of a known dimension (20 x 20 mm). A conversion factor was calculated by
dividing the area of the paper by its weight. The units are given in mm® mg'. The
conversion factor was used to determine the leaf area according to the following equation:

Leaf area (mm”) = weight of leaf tracing (mg) » conversion factor (mm”mg™")

3.15. Chlorophyll extraction

Chlorophyll content was determined according to Hiscox and Israelstam (1979).
Approximately 100 mg leaf tissue was placed in a test tube containing 5 ml of dimethyl-
sulphoxide (DMSO). Without damaging the leaf structure chlorophyll pigments were
extracted at 65 °C for 30 to 45 minutes depending on the degree of leaf thickness and age.
After cooling down to room temperature the extract was transferred to a graduated tube
and made up with DMSO to a total volume of 10 ml. The chlorophyll extract was assayed
immediately or transferred to vials and stored between 0 - 4 °C until required for analysis.
For the assay 2 ml of chlorophyll extract was transferred into a quartz cuvette and read in a
spectrophotometer (LKB Ultraspec Plus, model 4054, Biochrom Ltd, Cambridge, UK) at
470, 646 and 663 nm against DMSO. Three replicates were measured for each sample.
Chlorophyll content was calculated following the equation used by Arnon (1949) where A

represents the absorbance of the sample expressed in mg g fresh weight.

Total chlorophyll (pg/ml) =20.2 (Agas) + 8.02 (Ags3)
Chlorophyll a (pg/ml) =12.7 (Ase3) - 2.69 (Asas)
Chlorophyll b (ng/ml) =22.9 (Agas) - 4.68 (Ase3)
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3.16. Determination of Stomata Density

Leaves from plants grown in greenhouses, TIS and in solid medium were harvested to
calculate stomata density. To visualise the stomata for counting, nail varnish was applied
on the adaxial and abaxial surfaces of fully expanded leaves. After several minutes (air
dry) Sellotape® tape was attached to the leaf surface and the epidermal peel was pulled off.
The layer was mounted on a microscope slide and stomata density was estimated on at
least three randomly selected regions per leaf. All stomata within an area of 0.073 mm?
were counted using an Olympus BHS microscope at 200 magnification. The obtained

values were used to calculate the stomata density per leaf area mm™.

3.17. Maintenance of Embryogenic Callus

3.17.1. In Suspension Culture and in Solid Media

Somatic embryogenic calli were maintained on same media compositions as the induction
media at 4-week subculture intervals. About 1-2 g embryogenic callus from each TIS
treatment was transferred to solid medium and into a 250 ml Erlenmeyer flask containing
100 ml PGR-free, BI or NiP (Tab. 3, p 26) liquid media. Flasks were kept on a 2D rotary
shaker at 108 rpm. All dishes and flasks with embryogenic calli were incubated at 25 + 0.5 °C
under 16 hours photoperiod (40 pmol m™ s' PPFD). Upon subculturing cells were
separated using a 1 mm mesh stainless-steel sieve and transferred to fresh liquid medium.
Cell aggregates were cultured in solid media of the same PGR compositions. Visual

observation was conducted using a stereo microscope at 4 week intervals.

3.17.2. Cell Viability test with Fluorescein Diacetate (FDA)

A vital staining method with fluorescein diacetate (FDA) was used to determine cell
viability in suspension cultures. To prepare a 0.5% (g/v) FDA stock solution, 5 mg of
fluorescein diacetate was dissolved in 1 ml acetone. A working solution of 0.1% was
obtained by adding 0.5 ml of the FDA stock solution to 2 ml fresh culture medium. Diluted
FDA solution was stored on ice. A volume of 0.5 ml of FDA solution and 0.5 ml cell
suspension were mixed and incubated for 10 minutes at room temperature. Thereafter, 1 or 2
drops of the solution containing stained cells were put onto a microscope slide and covered
with a cover slip. Stained cells were observed at a magnification of 100 to 200x under an
Olympus BHS microscope with a reflected light fluorescence illuminator (Model BH2-RFL)
using a mercury burner light source, an exciter U- (UG-1), a Dichroic mirror U (DM400 +
L420) and an additional barrier filter L-435.
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3.18. Statistical Analysis

Explants were randomly chosen for treatments and data were recorded as means of a
minimum of three and maximum of ten to twenty five replicates. Each experiment was
repeated at least twice. Analysis of variance (ANOVA) was performed to test the
significance of the differences between treatments. When significant differences were found
(p < 0.05), a multiple comparison test of means (Duncan’s test) was calculated using
Statistica 6.0. Linear regression analysis was used to examine the relationship between the

plant growth and the number of shoots per explant.
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4.1. Plant Propagation Methods of C. acuminata

Two different procedures were employed to establish a culture of C. acuminata. Plants
were conventionally propagated (ex situ) through seeds and stem cuttings. In addition,
plants were regenerated from two different explant types, seeds and axillary buds, using in

Vvitro culture methods.

4.1.1. Exsitu Seed Germination

The first set of seeds was cultured between December and January (2004-2005) followed
by the second batch in March / April (2005) and the third batch in June / July (2005). No
pre-treatments were applied to enhance germination before seeds were sown in substrates.
The germination time was about 13 days. Seeds of C. acuminata show an epigeous
germination (Fig. 16 A-C). There were no significant differences among the four groups in
terms of development, however, there was a substantial differences in germination rate.
Seeds from Jiangsu, Guangdong and Sichuan showed germination rates of 80%, 80% and

60% respectively. No ex situ seed germination was observed in seeds from Louisiana (Tab. 4).

"lt‘LJ'i.
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Fig. 16 Epigeous germination of C. acuminata

Within six weeks seedlings had reached an aerial stem height of 10 cm showing no
significant differences in growth among the three groups, however a number of seedlings
died because of stem rot. After six weeks all surviving seedlings were transplanted to
commercial soil, during this phase seedling mortality was still high (Tab. 4). After 12
weeks only 40% of the seedling from Chl, 50% from Ch2 and 20% from Ch3 survived.

Hereafter, all C. acuminata plants showed a rapid and typical slender growth.
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Tab. 4 Ex situ germination of C. acuminata seeds obtained from four different
geographical locations. Sichuan (Ch 1), Jiangsu (Ch 2), Guangdong (Ch 3), China and
Louisiana (Lou), USA. Seeds were cultured in substrates under greenhouse conditions.
Data shown below are the means of three replicates.

Origin of Seeds Germination Sur\{lval fate of
Group germinated seeds
seeds sown [n] rate [%0] [%]
after 2 weeks 6 weeks | 12 weeks
Sichuan Ch1l 150 60 50 40
Jiangsu Ch2 150 80 60 50
Guangdong | Ch3 150 80 40 20
Louisiana Lou 300 0 0 0

4.1.2 Conventional Propagation via Stem Cutting

Survival rate of C. acuminata cuttings was estimated by observation of shoot and root
development. Apical and axillary bud development was similar throughout the year which
indicated that there was no seasonal variation in terms of growth in the greenhouse. Stems
cultured with buds, flushed more rapidly than leafless stems. Nevertheless, after three
weeks shoot buds began to shrivel and finally died, mostly because cuttings showed no
sign of root development. Treatments with two different auxins, Wurzelfix® and
Rhizopon® to enhance rooting did not show any distinctive difference regarding root
formation. Figure 17 shows the survival rate of cuttings during a culture period of twelve
weeks. At the end of the experiments 38% SW, 32% SSW, 37% SHW and 35% HW
survived and developed into strong and healthy normal greenhouse plants. In general, an
average survival rate below 50% was considered to be poor.

Roots initialising were observed earlier (after 4 weeks) on semi-softwood (SSW) and semi-
hardwood (SHW) without callus formation than on softwood (SW) and hardwood (HW),
on which callus was first formed before roots appeared. Statistical analysis showed no
significant differences in terms of growth and rooting rate between the four types of stem
cuttings. Once roots were induced, cuttings became more vigorous and within three months
they reached an average stem height of 70 £ 1.7 cm. Plants were then strong enough to
overwinter in a polythene clad tunnel at a temperature above 0° C and an average of 98%
survived. In December - January most of the plants lost their leaves but began to flush in

early April.
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Fig. 17 Survival rate of the four types of stem cuttings, softwood (SW), semi-softwood
(SSW), semi-hardwood (SHW) and hardwood (HW) cultured in substrates under
greenhouse condition.

4.1.3. Invitro Seed Germination

C. acuminata seeds from the four different geographical locations Sichuan (Ch 1), Jiangsu
(Ch 2), Guangdong (Ch 3) and Louisiana (Lou) were cultured on PGR-free medium not
only to test the germination rate but to secure a broad genetically variable source of
explants for further research. Seeds from each location were considered as a group since
they were collected from the same parental plant. Seeds varied little in size and weight.
The average length and weight was 25 + 1 mm and 40 + 0.5 mg respectively. They were
however, different in colour, which seems to be regional specific. All seeds from Louisiana
were brighter in colour than those from China which were dark brown. Seeds of C.
acuminata succumbed to contamination due to their furrowed surface and fibrous pericarp.
However, when the pericarps were removed seed germination was accelerated up to 81%
with endosperm (Fig. 18A) and up to 94% when the mature zygotic embryos were
dissected from the endosperm (Tab. 5 and Fig. 18B). Seeds cultured with endosperm

germinated after 7 days and no contamination was observed.
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Tab. 5 In vitro seed germination of C. acuminata from the four different geographical
locations on PGR-free MS medium. Data shown below are the means of three replicates.

Germination
N Abnormal Contamination
Seed origin Seeds cultured [n] | [days] [[%0] after 7 days
growth [%0] [9%]
with pericarp
Sichuan Ch1 20 - - - -
Jiangsu Ch2 20 - - - -
Guangdong Ch 3 25 21 30 - 100
Louisiana  Lou 50 21 1 - 100
with testa
Sichuan Ch1 30 21 50 - 100
Jiangsu Ch2 20 21 15 - 100
Guangdong Ch 3 25 21 57 - 100
Louisiana  Lou 50 21 40 - 100
with endosperm
Sichuan Ch1 170 7 79 21 -
Jiangsu Ch2 75 7 81 19 -
Guangdong Ch 3 25 7 80 20 -
Louisiana  Lou 240 7 77 23 -
dissected embryos

Sichuan Ch1 75 3 90 10 -
Jiangsu Ch2 75 3 94 6 -
Guangdong Ch 3 25 3 91 9 -
Louisiana  Lou 100 3 90 10 -

Fig. 18 In vitro germination of C. acuminata seeds on PGR-free MS medium. (A) Seed
sown with endosperm (B) zygotic embryo excised from the endosperm before cultured. (A
and B) represent a normal germination, whereas (C) an abnormal germination.
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Dissected mature zygotic embryos with large flat cotyledons became green after 3 days
and started to grow immediately thereafter. Once again no contamination was observed.
Generally, all zygotic embryos with and without endosperm germinated, however, during
germination about 20% failed to push their way entirely through the endosperm, resulting
in an abnormal growth (Fig. 18C). Seed abnormality was higher in seeds cultured with

endosperm than those without endosperm.

4.1.4. Micropropagation via Apical and Axillary Buds

C. acuminata cuttings obtained from the different botanical gardens and private growers
failed to induce shoots, instead profuse calli formation were observed on all cuttings
originated from C. acuminata plants older than ten years one week after inoculation..
Nodal segments containing apical and axillary buds taken from of one-year old plants were
more suitable for establishing shoot buds in vitro. All greenhouse C. acuminata plants
exhibited long internodes (50 mm =+ 0.5). Therefore, only single node explants were
cultured for shoot multiplication in solid medium. Explants were incubated on MS medium

fortified with different concentrations of BAP (0.5, 1.0 and 1.5 mg I BAP).

,_"‘ .
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Fig. 19 Three-weeks-old single shoot buds developed on nodal explants cultured on MS
medium containing BAP.

-
-

Nodal explants showed their first response by enlarging and bursting of the axillary buds
within two to three weeks in culture. One single shoot emerged directly from each node of

the explants (Fig. 19).
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The three BAP concentrations did not affect the flushing of shoot buds induction on
cuttings. In all three concentrations only one new shoot was recorded. The success of C.
acuminata clones establishment from greenhouse plants was rather poor and strongly
depended on the genotype.

Out of the three donor group of trees (Chl, Ch2 and Ch3), only explants from Chl and
Ch2 could be established in vitro. Growth among these two genotypes was very slow and a
survival rate of 41% was recorded after four weeks. Genotypes from group Ch3 were
axenic for more than six weeks before they became contaminated. Therefore, it was not
possible to establish plants originating from group Ch3. Plants from group Chl and Ch2
were established successfully already after the first experiment. There were no significant
differences among the various BAP treatments used to induce shoots, each node produced
just one shoot. However, when shoots were excised and subcultured on fresh medium new
shoots development from the axillary bud and proliferation was excellent. After an
additional six weeks the number of shoots per explant was found in the range of 7.3 to
16.8 in the different concentrations of BA (Tab. 6).

The highest multiplication rate with 16.8 shoots per explant was obtained on MS medium
containing 1.5 mg 1" BAP, followed by 1.0 mg I"" with 9.8 shoots per explant and 0.5 mg 1"
with 7.3 shoots per explant. Shoot length was significantly different among the three
concentrations (Tab. 6).

Shoots of 20 - 30 mm in length were excised and used for further culture in TIS and for

rooting experiments.

Tab. 6 Effect of BAP concentration on shoot multiplication and shoot length in C.
acuminata. Values represent means + SE of three independent experiments with ten
replicates each.

BAP [mg I"] | Number of shoots per explant | Shoot length [cm]

0.5 73 £ 0.8 45 + 0.5
1.0 9.8 + 0.8 42 £ 0.7
1.5 16.8 + 1.6 23+ 04
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4.2. Plant Regeneration via Organogenesis and Embryogenesis

4.2.1. Embryogenic Callus Induction in Solid Media

Callus formations on the apical tips, cotyledons, hypocotyls and radicles of the zygotic
embryos were observed 7 days after inoculation on MS medium supplemented with
various concentrations and combinations of PGRs shown in Tab. 3 (p. 26) During the first
weeks after induction, calli derived from apical tip grew as a white-green compact unit and
those from cotyledon explants enlarged without showing a real callus differentiation (Fig.
20). Calli derived from hypocotyl explants exhibited a soft, shiny and pale brown to green
texture that gradually turned into a compact grey-reddish mass, while those derived from
radicles were soft, hairy, watery and creamy in colour. Calli from apical tip and radicle

explants retained their texture over weeks.

Apical tip Cotyledon Hypoctyl Radice 2.5 mm

Fig. 20 Callus formation on apical tip, cotyledon, hypocotyl and radicle of zygotic
embryos.

The highest frequency of callus induction was obtained from explants cultured on medium
supplemented with 2 mg 1" BAP plus 0.1 mg "' IAA (BI) followed by 2 mg "' BAP plus
0.1 mg 1" 2,4-D (B21) and 2 mg I BAP plus 0.5 mg 1" 2,4-D (B22). In all cases,
cotyledon explants were more responsive than apical tip, hypocotyl or radicle explants
(Fig. 21). Callus induction on explants cultured on medium containing 2 mg 1"" Kin plus
0.1 mg 1" 2,4-D (K21) and 2 mg 1" Kin plus 0.5 mg 1" 2,4-D (K22) was less responsive
compared to that on BI, B21 and B22. Similar results were observed on explants cultured
on medium with 0.1 mg I"' 2iP plus 0.2 mg I"' NAA (NiP). An average of 25 % was scored
for callus formation on NiP and most of these calli turned brown to the end of the second

week. No callus formation was observed in PGR-free medium.
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Fig. 21 Effect of PGR compositions on callus formation after 4 weeks in culture. Data
shown are the means with + SE of nine replicates each containing five explants.

4.2.2. Plant Regeneration via Organogenesis in Solid Media

A distinctive response was observed among the different explants tested for their
regeneration potential. Adventitious shoot buds were observed six to eight weeks after
callus induction on apical tip, hypocotyl and radicle explants (Fig. 22A, C and D). Bud-like
structures appeared as small green compact nodules on the callus surface, which finally
proliferated into recognisable shoots. In contrast, cotyledon explants exhibited a swelling
along the edges and the vicinity of the midribs from which globular structures were
formed. Shoot buds apparently formed directly from the subepidermal cell layer without an
intervening callus phase. Protuberances and shoot-buds were observed only on cotyledon
explants cultured on BI medium. Most of these adventitious shoots were induced along the
edge and the midrib of cotyledons (Fig. 22 B). An average of 12 + 2.1 hairy buds were
scored on explant of 25 by 5 mm in size. When shoots were excised and cultured on MS
medium supplemented with 0.5 mg I"" BAP and 30 g I"' sucrose they attained a height of
about 2 cm within 30 days and finally regenerated into normal and healthy plantlets. These

shoots or plantlets were then used for multiplication in TIS.
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Fig. 22 Organogenesis in C. acuminata. (A) Shoot bud formation on apical tip. (B)
Globular structure and adventitious buds on cotyledon explants originated from the
subepidermal cell layer without formation of undifferentiated callus mass on Bl medium 4-
5 weeks after inoculation. (C, D) Shoot buds formation on differentiated callus mass
derived from radicle and hypocotyl explant, respectively.

Shoot buds formed on leaf explants were pubescent in contrast to those on apical tips,
hypocotyls and on radicles, which were smooth and glossy (Fig. 22A, C, D). Significant
differences (p < 0.05) were observed among the various cytokinin and auxin combinations
and concentrations used. Calli derived from apical tips showed the best response on BI
medium in terms of adventitious shoot induction. A mean of 17 buds were scored on
callus (15mm x 20 mm) derived from apical tips and about 10 buds among calli derived
from cotyledons, hypocotyls and radicles. Comparing the five PGRs combinations and
concentrations used for shoot bud induction BI seems to be the most effevtive combination
followed by B21 and K21. The combination of high cytokinin (2 mg I BAP or Kin) and
low auxin concentrations (0.1 mg I' IAA or 2, 4-D) showed a higher effectivity on bud
formation than high cytokinin and auxin concentrations. These observations are shown in
Figure 23. Bud formation was significantly lower on B22 and K22 than on BI, B21 and
K21 media.
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Fig. 23 Effects of cytokinins and auxins combinations used for organogenesis induction in
solid medium: Bl (2 mg "' BAP + 0.1 mg I TAA), B21 (2 mg "' BAP + 0.1 mg "' 2,4-D),
B22 (2 mg I BAP + 0.5 mg 1" 2,4-D), K21 (2 mg "' Kn + 0.1 mg I"' 2,4-D), and K22 (2
mg I Kn + 0.5 mg I'' 2,4-D). Bars indicate the means of 10 replicates + SE.

In general, BI followed by B2l and K21 proved to be the best combination and
concentration for adventitious shoot induction. Shoot growth on leaf explants was retarded
compared to that on hypocotyl and radicle calli. However, when the shoots were excised
and transferred to medium supplemented with 0.5 mg I BAP, no growth nor proliferation
differences were observed. After 4 to 6 additional weeks regenerated shoots were used for
multiplication in solid media and in TIS. Somatic embryogenesis induction was not

observed in neither of the PGR compositions used.

4.2.3. Embryogenic Callus Induction in Liquid Media

Explants obtained from young seedlings’ leaves and hypocotyl segments (Fig. 24A) were
tested for their organogenic and embryogenic callus initiation in liquid media
supplemented with various PGR concentrations and combinations used in solid medium
(Tab. 3, p. 26). Callus formation on leaf and hypocotyl explants was achieved after four
weeks of culture. Before callus initiation, leaf explants began to curl at the edges and all
calli derived from leaf explants exhibited a soft, smooth and green texture throughout the
whole treatment (Fig. 24B, C). Disc shape hypocotyl explants formed soft and greenish
callus on both sides (Fig. 24D, E) and those derived from cylindrical shape hypocotyl
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explants did not show distinctive differences in texture and colour among the various
PGRs used. They were soft in textures and creamy in colour. Callus was initially formed
on one of the cut ends first and after 6 weeks in culture the epidermis dehisced lengthwise

and callus began to proliferate from the subepidermal layer (Fig. 24F, G).

Fig. 24 Callus induction in liquid medium after four weeks. (A) Twenty-days-old in vitro
grown seedlings. (B, C) callus derived from leaf explants. (D, E) discs shape
explants from hypocotyls. (F, G) cylindrical shape explant.

The percentage of explants on which callus was formed varied little between the PGRs
used. There were no substantial differences except for NiP medium, which showed less
than 20% induction rate (Fig. 25). Callus cultures proliferated well and the fresh weight

increase was 4 fold after eight weeks.
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Fig. 25 Effect of cytokinin and auxin combinations and concentrations on callus induction
in liquid media after 30 days in culture. Data shown are the means with + SE of nine
replicates containing five explants each.

4.2.4. Plant Regeneration via Organogenesis in Liquid Media

The most remarkable observation made among the various explants cultured in liquid
media was the induction of organogenesis on disc shape hypocotyl explants. Adventitious
buds were observed on 56% of the disc shape hypocotyl explants cultured in BI medium.
Buds showed both the smooth glossy and the pubescent appearance (Fig. 26D, E). An
average of 10 + 0.2 buds per explant was recorded, which originated mostly between the
epidermal layer and the vascular bundles (Fig. 26A, arrow). After seven weeks in liquid
culture adventitious buds were transferred to solid MS medium supplemented with 0.5 mg 1!

BAP, where they developed into normal shoots.
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Fig. 26 Organogenesis in C. acuminata in liquid culture. (A) Disc shape hypocotyl
explants cultured in MS medium supplemented with 2 mg I"' BAP and 0.1 mg "' TAA (BI).
(B) Shoot buds 4-5 weeks after callus induction at 20 pmol m™ s™ PPFD. (C) Five to six
days after cultures were exposed to a light intensity of 40 umol m™ s PPFD. (D) Seven
weeks old shoot buds still in liquid culture. (E) Shoot development after 3 additional
weeks in liquid medium containing 0.5 mg I'' BAP.
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4.2.5. Somatic Embryogenesis Induction in PGR-free Medium in TIS

Hypocotyl segments cultured in PGR-free MS medium containing 20, 25, 30 and 35 g I”
sucrose in the unmodified DVS remained green during the first two weeks. After three weeks
in culture explants gradually became brown and died. No callus formation was observed
among these explants in neither of the four sucrose concentrations used. Callus induction was
also not observed in PGR-free medium containing 20, 25 and 30 g I sucrose in the RITA®
vessels. Among the same treatment in the modified DVS explants cultured in medium
supplemented with 20 and 25 g 1" sucrose showed no callus formation, while those in medium
with 30 g I'' sucrose showed a tendency for callus formation with a mean of 40% (4 + 1.5) but
then retarded. Successful callus formation was observed four weeks after inoculation only on
segments cultured in medium fortified with 35 g I sucrose in the modified DVS. Similar

responses were observed in the RITA® vessels in medium supplemented with 35 g 1" sucrose.

Fig. 27 Induced embryogenic callus in TIS. (A) Overview of embryogenic callus in the
modified DVS. (B) Enlarged view showing the asynchronous development of embryos
from globular (arrow 1) to embryo-like structures with the typical bipolar appearance
(arrow 2). (C) Embryogenic callus in RITA® vessel at flooding height. (D) Enlarged view
showing cotyledonary stages (arrow 3).
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An average of 80% of the explants (eight out of ten segments) in DVS (8 + 1.5) and 60%
(six out of ten) in RITA® (6 + 1.0) formed callus, upon which embryogenic calli were
initiated. Embryogenic calli were observed after 16 weeks in DVS culture (Fig. 27A, B)
and after 12 weeks in RITA® (Fig. 27C, D). Calli in DVS were friable and showed a
translucent to yellow-green appearance, while those in RITA® were soft and light
brownish. Proembryos protruded as green dots on the surface of the callus mass. The
development of somatic embryos was asynchronous, and several stages of embryos from
globular to embryo-like structures with a typical bipolar appearance and cotyledonary
stage were present at the same time in both vessels. Embryo maturation into cotyledonary
stage was very slow in TIS but when plated in solid PGR-free medium proembryos
matured into well-developed cotyledonary embryos within four weeks. Cotyledonary

embryos selected from the solid media were then used for plantlet conversion in TIS.

4.2.6. Plant Development via Cotyledonary Embryo in TIS

The results showed a distinctive difference among the culture media. Cotyledonary
embryos cultured in medium fortified with 1.0 and 1.5 mg I BAP revealed a high rate of
hyperhydricity and callus formation at the shoot base (Fig. 28), which was not associated
with root formation. Therefore only embryos grown in 0.5 mg I' BAP and PGR-free

medium were evaluated.

BAP

DVS

RITA

Fig. 28 The effect of BAP concentrations 0.5, 1.0 and 1.5 mg I BAP on the conversion
and development of cotyledonary embryos in TIS after eight weeks in culture with an
immersion of 1 minute every 4 hours.



4. Results 51

During the selection of cotyledonary embryos for cultivation in TIS, it was inevitable that
immature embryos (arrow Fig. 29A) were also transferred into the vessels. Thus these
immature embryos developed and fused to form adnated embryos (Fig. 29B). Adnated

regenerants were slow in development but eventually recovered and differentiated into normal

Fig. 29 Cotyledonary embryos (A) with attachment (arrow) for plantlet regeneration in
DVS and RITA®. After six weeks in culture regenerants were classified in three
morphological categories (B) adnated (C) deformed and (D) normal growth.

plantlets, while deformed embryos (Fig. 29C) remained stunted and did not recover.
Plantlets with phenotypical normal growth (Fig. 29D) had an average height of 28.6 + 5.5
mm with 4 leaves in RITA®, while those in DVS had an average of 36.7 + 4.4 mm in
height and 5 leaves per plantlet. Apical tip leaves were not counted. The analysis of
variance (ANOVA) showed that there were no significant differences (p > 0.05) between
embryo development in PGR-free medium and medium supplemented with 0.5 mg 1" BAP
in DVS. A similar result was observed in the RITA® vessel. However, there was a clear
difference between the conversion rate of cotyledonary embryos in DVS and RITA® (Fig.
30). Adnated embryos were recorded with 15% in the RITA®, which was higher in

comparison to the 3% in DVS. On the other hand, deformed embryos were recorded with
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68% in DVS and only 27% in RITA®. Embryos converted to plantlets in RITA® showed a
higher percentage of normal growth (58%) than those grown in DVS (30%).

PGR-free medium 0.5 mg ' BAP
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Fig. 30 Comparison of embryos morphology in DVS (light grey bars) and in RITA® (dark
grey bars) grown in PGR-free medium and in medium supplemented with 0.5 mg I"'BAP.
Regenerants were classified in ad = adnated, def = deformed and n = normal growth. Data
shown in this figure are the means of nine replicates containing 25 embryos each.

4.2.7. Plant Conversion via Cotyledonary Embryo in Sterilised Substrates

Figure 31 shows the in vitro conversion rate of cotyledonary embryos to plants after 4, 8
and 12 weeks in culture in the four different sterilised substrates. A high frequency of plant
conversion was observed in all four substrates mixtures, at least during the first 4 weeks.
The highest conversion rate was recorded after 12 weeks in SV followed by SSV with 88%
and 80%, respectively. Despite the high plant regeneration rate scored in pure sand and soil
during the first 4 weeks, only 62% of the regenerated plantlets in sand and 26% on soil
survived towards the end of the 12th week. Desiccation was greater in both sand and soil
thus plantlets shrivelled and dehydrated. Regenerated plantlets were typically smaller in
size in sand than those in SV, SSV and soil. There was no significant difference between
growth and survival of embryos grown in SV and SS. However, those grown in sand and
soil, showed a substantial difference. Figure 32 demonstrates the successful in vitro
conversion into complete rooted plantlets of C. acuminata through somatic embryogenesis

on the different substrates.
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Fig. 31 Conversion / survival rate of cotyledonary embryos after 12 weeks in four different
sterilised substrates. Values represent the means + SE of 5 replicates each containing 10
cotyledonary embryos. The different letters indicate significant differences at p < 0.05.

Fig. 32 Sequential plantlet regeneration through somatic embryo in sterilised substrates.
(A) Selected cotyledonary embryos, after 4 weeks of maturation in solid medium. (B)
Embryo development in sand after 4 weeks and (C) after 8 weeks. (D, E) Regenerants
after 12 weeks on SV and SSV still under aseptic condition.
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4.3. Shoot Multiplication in Solid Medium and in TIS

In vitro cultured plants of C. acuminata were established from seeds grown on hormone-
free full strength MS medium. However, success has been limited establishing an in vitro
stock of Camptotheca plantlets from the seeds of group Ch3 and cuttings derived from the
various botanic gardens. Plants from group Ch3 were extremely sensitive to the varied
culture conditions and did not survive the treatments with the different basal media and
PGR concentrations used during the tests to find the appropriate growth medium for
Camptotheca shoots. Seeds of Ch3, as mentioned previously, germinated successfully on
MS medium devoid of PGR but seedlings cultured on MS and B5 basal media containing
different concentrations of cytokinins (BAP, 2iP, TDZ and Kin) inexplicably became
brown after one to two weeks in culture. As for the cuttings, a high rate of contamination
(95%) occurred among explants derived from the various botanic gardens after 4 to 6
weeks in culture. In contrast, apical and axillary buds derived form one-year-old ex situ
plants showed less contamination and more than 80% of the explants survived in vitro.
Thus, for the establishment of the in vitro stock culture shoot buds from greenhouse plants
and in vitro grown seedlings from group Chl, Ch2 and Lou were used. Seedlings growth
was ideal on full strength MS medium devoid of PGR but without lateral shoot formation
(Fig. 33A). However, when the apical tip of a seedling was removed, new axillary buds
were formed (Fig. 33B). These new shoot buds were used for the clonal propagation of

each genotype.

A

Fig. 33 Seedling and axillary buds used to establish an in vitro stock of C. acuminata. (A)
Seedling in PGR-free medium without lateral shoot formation. (B) Seedling after removal
of the apical tip with newly formed axillary buds.
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Preliminary experiments revealed that relatively low BAP concentrations (< 2 mg 1" BAP)
were more suitable for shoot multiplication in C. acuminata than other cytokinins (Kin,
TDZ or 2iP) previously tested. Hence, shoots established from seedlings and axillary buds
from ex situ plants were cultured in solid MS medium containing 0.5, 1.0, 1.5 mg 1'BAP

to compare the BAP effect on shoot proliferation.

4.3.1. Shoot Multiplication in Solid Media

Browning caused by oxidation at the cut surface of the explants was observed after five
days. Callus formation was observed at the cut ends of explant in all media tested. During
the first two weeks no shoot formation occurred on neither of the three BAP
concentrations, instead, leaves of explants shrivelled, turned brown and finally dropped
off. Towards the third week bright new apical leaves and tiny lateral buds appeared on
most of the explants. Multiple shoots were generally initiated from the callus formation at
the base of the explants. After four weeks in culture an average of 3 shoots per explant was
scored among explants of each group on all three BAP concentrations. Cultures evaluated
on the 8th week varied slightly from 7 shoots per explant on 0.5 and 1.0 mg I BAP to 9
shoots per explant on 1.5 mg I BAP (Fig. 34). As expected, no notable shoot
multiplication was observed on explants cultured in PGR-free medium.

Since the number of shoots developed on the individual genotypes from Sichuan (Chl),
Jiangsu (Ch2) and Louisiana (Lou) showed no significant differences at the 5% level, they
were considered as replicates but still they were persistently cultured separately. In general,
all shoots in solid media exhibited virtually a normal growth with well developed dark
green leaves. However, there were recognisable differences in leaf size and shoot length
among the three BAP concentrations. Figure 35 A-C demonstrated the morphological
appearance among the microshoots on the different BAP concentrations (0.5, 1.0 and 1.5
mg ' BAP) respectively. Shoots of group Chl, Ch2 and Lou cultured on medium
containing 0.5 mg ' BAP had an average leaf size of 127 + 23.5 mm?; 210 + 48.7 mm®;
243 + 59.1 mm’, respectively, while leaves of shoots grown in medium containing 1.0 and
1.5 mg I BAP were smaller in size (84 + 14.2 mm?; 125 + 46.9 mm?*; 188 + 57.9 mm?) and
(54 + 14.8 mm?; 59 + 11.9 mm?; 123 + 20.1 mm?, respectively). The standard errors reflect
the differences of leaf sizes within the same vessel. This variation was not necessarily
associated with the light intensity because similar results were achieved with shoots

cultured at different light intensities (96 to 240 pum s'm™ PPFD).
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Fig. 34 Shoot multiplication per explant in solid MS medium fortified with various BAP

concentrations after four and eight weeks among the groups Ch 1, Ch 2 and Lou. Each bar
represents the means + SE (n = 80).
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Fig. 35 Morphological appearance of microshoots grown in medium supplemented with
different BAP concentrations (0.5, 1.0 and 1.5 mg 1 ' BAP) after eight weeks.

Chlorophyll content varied according to the BAP concentrations. The highest value of

chlorophyll a and b was found in shoots regenerated in medium fortified with 0.5 mg 1"
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BAP with 1.59 + 0.22 mg g fresh weight. Those grown in medium containing 1.0 and 1.5
mg 1" BAP showed a similar amount of chlorophyll @ and b (0.86 + 0.29 and 0.84 + 0.32
mg g fresh weight, respectively. The leaf area of shoots grown in solid medium was

measured with 19+ 7, 13 + 6 and 8 +.3 mm”in 0.5, 1.0 and 1.5 mg I"' BAP, respectively.

4.3.1.1. Shoot Height in Solid Medium

Shoot height decreased with an increase in BAP concentrations. Height increment differed
significantly among the various BAP concentrations tested. It was obvious that BAP
concentration higher than 1.0 mg 1" suppressed shoot growth. Shoots cultured on medium
containing 1.5 mg I'' BAP were significantly shorter (approx. 2.9 cm long) than those
grown on medium containing 0.5 and 1.0 mg 1 ' BAP, with an average shoot height of 3.4

and 4.4 cm, respectively after eight weeks (Fig. 36).

0 4 8 0 4 8 0 4 8 [week]
Ch1(Bp) Ch2 (Mp) Lou (Lp)

Shoot height per explant [cm]
S = N W R~ W N

= 05mgl'l BAP = 10mgl' BAP === | 5mgI"! BAP

Fig. 36 Shoot height in the three groups: Chl, Ch2 and Lou after 4 and 8 weeks in culture
on the different BAP concentrations. Bars represent the means + SE of three replicates.

Hence, the maximum shoot height was obtained on medium supplemented with 0.5 mg 1"
BAP followed by 1.0 mg I"' BAP (Fig. 37A, B).

During the first 4 weeks no significant differences in shoot height were found among the
groups Chl, Ch2 and Lou cultured in three different BAP concentrations. Towards the end
of the culture period (8 weeks) explants in the Lou group showed the maximum growth

height in all BAP concentrations tested.
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0.5 mg I' BAP

1.5 mg I"' BAP

Fig. 37 Effect of BAP concentration on shoot growth. (A) Shoots grown on 0.5, (B) 1.0
and (C) 1.5 mg I"' BAP. Black arrows indicate a dust-like white friable callus that emerged
from former brown callus on explants cultured on 1.5 mg I"' BAP.

4.3.1.2. Shoot Fresh Weight in Solid Media

Shoot fresh weight among the explants grown in solid medium fortified with the various
BAP concentrations showed comparable results during the first four weeks. Explants
cultured on medium containing 0.5 and 1.0 mg I"' BAP demonstrated a similar fresh weight
increment during the entire culture period of eight weeks, never exceeding 100 mg per
explant.

However, already during the 4™ week explants on medium containing 1.5 mg I' BAP
showed a fresh weight increase, which was significantly (p < 0.05) higher compared to
those on medium with 0.5 and 1.0 mg I' BAP (Fig. 38). This was partially due to increased
callus formation at the base of shoot explants. Callus formation on C. acuminata shoots
cultured in solid medium was characteristic but callus size varied among the different BAP
concentrations. Callus growth on explants grown on medium containing 0.5 and 1.0 mg I
BAP remained relatively small in comparison with those grown in medium with 1.5 mg 1!

BAP. Calli proliferated continuously and were either green and compact (0.5 and 1.5 mg "'
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BAP) or brown (1.5 mg I BAP). New shoots initially sprouted from the green and
compact calli. Brown calli observed on explants on 1.5 mg I"' BAP simple enlarged and
showed a white dust-like friable callus (Fig. 37C). No shoot sprouting was observed on

these calli.
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Fig. 38 The effect of BAP concentrations on shoot fresh weight after four and eight weeks
among the groups Chl, Ch2 and Lou. Each treatment consisted of 10 jars with eight shoots
at culture begin. Bars represent the means + SE of three replicates.
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4.3.2. Shoot Multiplication in TIS

Shoot tips and axillary buds of C. acuminata cultures established in solid medium were
excised and subcultured in TIS for shoot multiplication. Since there were no substantial
differences found among the three BAP concentrations applied to shoots cultured in solid
media, the same experiment was conducted in TIS to compare the effect of BAP
concentrations and immersion frequencies on shoot proliferation among the different
genotypes of groups Chl, Ch2 and Lou.

In general, it was found that using 400 ml liquid medium at the beginning of the culture
period resulted in leave senescence. More than 90% of the newly cultured explants in DVS
lost their leaves after 5 to 7 days in culture. This phenomenon was reduced when a volume
of 200 ml culture medium was used for the first four weeks. As multiple shoots began to
proliferate and elongate, medium volume was increased to 400 ml, which was adequate for
the remaining period of culture.

This phenomenon was not observed on explants cultured in RITA®" Nevertheless, shoot
induction was observed in all treatments, excluding the BAP-free control within 2 weeks of
culture. Independently of the genotypes, explants cultured in the various BAP
concentrations treated with a one minute IC four times d' initiated shoots within 2 weeks.
The results achieved in DVS and RITA® did not follow the same pattern as those cultured
in solidified medium. The highest shoot multiplication was scored in media supplemented
with 1.0 and 1.5 mg I"' BAP in both DV'S (23 + 3.1, 29 +3.0) and RITA® (14 + 2.8, 20 + 4.9)
respectively. Both lateral and basal buds sprouting were observed on shoots cultured in the
different BAP concentrations. However, lateral buds formation were more frequent on
shoots cultured in 1.0 and 1.5 mg I"" BAP, whereas basal sprouts were more common on
shoots grown in medium containing 0.5 mg 1" BAP.

Shoots grown in medium supplemented with 1.0 and 1.5 mg I BAP were translucent,
brittle and possessed curled leaves, which are typical signs of hyperhydricity. Callus
formation on shoot leaves was also common in these two BAP concentrations in both TIS
vessels, especially in RITA®. Figure 39 shows the morphological appearance of shoots
after 8 weeks in DVS and RITA®. It has been observed that a rise in BAP concentration in
media promoted shoot proliferation, but concentrations above 1.0 mg 1" resulted in

hyperhydricity and poor shoot quality.



4. Results 61
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Fig. 39 The morphological appearance of C. acuminata shoots grown in the various BAP
concentrations (0.5, 1.0 and 1.5 mg I BAP) in DVS (A-C) and RITA® (D-F) Explants
were treated with one minute IC four times d”' over a period of eight weeks.

Since shoots cultured in 1.0 and 1.5 mg 1" BAP exhibited poor growth quality,
hyperhydricity and frequent callus formation, treatments with these two BAP
concentrations were no longer used for shoot multiplication. Consequently, all further
multiplication treatments in TIS were continued with 0.5 mg "' BAP. Explants of the
different genotypes grown in medium fortified with 0.5 mg I BAP showed less shoot
proliferation but the quality of shoots was much better (Fig. 39A, D). Hyperhydricity
symptoms were scarcely observed during a culture period of 8 weeks. Explants cultured for
more than 8 weeks in TIS remained viable like those grown in 1.0 and 1.5 mg "' BAP but
shoot tip necrosis and hyperhydricity became obvious. Moreover, after 10 - 12 weeks in
culture explants turned black in the centre of the vessel. Thus, the culture period of C.

acuminata in TIS was limited to 8 weeks.
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4.3.2.1. Multiple Shoot Development in DVS and RITA®

The number of shoots formed in the DVS and RITA® vessels demonstrated a continuous
increase over the entire culture period of eight weeks. Figure 40 illustrates the effect of 0.5
mg 1" BAP on the shoot multiplication on explants of the different groups. It should be
noted that each group (Chl, Ch2 and Lou) consists of 4 genotypes and each genotype of at
least 5 clones. Generally, explants cultured in TIS developed new shoots earlier compared
to those grown in solid medium. The mean numbers of newly formed shoots scored in
DVS after two weeks were 7 shoots per explant among the genotypes of group Chl, 5
shoots per explant in group Ch2 and 6 shoots per explant in the Lou group at an immersion

cycle of one minute every 6 hours.
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Fig. 40 Mean shoot multiplication of C. acuminata in (A) DVS and (B) RITA® treated
with a one minute IC four times d”' over a period of eight weeks. Each data point
represents the means + SE of 6 to 10 vessels with 15 shoots at culture beginning. The
straight lines represent linear regression estimate for group Chl, Ch2 and Lou. The
different letters indicate significant differences at p < 0.05.

Explants of the same genotype cultured in RITA® were scored with 5 shoots per explant in
group Chl and 4 shoots per explant for Ch2 and Lou after two weeks. There were no
significant differences in shoot formation among the clones of the same genotype within
each group, in neither of the TIS vessels used. However, there were substantial differences

among the three groups after eight weeks. Explants of group Ch2 and Lou in DVS showed
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similar results of multiple shoots throughout the whole culture period, whereas Chl vs.
Ch2 and Chl1 vs. Lou were significantly different at p < 0.05 and p < 0.01, respectively.
The highest shoot proliferation in DVS was scored with 20 shoots per explant in group
Chl followed by Lou with 16 and Ch2 with 14 shoots per explant (Fig. 40A) after eight
weeks. Regenerated shoots in the RITA® vessels were similar during the first 2 weeks
among all groups, but as culture period advanced shoot proliferation was perceivable (Fig.
40B). Chl and Lou again showed the highest multiplication rate with 15 shoots per explant
compared to Ch2 with 11 shoots per explant after eight weeks. Thus, a comparison
between shoots treated with 4 IC d”' over a period of eight weeks reveals that explants
cultured in DVS produced a higher amount of shoots than those cultured in RITA®.

A raise to 8 IC d”' resulted in a lower multiplication rate in DVS (Fig. 41A) compared to
those attained at 4 IC d”'. Shoot multiplication showed only a marginal variation during
the first two weeks of culture among the three groups. However, after eight weeks a
maximum of 13 shoots per explant were scored for group Chl, Ch2 and 11 for Lou.
Conversely, explants in RITA® were not influenced by 8 IC d”'. The multiplication rate

remained similar to those treated with 4 IC d”! (Fig. 41B).
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Fig. 41 Mean shoot multiplication of C. acuminata in (A) DVS and (B) RITA® treated
with a one minute IC eight times d'over a period of eight weeks. Each data point
represents the means + SE of 6 to 10 vessels with 15 shoots at culture beginning. The
straight lines represent linear regression for groups Chl, Ch2 and Lou. The different letters
indicate significant differences at p < 0.05.
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Fresh weight of individual shoots was less affected by the IC d” in both the DVS and
RITA" vessels. No statistical differences were found between 4 and 8 IC d (Fig. 42).
After eight weeks in culture shoot fresh weight in DVS showed an increase by a factor of

2.8 and in RITA® of 3.1 for both immersion treatments.
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Fig. 42 Shoot fresh weight of C. acuminata grown in (A) DVS and (B) RITA® treated
with a one minute IC four (blank bars) and eight (grey bars) times d' over a period of
eight weeks. Bars represent the means + SE of three replicates.

Similar results were observed for shoot height in DVS and RITA® (Fig. 43). With the
exception of Lou in RITA®, which showed an average growth height of 8.8 cm at 4 IC and
8.1 cm at 8 IC d”', no substantial differences were found among the remaining individuals
of other groups. The average shoot height at 4 and 8 IC d' was 7.6 and 7.3 c¢m in DVS,
respectively, compared to 7.7 and 7.5 cm in RITA®. Apart from a decrease in shoot
formation in DVS at 8 IC d' there was no substantial difference in terms of shoot fresh
weight and shoot height.

However, it was obvious that explants submerged eight times a day showed traces of
morphological changes when compared with those treated with only 4 IC d” (Fig. 44).
Shoots, that were completely covered by the liquid nutrient during immersion developed
stout internodes and brittle stems and leaves were translucent, wrinkled and glossy. These
changes were consequently considered as hyperhydricity and were not genotype-
dependent. Because these symptoms were scarcely observed on the same genotypes treated

with4 IC d.
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Fig. 43 Shoot height among the three groups: Ch1, Ch2 and Lou in DVS (A) and RITA"
(B) at an immersion of 4 and 8 cycles d' after 8 weeks. Bars represent the means + SE of
three replicates. Each treatment consisted of at least 5 vessels with 14 to 16 shoots at the

beginning of the culture period.

Fig. 44 Hyperhydricity traits in C. acuminata shoots cultured in MS medium fortified with
0.5 mg 1" BAP in TIS at a one-min immersions 4 and 8 times d. (A) Shoots grown in
DVS at 4 and (B) at 8 immersions d”. (C, D) Shoots grown in RITA® at 4 and 8
immersion d!, respectively. White arrows indicate the hyperhydricity traits on leaves.
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Considering all parameters of growth and development, it was evident that shoot culture in
DVS and RITA® treated with 4 IC d”' was optimal to produce quality Camptotheca plants.
The leaf area of shoots grown in DVS was significantly affected by a higher IC d”', while
those in RITA® did not show any difference between 4 and 8 IC d™' (Fig 45). The average
leaf area in DVS was 2.8 to 3.5 cm” in the three groups treated with 4 IC d™', while those
treated with 8 IC d”' had an area of 1.9 to 2.8 cm’. Leaf area of shoots cultured in RITA®
were measured as 2.4 to 2.8 cm” at 4 IC d” and 2.4 to 2.7 cm” under 8 IC d”'. Leaves in
RITA"™ were smaller and more lanceolate compared to those in DVS, which were larger
and more oval in shape.

In general, the highest chlorophyll content based on leaf fresh weight was observed in
plantlets grown in RITA® (Fig. 46A). Chlorophyll a and b contents were 0.97 and 0.4 mg
g FW, respectively, when plantlets were immersed 4 times a day and 0.95 and 0.41 mg g’
FW at 8 IC d'. Thus, there were no significant differences between 4 and 8 IC d™'.
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Fig. 45 Comparison of leaf areas among shoots grown in solid medium and in TIS after
eight weeks in culture. (A) Shoots grown in solid medium. (B) Shoot grown in DVS and
(C) shoots grown in RITA® at 4 (pale blue bars) and 8 (dark blue bars) immersions d™.
Significant differences between treatments at p < 0.05 are indicated by a, b, ¢, d, e, fand g.
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Fig. 46 Chlorophyll a and b contents in leaves of 8 weeks-old C. auminata plantlets
grown in the different culture systems. (A, B) Shoots grown in RITA® and DVS at 1 minute
immersion every 6 (dark blue bar) and 3 h (pale blue bar). (C) In leaves of shoots grown
in solid medium and (D) in leaves of ex vitro plantlets after 8 weeks. Significant
differences between treatments at p < 0.05 are indicated by a, b, ¢, d, e and f.

Chlorophyll (Chl) content in DVS was similar in terms of the immersion frequencies (Fig.
46B). However Chl a and Chl b contents were far higher (1.5 to 2.7 times) in leaves of
shoots grown in RITA® than those grown in DVS. Shoots grown in solid medium (Fig.
46C), showed similar Chl a and Chl b contents to those grown in RITA®. Chlorophyll a
and Chl b contents in leaves of plantlets grown under ex vitro conditions (Fig. 46D) were
comparable to those grown in RITA® and in solid medium. Chlorophyll content in
plantlets grown in the different substrates ranged from 1.59 + 0.34 mg g FW to 1.65 +
0.42mgg ' FW.
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4.4. Rooting and Acclimatisation

4.4.1. Invitro Rooting in Different Culture Systems

In vitro rooting of regenerated plantlets via somatic embryogenesis in sterilised substrates
was more effective than in the TIS vessels DVS and RITA". Regenerants on substrates
moistened with sucrose free half strength MS medium containing 0.5 mg "' IBA developed
roots within 12-14 days, whereas those in DVS and RITA® induced roots after 18 to 20
days. As shown in Table 7 rooting of regenerants was not very high in TIS, likewise the
survival rate under greenhouse conditions. Whereas regenerants rooted in sterilised
substrate, especially those in a mixture of sand and vermiculite (SV) and sand, soil and
vermiculite (SSV) showed higher rooting percentage as well as the best survival rate under
ex vitro conditions. Rooting in pure sand was also relatively higher and showed a better
effectiveness than in soil. However, desiccation was greater on both sand and soil than in
SV and SSV. Thus, if these two substrates were not moistened frequently (weekly)
plantlets just dehydrated and shrivelled.

Tab. 7 The results of regenerated plantlets obtained for the TIS and sterilised substrate
culture systems during a twelve week In vitro phase including the rooting and
acclimatisation. The values in the columns represent the means + SD of nine replicates
with 25 embryos per replicate for DVS and RITA® (n = 225) and 5 replicates each for the
four different substrates with 10 embryos per replicate (n = 50).

In vitro Ex vitro
Culture Systems Regenerants Rooting of Survivals
after 8 weeks | regenerants after 4 |after 4 weeks
[%] weeks [%0] [%]

TIS RITA" 58 £ 6.0 52 £10.3 27 + 5.7
DVS 30 + 7.2 26 + 7.2 11 + 3.5

Sterilised Substrates SV 88 +13.0 86+11.4 82 +14.8
SSV 80+ 18.7 78 +16.4 76 +23.0

Pure sand 62 +13.0 62+11.0 60 + 10.0

Pure soil 26 +20.7 26 +20.7 20 + 18.7

The effects of two auxins (IBA and NAA) on the rooting induction on C. acuminata
microcuttings in various culture systems, solid media, DVS, RITA® and sterilised
substrates were tested. Full strength MS medium supplemented with 0.5 mg 1" IBA and 2%
sucrose proved to be more effective for in vitro rooting compared to media fortified with
0.5 mg I'' NAA and 2% sucrose, particularly in solid media, DVS and RITA®. Excised

shoots cultured in IBA started to initiate roots within 17 to 18 days in agar medium.
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Microcuttings in RITA® initiated roots after 14 to 15 days and those in DVS after 18 to 20
days. In all cases, root initiation on microcuttings cultured in media supplemented with
NAA was observed about one week later. Microcuttings cultured in sterilised substrates
(SV, SSV and pure soil) moisturised with MS medium containing either IBA or NAA

without sucrose initiated roots within 12 to 14 days.
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Fig. 47 The effects of 0.5 mg "' IBA and NAA after 6 weeks on the in vitro rooting of C.
acuminata microcuttings in the different systems, in solid medium, in TIS (DVS and
RITA®) and in sterilised substrates (SV, SSV and soil). Bars indicate means + SE.

Both IBA and NAA showed a high percentage of root-enhancing activity in solid media.
Microcuttings that developed roots in IBA were recorded with 81% and those in NAA with
78%. No significant differences were found between IBA and NAA. In DVS and RITA®
similar results were observed for media supplemented with IBA. In DVS, 90% of the
microcuttings developed roots and 92% in RITA®. Rooting with NAA was less in both
vessels. In DVS only 66% of the microcuttings developed roots, while in RITA® an
average of 81% was recorded, which was remarkable higher than in DVS. Rooting in sterilised
substrate moistened with MS medium containing IBA or NAA did not show any significant
differences. However, there were significant differences between the substrates used. The best
rooting results were achieved on SV moistened with IBA (91.6%) and NAA (85%), while
those cultured on SSV moistened with either IBA or NAA were recorded as 80% and 83%,
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respectively. Less inductive were microcuttings cultured on soil. An average of 60%

developed roots in soil treated with IBA and 65% with NAA (Fig. 47).
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Fig. 48 Number of roots developed after 6 weeks on media and substrates containing 0.5
mg ' IBA or NAA during the in vitro rooting of C. acuminata microcuttings in the
different systems: Solid medium, TIS (DVS and RITA®) and in sterilised substrates (SV,
SSV and pure soil). Bars indicate means + SE.

Significant differences were marked in terms of the number of roots developed per
microcuttings when IBA or NAA was added to the basal medium. As shown in Figure 48,
NAA induced significantly fewer roots per explant, compared to IBA. Medium containing
0.5 mg 1" IBA resulted in an average of 5.1 roots per shoot in solid medium, 5.9 in DVS
and 6.7 in RITA®, while those on medium fortified with NAA showed an average of 4.1,
3.7 and 2.8 roots per shoot, respectively. The numbers of roots developed on the different
sterilised substrates were non-significant. In all treatments a number of 5.1 to 5.5 roots per
shoots were scored.

NAA seems not only to have an inhibitory effect on root development but also on the
length, particularly on shoots cultured in TIS. Otherwise there were no significant
differences found between IBA and NAA in terms of root length among microcuttings
rooted in MS solid. A similar response was observed among the different sterilised
substrates used for rooting. However, in vitro rooting in solid medium has a positive effect

on the root length and quality of plantlets (Fig. 49).
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Fig. 49 Root length measured after 6 weeks on media and substrates containing 0.5 mg 1!
IBA or NAA during the in vitro rooting of C. acuminata microcuttings in the different
systems: Solid medium, TIS (DVS and RITA®) and in sterilised substrates (SV, SSV and
soil). Bars indicate means + SE.
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Fig. 50 The influence of IBA and NAA on in vitro rooting of microcuttings in different
culture systems. Solid medium, TIS (DVS and RITA®) and in sterilised substrates. (A)
Microcuttings rooted in 0.5 mg 1" IBA, (B) microcuttings rooted in 0.5 mg 1" NAA
showing the root development in the different culture systems after 6 weeks.
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Figure 50 illustrates the differences in morphology among rooted microcuttings derived
from the different culture systems. Microcuttings rooted in media supplemented with IBA
(Fig. 50A) exhibit elongated and vigorous roots compared to those cultured in media
containing NAA (Fig 50B). Shoots in DVS showed roots that were stout but brittle, while
roots developed on shoots in RITA® and solid media were longer and robust.

Roots formed on microcuttings treated with NAA were generally similar to those treated
with IBA but it was obvious that some shoots produce fewer roots particularly in TIS.
Microcuttings cultured in the different sterilised substrates did not show any significant
differences in root formation between the two auxin treatments. It was also obvious that

plantlets grown in sterilised substrates were more vigorous and healthier.

4.4.2. Ex vitro Rooting of Microcuttings in Non-sterile Substrates

Tab. 8 The effect of IBA and NAA on the ex Vitro rooting of microcuttings derived from
two different culture systems, TIS (DVS and RITA® vessels) and solid media. The values
in the columns represent the means + SE of at least three replicates.

Microcuttings derived Rooted and survived microcuttings in non-sterile
from substrates [%0]
SV SSV Pure soil
DVS 39+4.0 42 +7.0 33+1.0
RITA® 33+1.0 38+4.0 27+5.7
Solid media 46+ 1.0 46 + 1.0 29+ 8.0

Root formation under ex vitro conditions in non-sterile substrate moistened with MS
medium containing 0.5 mg 1" IBA or NAA was not enhancing. In all substrates only
moderate results were achieved. Table 8 shows the percentage of rooted microcuttings
after 6 weeks. No substantial differences were noted between the two auxins used to
stimulate rooting.

Compared to the in vitro rooting with the same auxins concentrations used, ex Vitro rooting
showed a considerably lower percentage of rooted microcuttings. However, as soon as the
newly transferred cuttings (Fig. 51A) had developed roots and new leaves all rooted
cuttings recovered into normal healthy C. acuminata plantlets as shown in Figure 51B. All
rooted ex vitro plants survived, showed a vigorous growth and were phenotypically

normal.
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Fig. 51 Ex vitro rooting by transferring microcuttings directly to non-sterile substrate. (A)
Newly transferred microcuttings cultured in SV and (B) survived plantlets after 6 weeks.

4.4.3. Acclimatisation to Greenhouse Conditions

Survival rates of rooted plantlets after 6 weeks under greenhouse conditions are shown in
Figure 52. The highest survival rate of 93% was recorded for plantlets derived from
substrates followed by those derived from RITA® with 47%, solid medium with 45% and
from DVS with 41%.
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Fig 52 Survival rate of microcuttings rooted in vitro after 6 weeks under greenhouse
conditions. Bars represent the means + SE of at least five replicates with 100 plantlets per
tray. Different letters indicate significant differences at p < 0.05.
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Rooted plantlets derived from solid medium, DVS and RITA® showed similar results in
terms of survival rate after 6 weeks without any significant differences, whereas plantlets
derived from substrates showed the best survival rate (93%).

Roots developed in TIS (DVS and RITA®) were fragile and unbranched, while those
grown in solid medium and substrates showed branched roots. The roots of most plantlets
derived from solid medium and TIS died upon transplantation to commercial soil. Rooted
plantlets derived from the different sterilised substrates did not show any changes upon
transplantation. This was because plantlets from sterilised substrates had well-developed
and robust roots (Fig. 50). Thus as shown in Figure 52 rooted plantlets from sterilised
substrates have a better chance to survive ex vitro conditions.

Figure 53 shows the stomata density among leaves of plantlets grown in the various culture
systems. Among the in vitro grown plantlets the highest stomata density was found on
leaves of plantlets grown in solid medium and substrate cultures followed by plantlets
grown in RITA® and DVS.

Plantlets in DVS showed invariably open stomata, while those in the remaining in vitro
cultures had both opened and closed stomata. Stomata density in the in vitro cultures
ranged from 97.6 to 278.9 stomata mm™. No differences were found in the number of
stomata per unit of area between plantlets grown in solid medium, substrates and ex Vitro
plantlets after new leaves had been developed. Plants grown from seed under greenhouse
condition showed the greatest number of stomata per unit of area (416.0 stomata mm™)

compared to those from in vitro and acclimatised plantlets.
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Fig. 53 Stomata density on leaves of C. acuminata shoots grown in vitro in the different
systems, TIS (DVS and RITA®), solid medium, in sterilised substrates (SV, SSV and pure
soil), ex vitro acclimatised plantlets and ex situ plants.
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4.5. Maintenance of Embryogenic Callus

Embyogenic calli of C. acuminata subcultured at an interval of 4 to 6 weeks turned brown
and gradually lost their proliferation capacity. Thus, in order to avoid necrosis, all cultures
were frequently subcultured at an appropriate interval of 2 to 3 weeks. Embryogenic calli
in solid media were basically grey to white in colour and exhibited a heterogeneous
growth. In some dishes globular and heart shaped embryos were obvious, while in others
adventitious buds or embryos of torpedo and cotyledonary stages were predominant (Fig.
54A-C). Calli with distinct roots were also frequently observed (Fig. 54D). Secondary
callus formations were observed mostly in solid cultures particularly on the surface of

already differentiated adventitious buds and cotyledonary embryos.

Fig. 54 Callus cultures in solid medium. (A) Callus mass with globular and heart shape
embryo stages. (B) Torpedo and early cotyledonary embryo stages. (C) Adventitious buds
and (D) callus mass with root. Scale applies for (A - D).

Cell suspension cultures were homogeneous and consisted of either cell aggregates (Fig. 55A)
or rooted callus (Fig. 55B) with round or elongate cells (Fig. 55C, D). Upon subculturing
cell aggregates and rooted callus were separated and re-cultured in solid medium for plant

regeneration, while the single cells were sieved and subcultured in fresh liquid medium.
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Fig. 55 Typical morphological structures of embryogenic callus in liquid medium. (A)
Compact clusters of embryos. (B) Embryogenic callus with roots. (C) Dispersed cell
suspension cultures with isodiametric and (D) elongate cells.

Embryogenic calli of C. acuminata could be maintained in both solid and liquid media for
more than 3 years without losing their ability to regenerate into true plantlets. For a long-
term maintenance, friable embryogenic callus was selected and periodically subcultured
either in solid or liquid Bl (2 mg 1" BAP + 0.1 mg "' IAA) or NiP (0.2 mg 1" NAA + 0.1
mg 1" 2iP) medium for 2 to 3 weeks and then transferred in PGR-free medium for another
2 to 3 weeks. It was obvious that although embryogenic cells in solid medium and in
suspension cultures were cultured on the same media and exposed at the same temperature
(25 + 0.5 °C) and photoperiod (40 pmol m? s' PPFD), calli in solid media scarcely
showed any changes in colour. In contrast, cell suspension cultures differed in colour
depending on the medium regardless of their genotypes or position on the 2D rotary shaker.
Calli cultured in PGR-free medium were grey, those in BI medium exhibited a scale from
dark red to grey-red, while those in NiP medium were mainly green in colour (Fig. 56A-C

respectively).
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No histological observation was carried out to differentiate between embryogenic and non-
embryogenic character of the cells. It was only assumed that both types of cells were
present because when cell clusters were plated in solid media, embryos or adventitious
buds were formed only on some clusters, while others showed only cell proliferation.
Apart from the two morphological forms shown in Figure 55A-B suspension cultures did
not show any real embryo development during the liquid phase. However, a change after 3
to 4 subcultures from liquid NiP to solid NiP media proved to be effective for callus
growth and a change from liquid BI to solid BI media was more preferable for somatic
embryos or adventitious buds development. During subculturing, all somatic embryos or
adventitious buds were selected and transferred for plant regeneration in TIS or in
sterilised substrates. Microscopic observation (Fig. 56D-F) and a staining test with
fluorescein diacetate (FDA) (Fig. 56G-I) were carried out to control the viability of cells in
suspension culture. Viable cells stained green with FDA, while non-viable cells remained

uncoloured. Figure 56G-1 shows the viable cells.

Fig 56. C. acuminata cell suspension cultures (A) Culture in PGR-free medium, (B) in BI
and (C) in NiP medium. A to C also show the different colours of suspension culture after
4 weeks of inoculation in MS medium. (D-F) Microscopic observation of dispersed cell
suspension cultures 4-week after inoculation. (G-1) Fluorescence microscopy of FDA
stained cells.
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4.6. Camptothecin (CPT) Distribution in Plant Organs, Tissues and Liquid Media

Accumulation of CPT was investigated in the intact tissues of in vitro grown C. acuminata
plants at different developmental growth stages and compared with those of ex vitro and
greenhouse cultures. HPLC analysis has shown that CPT was present in undifferentiated
and differentiated tissues of C. acuminata. HCPT was detected only in the hypocotyls of ex

vitro seedlings and in few in vitro grown seedlings.

4.6.1. CPT Comparison Between Ex situ and In vitro Seedlings

The variations in CPT concentrations in different organs of C. acuminata seedlings from
two sources (Jiangsu and Sichuan, China) were compared. HPLC analysis revealed that
CPT was present in all parts of the seedlings in various concentrations. It was obvious that
CPT content in ex situ and in vitro seedlings differed significantly. Between the two
provenances, seedlings from Jiangsu (Fig. 57A) showed a higher concentration of CPT in
both ex situ and in vitro compared to those originated from Sichuan (Fig. 57B). Among the

various parts analysed, apical tips (at) exhibited the highest CPT content in both ex situ and
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Fig. 57 Comparison of CPT and HCPT concentrations between 6-week-old C. acuminata
seedlings grown ex situ and in vitro. Experiments were repeated twice with seedlings from
two different sources. (A) Seeds originated from Jiangsu and (B) from Sichuan, China.
Each bar represents the means + SE (n = 4). Root (r), hypocotyl (h), cotyledon (c), primary
leaf (pl) and apical tip (at).
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The second-highest CPT concentrations were found in hypocotyls (h) followed by the
primary leaves (pl) among in vitro grown seedlings, whereas ex situ seedlings did not show
any significant differences in terms of their CPT concentrations.

Hypocotyls and primary leaves of seedlings from both sources (Jiangsu and Sichuan) showed a
similar CPT content (0.80 to 0.83 and 0.55 to 0.60 mg g DW, respectively). Cotyledons (c)
and roots (r) exhibited the lowest CPT content ranging from 0.09 to 0.33 mg g DW.

HCPT was found in the hypocotyls of both ex situ grown seedlings originated from Jiangsu
and Sichuan in concentrations of 1.7 + 0.29 and 1.2 + 0.25 mg g DW, respectively. No
HCPT was detected in in vitro seedlings from Sichuan, while seedling from Jiangsu

showed a very low concentration of 0.1 mg g DW.

4.6.2. CPT Content in the Different Stages of Somatic Embryos

The evaluation of CPT content in non-embryogenic and embryogenic callus as well as in all
stages of somatic embryos (heart-shape, torpedo and cotyledonary) and regenerated plantlets
showed a gradual increase with embryo development (Fig. 58). Non-embryogenic callus (n-
ec) synthesised trace amounts of CPT (0.002 mg g DW), while slightly higher amounts of
CPT (0.024 and 0.030 mg g’ DW) were detected in embryogenic callus (ec) and callus

containing cream-glossy globular and green heart stage embryos (hse), respectively.
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Fig. 58 CPT content in the different developmental stages. Non-embryogenic (n-ec) and
embryogenic callus (ec), globular and heart shape embryos (hse), torpedo (tse),
cotyledonary (coe) stage of embryos and shoots (sh). Data represent the means + SE of 3
replicates (n = 7-10).
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Somatic embryos at torpedo stage (tse) showed a high amount of CTP (0.087 mg g”' DW),
but the highest was detected in well-developed cotyledonary embryos (coe) (0.75 mg g
DW) and in regenerated plantlets (sh) (1.23 mg g'1 DW). The differences in CPT content

among the individual cotyledonary embryos and plantlets were highly significant.

4.6.3. CPT Content in Shoots Grown in Solid Media

Seeds originated from Sichuan (Chl), Jiangsu (Ch2) and Louisiana (Lou) cultured in vitro
in solid medium and in TIS were analysed for their CPT content. Four genotypes from each
group were employed to study the CPT production. CPT content after four and eight weeks
did not show any significant differences. As shown in Figure 59, CPT concentrations
amongst these genotypes varied significantly within the three groups. The highest CPT
concentrations were found in Mp27, Mp28 and Mp35 of group Ch2, showing mean
concentrations of 2.17, 1.77 and 1.93 mg g DW, respectively. Remarkably, within group
Ch2, Mp36 was the only genotype with an extremely low CPT concentration of 0.026 mg
g’ DW. Among the Lou group Lp4 showed the highest content of 0.47 mg g' DW,
whereas the remaining three genotypes (Lp13b, and Lpl8 and Lp45) were scored with
0.099, 0.069, and 0.002 mg g"' DW respectively. Genotypes Bp31, Bp 81, Bp101, Bpl41 of
group Chl showed the lowest concentrations with an average from 0.013 to 0.054 mg g’

DW (Fig. 59).
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Fig. 59 Variation of CPT content among the different genotypes of C. acuminata grown in
solid media. (A;) Shoots used for CPT analysis. Each treatment was repeated at least three
times and three samples were taken from each culture vessel. Bars represent the means +
SE of three replicates.
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4.6.4. CPT content in Shoots grown in TIS Vessels

CPT contents in shoots grown in two types of TIS vessels were compared. After a culture
period of 4 and 8 weeks in TIS, CPT levels among the twelve genotypes varied
distinctively. As depicted in Figure 60 and 61, CPT concentrations differed significantly
between the two immersion treatments. It was obvious that CPT concentrations in some
genotypes were unexpectedly higher than in others. In general, shoots immersed eight
times a days showed a higher CPT content after eight weeks than those treated with only
four immersions. However, there were few a genotypes that showed higher CPT level also
after 4 weeks. Genotypes grown in DVS treated with 4 IC d”', such as Bp81 (0.83 mg g’
DW), Bpl41 (0.88 mg g' DW) and Mp28 (1.65 mg g’ DW) were found to have a
significant high level of CPT. The remaining genotypes were scored with CPT levels from

0.5 to a minimum of 0.1 mg g"' DW (Fig. 60A).
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Fig. 60 The effects of temporary immersion cycles on CPT concentrations among the
shoots of twelve C. acuminata genotypes grown in DVS. (A) One minute immersion cycle
4 times d”' and (B) 8 immersion cycles d'. (A1, B1) Shoots used for CPT analysis. Bars
represent means + SE of three replicates.

The same genotypes treated with 8 IC d”' showed a much better CPT yield except for
Bp81, which showed a reduction in CPT content (Fig. 60B). Genotypes Bp101 and Bp141
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of group Chl, Lp13b and Lp45 of group Lou and Mp28 and Mp35 of group Ch2 exhibited
substantial increase in CPT after 4 weeks in culture, compared to those treated with only 4
IC d! after 4 weeks. However, the maximum amount of CPT was found after eight weeks
in culture in most genotypes. Among the Chl group, Bp101 and 141 showed the highest
CPT content with 1.48 and 0.92 mg g"' DW, respectively. In the Lou group Lp18 and Lp45
had substantially higher levels and in the Ch2 group Mp28 once again showed the highest
CPT yield of 2.12 mg g”' DW, followed by Mp35 with 0.99 mg g”' DW.

Analysis of CPT contents among the same genotypes cultured in the RITA® vessels (Fig.
61A, B) revealed a different pattern compared to those grown in DVS. Generally, the
influence of immersion treatments was similar to that in DVS. Thus shoots treated with 4
IC d"' accumulated less CPT than those treated with 8 IC d' except Mp 28 and Mp35 (Fig.
61A). It was also noticed that not all of the genotypes treated with 8 IC d”' showed similar
high CPT content after 8 weeks in culture as in DVS. There were at least six genotypes in
RITA® that showed a substantially higher amount of CPT after 4 weeks at 8 IC d™'. For
instance Lp4, Lp18 and Lp45 of the Lou groups showing a CPT level of 1.28, 0.78, 0.66
mg g' DW, respectively, which was considerably higher than those achieved at 4
immersion cycles (Fig. 61B). Similar results were observed in Mp28, Mp35 and Mp36 of
group Ch2 (2.31, 0.91, 0.89 mg g"' DW, respectively). The remaining genotypes exhibited
CPT content below 0.5 mg g DW. The greatest changes in CPT contents in RITA® were
observed in genotypes Bp81, Bp101, Bpl41, Lp45 and Mp28 with 1.60, 2.52, 1.18, 0.82
and 2.36 mg g"' DW, respectively after 8 weeks in culture at eight IC d”' (Fig. 61B)
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Fig. 61 The effects of temporary immersion cycles on CPT concentrations among the
shoots of twelve C. acuminata genotypes grown in RITA®. (A) One minute immersion
cycle 4 times d'and (B) 8 immersion cycles d”'. (A1, B1) Shoots used for CPT analysis.
Bars represent means + SE of three replicates.

4.6.5. CPT Content in Acclimatised Plantlets

Accumulation of CPT was assessed in acclimatised plants of C. acuminata. Young leaves
of four-month-old plants were harvested and evaluated for their CPT content. The results
achieved indicated that CPT contents among the different ex vitro genotypes varied
significantly, as shown in Figure 62. Genotype Bp31, Lp13b and Mp27 exhibited the
highest CPT content (10.1, 9.2, 9.1 mg g"' DW, respectively), followed by Lp4 (7.4 mg g
DW) and Mp28 (7.5 mg g DW) showing similar amounts of CPT. Genotypes Bp81, Lp45
and Mp36 (5.6, 5.5, 3.7 mg g DW, respectively) were measured with the lowest CPT

concentrations compared to the other genotypes.
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Fig. 62 Variation of CPT contents in young leaves of four-month-old C. acuminata plants
acclimatised in greenhouse. Mean values + SE obtained from three independent
measurements with (n = 9). Bars with the different letters are significant at p <0.05.

4.6.6. CPT Excretion into Liquid Culture Media in DVS and RITA®

HPLC analysis has revealed that intact shoots of C. acuminata grown in vitro in TIS were
capable of excreting CPT into the culture media. At this point it should be noted that no
elicitors were applied to enhance CPT excretion and all shoots were rootless. Analysis of
CPT secretion into liquid media was carried out on shoots of all twelve individual C.
acuminata plants. A comparison drawn between the two temporary immersion cycles
applied, confirmed that shoots immersed for one minute every three hours (8 IC d)
secreted higher level of CPT in both the DVS and RITA® vessels compared to those
immersed every six hours. The maximum accumulation of CPT secretions was detected after
4 weeks of culture. However, a decline in CPT concentration was observed towards the end
of the experiment, even though shoot fresh weight continued to increase. Biomass in
RITA® reached an average fresh weight of 34 g at 4 IC d”' and 32 g at 8 IC d™' after eight
weeks in culture, while shoots in DVS were scored with 49 g and 38 g at 4 and 4 IC d”',

respectively (Fig 63).
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Fig. 63 Fresh weight increment in the TIS vessels, DVS and RITA®. Mean values + SE
obtained for three independent replicates (n = 3-8). Different letters are statistically
significant at the 5% level.

The total amount of CPT secreted into the culture medium per gram fresh tissue differed
significantly between the two immersion treatments and among the shoots of the different
Camptotheca plants (Fig. 64). It was obvious that CPT excretions were much higher at 8
IC d"' in both DVS and RITA® than at 4 IC d'. However, not all genotypes secreted a
similar amount of CPT. Treatments with 4 IC d” in DVS resulted in low CPT secretions
ranging from 0.02 to 0.83 pg g' FW, except in genotype Lp45, which showed a CPT
secretion of 3.3 pg g’ FW (Fig. 64A). When shoots were treated with 8 IC d', CPT
secretions increased significantly among the same genotypes (Fig. 64B). After 4 weeks in
culture the highest CPT excretion was recorded with 12.6 pg g FW (Fig. 64B) but then a
continuous decline followed towards the end of the experiment, showing a minimum CPT
content of only 0.2 pg g FW. An exception was observed in genotypes Bp31 and Mp28
cultured in DV, which showed the highest CPT contents after 6 weeks at 8 IC d™.
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Fig. 64 Effects of immersion cycles on CPT excretion of shoots into the culture media in
DVS. (A) Shoots of individual genotypes treated with four IC d” and (B) shoots treated
with eight IC d'. Data shown are the average of three replications. Error bars represent +
SE (n = 3-8).

Genotypes cultured in RITA® vessel displayed a similar pattern of CPT secreted into the
culture medium. High CPT contents were detected exclusively after 4 weeks in culture at
both immersion treatments. However, significant differences were observed on shoots
treated with eight IC d' (Fig. 65A) compared to those treated with only four IC d”' (Fig.
65B). The amount of CPT secreted by shoots treated with four IC d”' reached a maximum

after 4 weeks with 3.61 pg g FW, which finally decreased to 0.01 pug g FW (Fig. 65A).
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At the same time shoots treated with eight IC d' showed a substantially higher CPT level
(6.05 pg g FW), which also declined towards the end of the experiment to 0.02 pg g™ FW.
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Fig. 65 Effects of the temporary immersion cycles on CPT excretion by the shoots into the
culture medium in RITA". (A) Shoots of 12 genotypes treated with four IC d”' and (B)
those treated with eight IC d”'. Data shown are the average of three replicates. Error bars
represent + SE (n = 3-5).

4.6.7. CPT Content in Callus and Cell Suspension Culture

Calli derived from cuttings of different genotypes (Bnl, Utl, Bkl1, Bl1, and Wnl) obtained
from various botanic gardens and private breeders were established in RITA® and as cell
suspension cultures in MS medium supplemented with 2 mg I’ BAP + 0.1 mg "' TAA (BI)
and 0.2 mg I NAA + 0.1 mg I"' 2iP (NiP) for eight weeks. Callus growth in the RITA®
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vessels were genotype dependent (Fig. 66A) and showed two different growth patterns,
regardless of PGR concentrations or combinations. Wnl and BK1 demonstrated a vigorous
growth in all replications, with compact yellowish-green callus of about 2.2 cm in
diameter, while the remaining genotypes (Bnl, Utl and Bl1) grew very slowly into small,

friable, pale green clusters of cells less than 1.1 cm in diameter.
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Fig. 66 Callus growth and CPT content in the liquid medium in RITA® of C. acuminata
genotypes Bnl, Utl, Bk1, Bll, and Wnl. (A) Increment of callus fresh weight during eight
week culture. (B) CPT content over a period of eight weeks. Values are expressed as the
means + SE (n = 3-8). Means with different letters are statistically significant at the 5%
level.

As shown in Figure 66A, an increase in callus fresh weight resulted in a decrease of CPT
content found in the liquid medium (Fig. 66B). The highest CPT content was between
0.020 - 0.042 mg g' DW after the second week of culture. Towards the end of the
experiment CPT contents decreased to 0.002 - 0.015 mg g’ DW in all genotypes. The
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lowest CPT content was found in Wnl and Bk1, which showed a profuse growth (71 and
46 g g FW respectively), compared to those with a less vigorous growth but they excreted
a higher CPT amount after eight weeks (Fig. 66A). CPT contents were very low in fast
growing callus cultures showing reddish, grey and grey-brown colour (Wnl 0.104 + 0.05,
Bk1 0.094 + 0.07, Bnl 0.116 + 0.09 mg g’ DW, respectively). In calli of grey-green to
green colour the contents were somewhat higher (Utl 2.45 + 0.53, BI1 0.22 + 0.07 mg g
DW). Cell suspension cultures were not included in the graph since no CPT content was
detected in the liquid media and only traces were found in cells of suspension cultures.

HCPT was not detected in any of the callus or cell suspension cultures.

4.7. Plant Selection According to Their CPT Content

Comparative investigations on CPT accumulation in shoots and in liquid culture medium
of C. acuminata were performed to select plants that could demonstrate a reliable
predictive potential for the CPT yield. Genotypes grown in TIS showed considerable CPT
variations in both shoots and excretion into liquid media. According to the relatively high
CPT amount, five genotypes were selected at the first instance as potential plants (Tab. 9),
that could be used for a large-scale CPT production in TIS. However, a second selection

showed that genotypes Mp28 and Bp101 are the best CPT producing plants.

Tab. 9 Camptothecin (CPT) accumulation in liquid culture media and shoot cultures
grown in DVS and RITA® after a period of 4 weeks with 8 IC d”'. Values are the means of
3-6 replicates + SE.

CPT content | CPT secreted into liquid
TIS . .
vessels Genotype in sr_1100t3 culture_rlnedlum
[mg g~ DW] [mg g~ DW]
DVS Mp28 2.12 + 0.05 0.216 +0.010
Bpl101 1.48 + 0.01 0.297 £ 0.025
Mp35 0.99 + 0.09 0.754 + 0.245
Bpl41 0.92 + 0.11 0.712 +0.164
Lp45 0.84 + 0.19 0.279 £ 0.051
RITA® Mp28 2.35 + 0.09 0.481 +0.049
Bpl101 2.25 + 0.04 0.313 +0.062
Lp45 1.25 + 0.01 0.415 +£0.096
Bpl41 1.18 + 0.05 0.141 +.0.030
Mp35 0.90 + 0.04 0.297 £ 0.052
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5.1. Plant Propagation Methods of C. acuminata

Conventional regeneration of C. acuminata is commonly done by seeds (Perdue and Smith,
1970; Li and Adair, 1994) and large scale propagation for various plantation programmes
is mainly achieved by seeds. There is however, a considerable variation in seed
germination and very little is known about clonal propagation (Jain and Nessler, 1996). In
recent years tissue culture propagation has become a useful alternative for more rapid
clonal multiplication compared to conventional methods that are very slow. This study was
commenced with the conventional propagation (ex situ) through seeds, stem cuttings and
continued with in vitro plants regenerated from seeds and axillary buds.

Ex situ experiments on seed germination carried out in the greenhouse were not
significantly influenced by the seasons. However, it appeared that seeds from China
(Sichuan, Jiangsu and Guangdong) germinated readily compared to those from Louisiana.
Seeds from Guangdong were obtained in November 2005, from Louisiana in December
2005 and February 2006 and those from Sichuan in May and Jiangsu in June 2006. Since,
C. acuminata seeds ripen between September and December it is assumed that seeds from
Guangdong and Louisiana were possibly too fresh, which may have resulted in a lower or
unsuccessful germination rate, respectively. Seeds from Sichuan and Jiangsu obtained later
in the year showed a germination rate of 80% compared to those from Guangdong (60%)
and Louisiana (0%). Seed dormancy is an extremely widespread phenomenon regulated by
many exogenous and endogenous inhibitor substances (Overbeck, 1966), particularly in
fresh seeds. Obviously, seed dormancy in C. acuminata appears to be also a temperature
problem. Shao (1989) reported that germination of fresh Camptotheca seeds usually do not
occur or is delayed with a low germination rate (5%), when sown at room temperature. In
addition, other authors (Smith, 1969; Shao, 1989; Zhou, 1989; Chen et al., 2004) reported
that inhibitory substances and the pericarp as a restricted water-uptake-barrier also affect
the germination. Fresh Camptotheca seeds cultured with pericarp showed only 15%
germination after 4 weeks, however, after the removal of the pericarp, germination
increased up to 95% (Chen et al., 2004). Li and Liu (2005) also reported that higher in
vitro germination and survival rate were achieved after the removal of the seed coat. Chen
et al. (2004) reported that seed germination was promoted after a three months cold
stratification at 4 °C, increasing the germination rate up to 80% compared to the 15%
achieved with fresh seeds. In this study no stratification or pre-treatment was applied to
stimulate the germination. Since a high germination rate was observed in seeds from

Sichuan and Jiangsu, it is suggested that maturation of the embryo was completed after 5-6
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months. However, this assumption does not explain why a germination rate of 60% was
observed in seeds from Guangdong, whereas seeds from Louisiana did not germinate,
although seeds from both localities were freshly collected.

Seed dormancy is common in a large number of plants, for instance in Rosaceae, in many
woody species and in some grasses such as in wild oat (4vena fatua), and is caused by
several factors, which may delay the whole life cycle of the plants. Regardless of whether
seeds are dormant or non-dormant at maturity, the uptake of water plays an important role
in the process of germination. Observations in this study on the in vifro germination of C.
acuminata seeds led to a similar assumption that seed coat was impervious to water.
Preliminary studies have shown that soaking Camptotheca seeds overnight in sterilised
water did not improve the process of germination. In addition, surface contamination was
very high when seeds were cultured with pericarp. It was possible to minimize surface
contamination by using 0.15% mercuric chloride (HgCl,) to disinfect Camptotheca seeds
but this led to a decrease in germination and as soon as radicles protruded, 100% pericarp
contamination occurred. Conversely, excision of the pericarp increased germination
significantly and surprisingly, no contamination was observed. Seeds from Louisiana
cultured in vitro showed high germination with endosperm and even higher when
endosperm was removed, whereas under ex situ conditions seed germination did not
occurred at all. Embryos excised from seeds commenced development after three to seven
days without contamination, which shows clearly that the seed coat limits germination.
Improvement in germination through removal of the seeds coat has been observed in other
woody plants. Jain and Nessler (1996) also report on removing the seed coat before
culturing C. acuminata in in vitro. Barnett (1972, 1976) demonstrated that the seed coat is
the major barrier to germination in loblolly pine (Pinus taeda).

Rooting of stem cuttings is one of the easiest and economically most valuable methods of
vegetative propagation for plants of desired genetic types (Haissig and Davis, 1994;
Gaspar et al., 1997; Kevers et al., 1997). It is an effective means of multiplying a variety of
trees and other woody species (Dirr, 1990; Pierik, 1987) and it is considered to be simple
and inexpensive. On the other hand it can be slow, time-consuming and sometimes
difficult. However, in most woody plant species an alternative propagation method has not
yet been established. In addition, conventional practices of propagation are inadequate for
rapid multiplication of selected genotypes (Chalupa, 1990). In most cases C. acuminata
plantations are established from seeds and sometimes small plantations are raised from

cuttings (McDonald, 1997), even though it seems to be a difficult-to-root species. Data
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acquired from private growers on conventional propagation of C. acuminata recorded a
rooting percentage of 5 to 10% and a survival rate of about 2 to 3%. However, once
cuttings were rooted, they developed into healthy and normal plants (Bulk, personal
communication 2003; Tod, personal communication, 2004). In the present study rooting
and survival rate through stem cuttings of C. acuminata was below 50%. Maxwell (2003)
has reported the opposite, in his thesis he recorded 82% rooting on softwood cuttings of C.
acuminata after six weeks, when treated with a quick-dip in 29.0 mmol potassium salt of
IBA (K-IBA) and mist applied every 6 minutes for 4 seconds. However, Maxwell’s (2003)
results are not comparable to this study since no K-IBA was used for stem cuttings.

No substantial effect was observed with the application of 0,01% NAA (Wurzelfix®) and
0,05% IAA (Rhizopon®) during the rooting phase in this study, which indicates that the
two root stimulator powders used for this experiment were probably too low in
concentration or were not appropriate auxins for rooting of Camptotheca stem cuttings.
Nevertheless, a rooting and survival result of about 38% is far better compared to some
private growers, who achieved only 2 to 3%. Hormone application is reported to promote
adventitious root development in cuttings (Leakey et al., 1982; Hartmann et al., 1990;
Aminah et al., 1995; Tchoundjeu and Leakey, 1996), and IBA is considered to be less
toxic and more stable compared to NAA and IAA, which were used in this study for
rooting (Blazich, 1988; Hartmann ef al., 1990). Poor rooting results of cuttings could also
be due to the age of the stock plants, as rooting ability of cuttings decreases with age
(Hartmann et al., 1990). This could be one reason why sprouting was not successful with
cuttings obtained from the different botanical gardens and private growers, since all
cuttings were taken from C. acuminata trees older than ten years. Other possible reasons
could be the lack of rooting co-factors, such as endogenous carbohydrates and auxins, or
the presence of rooting inhibitors (Hartmann et al., 1990). In general, further research on
stem cuttings of C. acuminata is needed to confirm these assumptions.

Rapid clonal multiplication through axillary buds culture was successfully established in
several woody plant species (Ajithkumar and Seeni, 1998; Ahmad and Anis, 2007).
However, multiple shoot induction from C. acuminata cuttings showed to some extent
difficulties similar to the conventional propagation with stem cuttings. Nodal segments
taken from cuttings obtained from the different botanical gardens and private growers failed
to produce shoots in both ex situ and in vitro cultures. Callus formation was more obvious on
all explants. Callus formation on C. acuminata nodal explants was also observed by

Maxwell (2003) occurring at high cytokinin concentrations (4.44 to 17.8 pmol I'' BAP).
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Since sprouting of cuttings taken from trees older than ten years was not successful in this
study, it was speculated that these cuttings were most likely parental or age dependent.
Although, Ajithkumar and Seeni (1998) successfully cultured nodal segments from
cuttings derived from a 25-year old Aegle marmelos tree. Thus, there may be other reasons
why shoots were not induced on these C. acuminata cuttings. In contrast, nodal segments
taken from one-year and two-year old C. acuminata greenhouse plants did not show this
phenomenon and each node produced one single shoot after 3 weeks. However when
excised and cultured on the same medium, shoots proliferated excellently. This result is
consistent with those of Jain and Nessler (1996). For higher shoot multiplication the
authors pre-soaked freshly excised segments in BS medium containing 17.74 umol BAP
for 48 hours, which then gave rise to 11-18 shoots per explant. Pre-soaking of explants in
cytokinin has been reported to be effective for shoot multiplication in sesame (Sesamum
indicum) (George et al., 1987) and in mulberry (Morus sp.) (Jain and Datta, 1992). Pre-
soaking of explants might help to leach endogenous inhibiting substances that might cause
primary dormancy in buds. PGRs were also reported to stimulate shoot proliferation in
Philadelphus and Dirca by placing twigs into BAP solution and a higher percentage of
explants produced more shoots after dormant stems of Vanhoutte’s Spirea were treated
with BAP and GAj; solution before being cultured (Yang and Read, 1993; 1997). Although
in this study no pre-treatments were applied on C. acuminata nodal segments, an average
of 41% produced single shoots. Multiple shoots were successfully achieved on MS
medium containing various BAP concentrations. It was obvious that an increase of BAP
concentration promoted more shoots, but for quality shoots 0.5 mg 1" BAP was the best.
However, further investigations are still needed to understand the detailed mechanism of
rooting response and the axillary shoot induction on Camptotheca stem cuttings of

different age and parental origin.

5.2. Plant Regeneration via Organogenesis

To date there are only few reports on in vitro plant regeneration via organogenesis in C.
acuminata (Li and Liu, 2005; Wang et al., 2006) and only one on somatic embryogenesis
(Sankar-Thomas ef al., 2008). Generally, it was found that tissues of juvenile development
stage of C. acuminata were more appropriate to induce organogenesis or somatic
embryogenesis than those from mature tissues. Organogenesis was observed on three
different types of callus derived form mature zygotic embryos and from cotyledon and

hypocotyl explants of in vitro germinated seedlings. Several adventitious shoots were
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induced after callus induction on MS medium fortified with various combinations of high
cytokinins and low auxins concentrations. The average number of regenerated shoots per
callus explant was strongly influenced by the PGR combinations and varied from 10 to 17.
Among the PGR combinations used, BI (2 mg I BAP and 0.1 mg 1" TAA) appeared to be
the best for adventitious shoot induction regardless of the explants or callus types.
Comparison between BAP and Kin combined with 0.1 mg "' 2,4-D and 0.5 mg I"' 2,4-D
showed that 0.5 mg 1" 2,4-D decreased the number of regenerative shoots.

Adventitious buds have successfully been established using explants from young in vitro
grown seedlings and from newly sprouted leaves of greenhouse plants of C. acuminata (Li
and Liu, 2005; Wang et al., 2006). Li and Liu (2005) found that Gamborg’s B5 medium
supplemented solely with 8.9 pmol BAP (2 mg I"'BAP) gave the best regeneration results,
whereas Wang et al., (2006) reported that woody plant medium (WPM) in the presence of
19.8 pmol BAP (4.5 mg 1" BAP) and 5.8 pmol NAA (1.1 mg "' NAA) led to the highest
shoot regeneration frequency.

Preliminary experiments in this study have shown that explants cultured in MS medium
developed much better than those cultured on Gamborg’s B5 and WPM. Regeneration of
adventitious shoots was observed neither on B5 nor on WPM medium, hence further
studies were carried out using only MS medium. It was also obvious that cytokinin (BAP
or Kin) concentrations higher than 2 mg 1" induced profuse callus formation but without
shoot induction. The combination of low 2iP and NAA (NiP) concentrations induced a low
rate of callus formation without shoot induction.

Apical tips of mature zygotic embryos appeared to be the best sort of explants for shoot
regeneration in C. acuminata. Adventitious buds were also observed on explants cultured
in liquid medium containing the same PGR composition as those in solid medium.
However, adventitious buds occurred only on disc shaped hypocotyl explants cultured on
BI medium. Apart from callus formation cotyledon explants did not show any further
differentiation. These results suggested that the presence of BAP combined with IAA was
more effective for adventitious shoot induction than the other PGR combinations used.
Hyperhydricity did not occur on adventitious shoots in solid medium as reported by Li and
Liu (2005). Regenerated plantlets were normal without any significant visible variability.

Thus, it is possible to produce clones of C. acuminata for medicinal purposes.
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5.3. Plant Regeneration via Somatic Embryogenesis in TIS and in Sterilised
Substrates

Induction of somatic embryogenesis is a complex phenomenon, which is regulated by
numerous factors. In most cases, treatments with exogenous PGR are required to
manipulate cell differentiation (Carman, 1990; Sen et al., 2002). In addition to exogenous
PGR, high amounts of carbohydrates (4 to 7% or higher) in media are used as an
osmoticum to stimulate induction of somatic embryogenesis (Kamada et al., 1993, 1994;
Shrikhande et al., 1993; lkeda-Iwai et al., 2003). However, in this study somatic
embryogenesis was obtained from hypocotyl explants of C. acuminata seedlings in TIS in
PGR free MS-medium containing only 3.5% sucrose in both the DVS and the RITA®
vessels. Since in this case neither exogenous PGR, nor high concentrations of sucrose were
used, it is difficult to clarify what mechanisms were involved in the induction of somatic
embryogenesis. Based on the results presented in this study two effects may have played
an important role during the induction process. Firstly, due to the fact that embryogenic
calli were formed only in medium containing 3.5% sucrose in both TIS vessels, it is
suggested that perhaps 3.5% sucrose is the critical value for somatic embryogenesis
induction in C. acuminata. In species such as Solanum melongena and Medicago sativa 2
to 3% sucrose was enough to achieve somatic embryos (Meijer and Brown, 1987).
Conversely, high levels of sucrose (> 6%) were reported to inhibit the induction of somatic
embryos (Konan et al., 1994). Cunha and Fernandes-Ferreira (1999) reported that a low
concentration of 2% sucrose was more effective for the induction of somatic embryos than
4%. Thus the above results indicate that the optimum sucrose concentration is probably
species specific and perhaps the given 3.5% of sucrose was just the threshold for somatic
embryogenesis induction in C. acuminata. It may be concluded that raising the sucrose
level may enhance or suppress the harvest.

Secondly, since embryogenic calli occurred only in the modified DVS containing medium
supplemented with 3.5% sucrose, it is obvious that the modification as well as the sucrose
concentration had some effect on the induction. Explants fixation and orientation play a
critical role in the induction of somatic embryogenesis in several species (Chen et al.,
1987; Lakshmanan et al., 2006). Thus perhaps the vessels modification participates in the
orientation of the explants, which results in the development of embryogenesis. This
assumption is not yet proven, therefore further investigations are necessary to analyse

whether there is a relation between the sucrose concentration and/or the mechanical device.
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A comparison between C. acuminata embryos regenerated in DVS and RITA®
demonstrated that culture vessels have a great influence on plant development. In this
study a higher percentage of well-developed plantlets were achieved in RITA® than in
DVS. Similar results were reported on the development of somatic embryos in RITA® with
different plant species such as Musa sp. (Alvard et al., 1993), Hevea brasiliensis (Etienne
et al., 1997), Citrus deliciosa (Cabasson et al., 1997) and Coffea arabica (Etienne-Barry et
al., 1999). Cabasson et at., (1997) asserted that the temporary immersion in RITA®
promotes development and conversion of somatic embryos. This is probably due to the
design of the vessel. Thus, the upper chamber is overlaid with open-pores polyurethane
foam in which embryos are able to support their geotropism easier than in DVS without
such adhering possibility. During immersion and emersion embryos in RITA® were able to
maintain their orientation, while those in DVS have no orientation until they reached a
certain height and biomass. This could be one reason why 27% of the Camptotheca
regenerants in RITA® developed roots without any additional exogenous PGR. Hence, the
results in this experiment provide clear evidence that the RITA® vessels are more suitable
and effective for embryo-to-plantlet development. This vessel has been developed for
culturing embryogenic cells and embryos (Afreen ef al., 2002). Comparing the two vessel
types, DVS is easier to handle especially in terms of medium exchange, which is simply
done by disconnecting the medium vessel without exposing the culture to the environment
outside the vessel like in RITA®. This exposure may increase the risk of contamination.

The consideration of the substrates experiment was not to compare the conversion rate of
cotyledonary embryos in the two culture systems (TIS and in sterilised substrates). It was
more an approach to compare the survival rate of regenerated plantlets derived from TIS
with those derived from sterilised substrates upon exposure to greenhouse conditions. A
similar experiment in sterilised substrates was conducted by Jayasankar et al., (2001) who
achieved a high conversion rate of grapevine via somatic embryos on sand and soil
overlaid with sand. However, regenerants mortality was high due to contamination,
inadequate moistening and perhaps lack of nutrients because only sterilised tap water was
used to moisten the substrates. In contrast to seeds, somatic embryos have to develop
without seed coat and maternal tissue that normally supplies nutrition during germination
(Gray and Purohit, 1991). Thus, the high survival rate obtained in this study is probably
due to extensive autoclaving of substrates and because sterilised MS medium
supplemented with 0.5 mg ' BAP was used to moisten the substrates during the

regeneration phase, which facilitated the maturation of cotyledonary embryos. After eight
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weeks a shift from full strength to half strength MS medium without sucrose was made, to
allow regenerants to become partially autotrophic, which reduces stress and allows

plantlets to adapt better to ex vitro conditions (Purohit et al., 1995).

5.4. Shoot Multiplication in Solid Media and in TIS

The main goal of the current study was to establish an efficient and economic protocol for
the in vitro multiplication of C. acuminata in TIS, which is also applicable for a large scale
production of plant material. Until now, limited reports are available on in vitro
propagation of C. acuminata in solid medium (Jain and Nessler, 1996; Wiedenfeld et al.,
1997; Wang et al., 2005, 2007) and to date this is the first report on shoot multiplication of
C. acuminata using TIS. In this study shoots derived from in vitro grown seedlings and
axillary buds from greenhouse plants were successfully multiplied on both solid medium
and in TIS. However, compared to solidified medium, shoot number and length increased
significantly in TIS. Within eight weeks a 2.9-fold difference in shoot proliferation was
observed with the same medium (0.5 mg 1" BAP) without affecting the morphological
characteristics in TIS. Etienne and Berthouly (2002) reported that TIS generally improves
plant quality and production. This is probably due to the fact that explants cultured in TIS
are preferential with the availability of nutrients in the liquid. A frequency of four or eight
immersions per day for one minute was suitable to stimulate shoot development and
growth. Another advantage is that after immersion, enough liquid nutrient remains on the
plant surface as a film, which also prevents desiccation during the non-immersed period. In
contrast, propagation in solid medium also allows gas exchange, but nutrient uptake is
limited to the explants basal surface, which may result in less shoot development and a
slower growth rate. There are numerous studies showing satisfactory results for the
propagation of various plant species (Eucalyptus sp., Saccharum sp., Phalaenopsis,
Manihot, Prunus, Malus, Ananas comosus, Musa sp.) using TIS (Escalona et al., 1999;
Gonzélez-Olmedo et al., 2005; Damiano et al., 2003; Roels et al., 2005). The best quality
of C. acuminata shoots was achieved when MS medium was supplemented with 0.5 mg 1!
BAP. However, immersion time is very important, since it determines nutrient and PGR
uptake and can influence hyperhydricity of explants (Etienne and Berthouly, 2002). In
addition, high cytokinins concentrations can induce hyperhydricity. The use of 1.0 and 1.5
mg "' BAP has shown a higher shoot multiplication rate, but at the same time an increased
callus formation and hyperhydricity in both TIS vessels. This phenomenon was not

observed when shoots were cultured in medium supplemented with 0.5 mg 1" BAP. A
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similar result was obtained by Zhu et al., (2005) in Malus. The authors reported that high
BAP concentration results in a higher multiplication rate, but were also accompanied by
hyperhydricity. In this study shoots treated with 8 IC d' in DVS showed traits of
hyperhydricity and reduced shoot proliferation.

Other types of cytokinins such as zeatin have also caused hyperhydricity (Shibli and Smith,
1996). Obviously, C. acuminata shoots were sensitive to BAP only in TIS cultures,
because a BAP concentration of 2 mg I BAP was necessary for bud regeneration via
organogenesis and no hyperhydricity was observed on newly induced shoots. Apart from a
few morphological traits such as leaf size and shoot height, BAP concentrations of 1.0 to
1.5 mg 1" did not influence the shoot multiplication rate in solid medium. However the
same BAP concentrations showed considerable differences in both morphological
appearance as well as shoot multiplication in TIS. Within eight weeks a maximum shoot
multiplication rate of 20 in DVS and 15 fold in RITA® was achieved at four IC d’.
Whereas at eight IC d”' the multiplication rate was 13 in DVS and 15 fold in RITA®.
Hence, the results presented in this study have demonstrated that C. acuminata shoots
cultured in 0.5 mg "' BAP gave the best shoot multiplication rate in TIS and can be
recommended for the in vitro propagation. The efficiency of shoot proliferation can be
improved by optimising nutrient volume, immersion frequencies and duration as well as
the vessel capacity.

TIS has been recognised as an efficient tool for plant propagation and reduces production
cost per plant compared to culture in solidified media (Lorenzo et al., 1998; Escalona et
al., 1999). Certainly, it also reduces manual labour and facilitates the changing of culture
medium compared to solid media culture, which has been one of the most time and labour
intensive procedures in plant tissue culture not only in this study. However, comparing the
two vessel types, DVS was more appropriate and simpler to handle than RITA" especially

during media exchange.

5.5. Rooting and Acclimatisation in the Greenhouse

5.5.1. Invitro Rooting in TIS, in Solid Medium and Sterilised Substrates

Results on stem rooting have shown that C. acuminata is difficult to propagate by
conventional methods, making the in vifro propagation a feasible alternative for
multiplication. However, the success of micropropagation systems depends chiefly on a
high rooting percentage and the acclimatisation of plantlets to greenhouse conditions,

which is one of the most critical phases in the entire micropropagation process (Hutchinson



5. Discussion 99

et al., 1985; Zimmerman, 1988; Kirdmanee et al., 1995). This is because in vitro grown
plantlets are forced to change from being heterotrophic to autotrophic and in most cases
mortality of micropropagated plantlets is high under ex vitro conditions. The main reason
is that in vitro grown plants typically show a low photosynthetic efficiency due to
malfunctioning of stomata and the lack of epicuticular wax, so that plants are susceptible to
dehydration (Preece and Sutter, 1991; Hazarika, 2006). Apart from poor photosynthetic
ability rooting is also an important factor and as in most tree species rooting is difficult and
capacity is generally reduced in woody species compared to herbaceous plants (Hackett,
1988). Several plant species differ in their requirement of auxins and media strength for
root formation (Kooi et al., 1999). The first in vitro rooting experiment in this study was
carried out on regenerated plantlets via somatic embryogenesis from TIS and sterilised
substrates using a half-strength MS medium supplemented with 0.5 mg "' IBA. Rooting
percentage of regenerants in sterilised substrates moistened with medium containing 0.5
mg ' IBA without sucrose was higher than those in TIS. Thus, since the rooting
percentage of regenerants in TIS was about 52% it was suggested to root microcuttings in
full-strength MS medium fortified with two different auxins. Remarkably was that rooting
of microcuttings in a full-strength MS medium with IBA and NAA exhibited in all systems
a higher root induction rate than regenerants. In contrast to this result, several reports
conclude that most woody plants particularly gymnosperms prefer a low salt concentration
for root formation (Anonymous, 1978; George and Sherrington, 1984; Kamil and Umboh,
1992; Bhansali, 1993).

Wang et al., (2007) reported that MS medium inhibited root formation in C. acuminata.
This is not in consistent with the results in this study, in which a high rooting percentage
was achieved in both liquid and solid full-strength MS medium. /n vitro rooting of C.
acuminata in liquid medium in DVS and RITA® using IBA is in agreement with the results
of Pierik (1987), who reported that adventitious rooting of woody plants was generally
better in liquid media. Nevertheless, further investigations are needed to prove whether the
increased rooting rate here is due to salt strength or is explant dependent. Meanwhile, the
findings reported in this study show that rooting percentage exceeded 80% with IBA and
60% with NAA, except for those in soil. The rooting capacity of microcuttings in DVS
showed large variations between IBA and NAA. In RITA® and in the other systems there
were no substantial differences between IBA and NAA. Differences in the morphology,
length and number of developed roots were also observed in both media and substrates.

Shoots rooted with NAA produced fewer roots per shoot and varied in length especially in
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TIS. Root numbers and length were similar among shoots rooted in sterilised substrates.
Comparing the two auxins, IBA performed a better rooting induction than NAA in C.
acuminata microcuttings. A similar observation was reported by Wang et al., (2007). The
authors reported that 0.5 mgl”' IBA was more enhancing than NAA. There are several
reports concerning the rooting effect of IBA and NAA, but in most cases IBA has been
reported as a stronger auxin than NAA in promoting rooting regardless of its concentration
(Le, 1985; Németh, 1986; Gray and Benton, 1991). The results in this study demonstrate
that IBA and NAA have a significant effect on in vitro rooting in TIS, but show no effect
on microcuttings in solid media and in substrates.

It was obvious that microcuttings rooted faster in RITA® than in DVS, which is possibly
due to the vessel design. During immersion explants in RITA® do not undergo a vigorous
turbulence compared to those in DVS, thus explants can retain their geotropic orientation

due to the design of the upper compartment of the RITA® vessel.

5.5.2. Ex vitro Rooting of Microcuttings on Non-sterile Substrates

Ex vitro rooting of microcuttings derived from solid media and TIS showed a great
aberrancy. Regenerated shoots derived from solid media showed a better root growth and
survival rate compared to those derived from DVS or RITA®. A comparison between in
vitro and ex vitro rooting showed that ex vifro rooting of C. acumianta was not as
successful as the in vitro rooting. The first assumption is that the low auxin concentration
used for rooting was not high enough to stimulate root induction. Secondly, many
microcuttings developed callus-like areas at the cut end, which is a disadvantage since it
may limit water transport (Grout and Aston, 1977) and may result in a low rooting
induction. McClelland et al., (1990) assumed that since nutrients, water and oxygen are
readily available in vitro, it might not be necessary for microcuttings to develop secondary
xylem and phloem for transportation, which would be a disadvantage during
transplantation and acclimatisation under greenhouse conditions.

In spite of the low auxin concentration, 46% of the microcuttings induced roots, this was
still higher than the 38% that was achieved in conventional stem propagation of C.
acuminata. Plietzsch and Jesch (1998) have shown that shoots derived from
micropropagated stock plants rooted far better than cuttings derived from conventional
stock plants. For instance rooting of Syringa vulgaris showed only 10% from cuttings
taken from conventional stock plants, while in those taken form in vitro grown stock was

up to 85%. The difference between 38 and 46% achieved in this study may not be
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particular large but perhaps if a higher IBA concentration is used a higher rooting rate may
be achieved. It is likely that ex vitro rooting was less satisfactory because of the non-sterile
substrate used here. Zhao et al., (2006) report a high rooting efficiency using arbuscular
mycorrhiza. Thus perhaps mycorrhizal inoculation may help plantlets to resist
environmental stress during transplanting from axenic conditions to greenhouse conditions,
and this may possibly increase root induction. Results on ex vitro rooting and plantlet
establishment of C. acuminata in the greenhouse are not yet encouraging. However, as
soon as roots are developed, all survived ex vitro plantlets showed a vigorous growth and

were phenotyically normal.

5.5.3 Acclimatisation under Greenhouse Conditions

Acclimatisation of rooted regenerants and microcuttings of C. acuminata derived from TIS
was crucial. Rooted regenerants showed very low survival rates when transferred to non-
sterile soil under greenhouse conditions, whereas rooted microcuttings revealed a higher
survival rate of about 40% and no substantial difference between cuttings derived from TIS
or solid medium was found. Regenerants were not misted regularly during acclimatisation
and this may be one reason why only few plantlets survived. Wang et al., (2007) report
that rooted microcuttings of C. acuminata need high humidity and shade to survive under
greenhouse conditions.

Regenerated plantlets in DVS showed the lowest chlorophyll content compared to those
cultured in RITA®, in solid medium and substrates. Stomata density on leaves was also the
lowest in DVS but continuously increased from RITA®, solid medium to sterilised
substrates. The majority of shoots in DVS possess stomata with rounded guard cells, while
stomata with elliptical structure dominated on shoots in RITA® and in the other culture
systems. Low Chlorophyll content and abnormal shape of stomata indicated poor
photosynthetic ability due to heterotrophic mode of nutrition. Thus, these factors hamper
plantlets when transferred to greenhouse conditions causing a low survival rate.
Regenerated plantlets via somatic embryogenesis and mircrocuttings rooted in sterilised
substrates were easily acclimatised, showing a survival rate of 93% compared to those
from TIS and solid media with 40%. Drawing a conclusion between the in vitro rooting in
the different systems, it was obvious that rooted plantlets derived from the various
substrates showed higher survival rates under ex vitro conditions than those from TIS or
solid media. In vitro rooting of shoots in solid media is considered to be labour-intensive

and expensive (Hazarika, 2003 compared to TIS where rooting is much easier, and cheaper
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since agar is not necessary. Rooting in TIS is certainly less time-consuming and plantlets
are simply rinsed with sterilised water before transferred to ex vitro conditions. Therefore,
improvement and optimising measurements are needed to obtain a higher rate of

acclimatised C. acuminata plantlets from TIS.

5.6. Camptothecin (CPT) distribution in Plant Tissues, Organs and in Liquid Media
5.6.1. Exsitu and In vitro Seedlings

Several studies have shown that CPT is derived from the shikimate and mevalonate
pathways (Sheriha and Rapoport, 1976; Dewick, 1997; Lorence and Nessler, 2004;
O’Conner and Maresh, 2005; Zhang et al., 2007) and that it is a derivative of strictosidine.
Whereas, strictosidine results from the condensation of the amino acid derivative
tryptamine and secologanin (Kutchan, 1995; Hutchinson et al., 1979; Dewick, 1997). Until
now it is not fully understood why CPT and its derivatives, such as HCPT and MCPT are
formed or converted, nor why it is needed in the biological system (Zhang et al., 2007).
Research data have shown that the alkaloid CPT is accumulated in C. acuminata and in
several other CPT producing plants such as Ophiorrhiza pumila and Nothapodytes foetida.
CPT accumulation in undifferentiated and differentiated plant tissues of C. acuminata,
grown in different culture systems, has been examined and compared here. In the last
decade a number of reports on CPT production in in vitro grown plant tissues have been
published (Van-Hengel et al., 1992, 1994; Sakato and Misawa, 1974; Sudo et al., 1991;
Roja and Heble, 1994; Wiedenfeld et al., 1997; Ciddi and Shuler, 2000). However, to date
this is the first study reporting on CPT content in cells and plant tissues grown in TIS.
Alkaloid analyses performed on seedlings grown ex situ in greenhouse and on those of in
vitro origin revealed that CPT concentrations varied within the entire plantlet. HCPT was
only found in seedling hypocotyls. It was evident that CPT accumulation was higher in the
hypocotyls, primary leaves and apical tips than in roots or cotyledons, in both ex situ and in
vitro seedlings. Root and hypocotyl CPT concentrations in ex situ seedlings in this study
are consistent with the findings of Valletta et al., (2007). The authors reported that CPT
concentration in roots decreased as seedlings aged, while CPT content in hypocotyls
increased. The highest CPT content in roots was found in the early development of
seedlings, which was 4 to 8 days after germination. In contrast they found that the CPT
concentration in hypocotyls was very low during the first 12 days, but then increased
towards day 20. Observations have shown that CPT accumulation increased from

cotyledons, primary leaves to the apical tips. Previous studies from other authors (Li ef al.,
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2002; Lopez-Meyer et al., 1994) have also shown that CPT content was higher in young
leaves compared to other organs of mature plants. A similar CPT distribution was found in
this study for in vitro grown seedlings. There are limited studies on CPT accumulation on
in vitro grown seedlings, therefore, it is difficult to compare the CPT content in different
organs. Yuan et al, (2008) found that CPT levels in roots of three-month old seedlings
were higher in liquid (7.47 pg g FW) than in solid medium (6.96 pg g”' FW). In this
study higher concentrations were detected ranging from 23 to 30 pg g”' FW. Hairy root
cultures of Ophiorrhiza pumila, O. mungos and C. acuminata showed CPT levels of 0.2,
1.0 mg g DW and 80 ug g™ FW, respectively (Saito ef al., 2001; Yamazaki et al., 2003;
Lorence et al., 2004; Watase et al., 2004). Moreover their data are not really comparable
with the data of this study, since no Agrobacterium rhizogenes was applied.

No HCPT was found in seedlings, roots or leaves and HPCT concentrations in hypocotyls
were higher in ex situ seedlings compared to those of in vitro origin. Lopez-Meyer et al.,
(1994) also reported that HCPT is not always found together with CPT and is the highest in
bark of C. acuminata plants. Thus results of this study agree with those of Lopez-Meyer et
al., (1994) and Zhang et al., (2007) that HCPT 1is probably tissue specific for field or
greenhouse grown plants.

It is known that many alkaloids, such as scopolamine, hyoscyamine and nicotine are
synthesised in roots (Pasqua et al., 2004). However, since CPT concentration was very low
in roots, it is suspected that the roots of C. acuminata are or at least not exclusively the
source of CPT production. On the other hand this would support the hypothesis that roots
of C. acuminata were the source of CPT and a CPT decrease in mature organs could be the
result of CPT degradation or a translocation to sink organs such as young leaves, secretory
canals and glandular trichomes (Liu, 2004). Alkaloids translocation has been observed in
other plant species. In Solanaceae, nicotine and tropane alkaloids are synthesized in the
roots and then transported via the xylem to the leaves the main accumulation site (Pasqua
et al., 2004). In Catharanthus roseus catharanthine and tabersonine are produced in the
roots and then translocated to leaves where it is converted to vindoline to form vinblastine
and vincristine (Zu et al., 2003; Pasqua et al., 2004). At a cellular level CPT has been
localised in the mesophyll, sub-palisade layers and subcellular in the vacuoles of young
and older leaves (Nolte, 1999). However, the mechanism of transport and storage of CPT

remains unclear.
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5.6.2. Different Stages of Somatic Embryos

Despite several studies examining the CPT concentration in bark, leaves and roots of C.
acuminata, to date there are very few reports available on CPT production in in vitro
grown plant organs. Comparative studies on CPT of various tissues and organs have
indicated that CPT is accumulated in all parts of C. acuminata. Analyses of the different
developmental stages of somatic embryos and regenerated plantlets revealed the presence
of CPT. Non-embryogenic and embryogenic callus showed traces and low level of CPT
respectively, but as embryo development progresses, CPT content increases. Cotyledonary
embryos and regenerated plantlets showed the highest CPT content compared to embryos
of heart and torpedo stage. Traces or low levels of CPT in undifferentiated callus tissues
lead to the suggestion that CPT biosynthesis of C. acuminata requires, to some extent,
tissues or organs of differentiated stages.

Similar results were reported on somatic embryos of another CPT producing plant,
Nothapodytes foetida (Fulzele and Satdive, 2003). Zygotic embryos of C. acuminata
showed a CPT content of 1.0 mg g "' DW (Valletta ez al., 2007). However, they assumed
that CPT accumulation occurred before the fruit is detached from the parental plant. In
conclusion, this study has demonstrated that somatic embryos of C. acuminata can produce
a considerable amount of CPT under standard culture conditions without the influence of

elicitors.

5.6.3. CPT Content in Shoots Grown in Solid Media, TIS and in Acclimatised Plants

Until now, there are only a few studies concerning the in vitro culture of C. acuminata for
possible CPT production. (Sudo et al., 1991; Roja et al., 1994; Wiedenfeld et al., 1997). In
most cases CPT contents found in regenerated shoots or plantlets were very low ranging
from 0.86 to 1.99 mg g DW. Shoots and plantlets from other CPT producing plants such
as Nothapodytes foetida showed low level or only traces of CPT (Roja et al., 1994; Fulzele
and Satdive, 2003). The results presented in this study confirmed that all twelve C.
acuminata genotypes cultured in TIS and in solid medium contained CPT. However,
concentrations varied extremely among the different genotypes. It was evident that most
plants originating from Jiangsu (Ch2) showed higher CPT contents in both culture systems.
Similar results were observed among the ex vitro and in vitro seedlings from Jiangsu. It
was suggested that differences in CPT content are perhaps genotype dependent or may be
an attribute to the geographical origin of plants. Wiedenfeld et al., (1997) and Park et al.,
(2003) concluded that variation in CPT contents might be genotype specific. This would
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explain why genotypes of group Ch2 produced immensely more CPT (2.5 mg g DW in
shoots) than those from the groups Chl and Lou. Another possible explanation could be
that shoots of the different genotypes were not of the same biological age (stock plants of
Ch2 were 12 months, those of Chl and Lou 18 months old). Since plants of group Ch2
contained a significantly higher CPT concentration, it would be desirable to use these
genotypes for CPT production.

To date this is also the first study to examine the growth and CPT content in C. acuminata
shoots grown in TIS. Apparently some genotypes have the capability to produce high
levels of CPT while others produce a moderate or very low amount. At the end of the
growing period, plants grown in TIS treated with 8 IC d”' had significantly higher CPT
concentrations in both the DVS and RITA® vessels than plants treated with only 4 IC d™.
Few genotypes also showed an increase in CPT accumulation after four weeks in culture.
However, in general CPT accumulation was higher after eight weeks in culture submerged
8 times d'. Therefore, a more frequent immersions may be associated with a CPT
increment.

Concentrations of secondary compounds in plant tissues often increase in response to stress
(Mooney et al., 1991) or when nutrient availability are replenished or exhausted so that
growth is limited (Barrios-Gonzalez et al., 2005). It has also been reported that plant
secondary metabolites are produced at higher concentrations when plant growth is slow or
in non-growing cultures (Addullah et al., 1998; Komaraiah et al., 2005). Shoot
proliferation at 8 IC d™' was less than at 4 IC d', thus this could be an explanation why
CPT content was higer after eight weeks in shoots treated with 8 IC d' than those treated
with 4 IC d”. Variability in secondary metabolites production in plant tissue and organ
cultures is frequently observed (Gurney et al., 1992). Such variation may also occur
through genetic changes, tissue age, somaclonal variations or physiological states of
explants. External factors such as nutrient levels, light or temperature can easily affect the
CPT content. Pan et al., (2004a) have found that 70 mmol of nitrate was favourable for cell
growth but a decrease to 40 mmol resulted in a higher CPT accumulation in cell
suspension culture of C. acuminata. In a second report from Pan et al., (2004b) the authors
have shown that by manipulating the concentration of microelements of MS medium it is
possible to influence the CPT yield. Likewise, CPT concentration in callus culture was
effected by light and culture conditions (Park et al., 2003). However, in this study no CPT
was detected in medium of cell suspension cultures and only traces of CPT were found in

the biomass of cells. Similar results were obtained by van Hengel et al., (1994), which
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indicated that CPT is accumulated intracellularly. Li (2002) has also reported that nitrogen
deficiency increased the CPT concentration by possibly creating environmental stress.

CPT concentrations vary significantly with genotypes, seasons and plant age in field grown
plants (Liu et al., 1998, 2002). It was also shown that CPT in leaves varied significantly
with age. Young leaves showed a high CPT content which declined dramatically as the
leaves aged (Lopez-Meyer et al., 1994; Liu et al., 1998). In essence, the results of this
thesis should help to improve the in vitro culture of C. auminata as well as the overall yield

of CPT.

5.6.4. CPT Excretion into Liquid Culture Media

Data presented here show that both undifferentiated and differentiated tissue cultures of C.
acuminata are capable of excreting CPT into the liquid culture medium. An interesting
difference between the two immersion treatments used was observed. Plants treated with 8
IC d' released considerably more CPT into the culture medium than those treated with 4
IC d'. CPT excretion into liquid media at 8 IC d”' was about 6 ug g™ FW in RITA® ( 0.048
mg 1) and 12 pug g FW in DVS (0.193 mg 1"). It was suggested that the frequent
immersion may have excited a stress situation in the shoots leading to the activation of
various genes involved in alkaloid biosynthesis. In the natural ecosystems, plant secondary
metabolites are generally associated with defense responses against herbivores or
pathogens (Bertin et al., 2003), to environmental changes, such as drought, increasing
nutrients or protection against metal toxicity (Liu, 2000; Dakora and Phillips, 2002;
Hawes et al., 2003). Hence, in vitro grown C. acuminata shoots are enriched with an
increased amount of nutrient during 8 IC d”' compared to those with 4 IC d”', this may
result in a higher excretion of CPT. However, further study is needed to verify this
hypothesis. It was also reported that hairy root culture of C. acuminata released CPT up to
1 mg ¢! DW into liquid medium (Lorence ef al., 2004). Production increase of secondary
metabolites can be influenced by a variety of strategies including optimisation of the
medium salt composition (Pan et al., 2004a, 2004b), elicitation or by genetic engineering.
PGRs have also a strong influence on secondary metabolites (Arvy et al., 1994; Imanishi et
al., 1998). CPT secretion was analysed after four, six and eight weeks in this study.
Considering that the highest amount of CPT was found after four weeks with a decrease
thereafter, it would have been perhaps more interesting to follow the CPT secretion at
weekly or even daily intervals. It is possible that the CPT content was even higher shortly

after inoculation of explants.



5. Discussion 107

CPT yields in callus cultures grown in TIS were approximately 19 - 40 ug g™ FW ( 0.13 -
1.79 mg g”' DW), regardless of the IC d'. However, it was observed that fast growing calli
excreted less CPT than those with less profuse growth. A few studies supported this
observation that the accumulation of secondary products occurs at a maximum when
growth rate decreases and cultures exhibit structural differentiation such as roots, shoots or
embryogenesis induction (Yeoman et al., 1980; Yeoman et al., 1982a, 1982b). Thus, there
are further studies to be undertaken concerning the CPT content in explants grown in TIS

and their CPT excretion into the liquid culture media.

5.7. Plant Selection According to their CPT Content

Plants have always been valuable sources for the production of pharmaceuticals (Fischer et
al., 2007). However, environmental conditions, diseases and the application of pesticides
often lead to a decrease in plant quality and consequently to a fluctuation and heterogeneity
of their active substances. Therefore, controlled production appears to be of high priority.
CPT is an example of one of these valuable metabolites that showed large seasonal
variations (van Hengel et al., 1992; Liu et al., 1998; Yan et al., 2003). To date the
production of CPT via cell suspension and organ cultures have not been very profitable
(Wiedenfeld et al., 1997; Lorence et al., 2004) due to the low CPT yields.

From the twelve Camptotheca plants tested in this thesis, five were selected by the mean of
their total CPT yields as elite plants. The greatest concentrations were found in shoots
derived form genotypes Bpl41, Bpl101, Mp28, Mp35 and Lp45. A second selection has
shown that the genotypes Mp28 and Bp101 were the best CPT producing plants in terms of
CPT production in TIS.

To conclude it was evidenced that CPT contents in shoots of the different genotypes grown
in DVS and RITA® were the highest at 8 IC d' after 8 weeks in culture, whereas those
treated with 4 IC d”' were considerably lower in their CPT contents. Considering the CPT
content in in vitro grown seedlings (max. 4.81 mg g' DW), somatic embryos at
cotyledonary stage (0.75 mg g' DW), regenerated plantlets (1.23 mg g' DW) and
genotype Mp28 and Bp101 grown in TIS (2.35 and 2.25 mg g DW, respectively) it might
be of great interest to exploit the production of CPT using both culture systems described
in this thesis. Indeed, further research is necessary to manifest these results. Another
interesting aspect would be to test regenerated plants via somatic embryogenesis and

organogenesis for somaclonal variation and their CPT contents.
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The results in this thesis have shown that CPT content differed among the genotypes and
that cultures can be manipulated for a more efficient production of CPT. Thus, to meet the
pharmaceutical demand for CPT, I would propose a large-scale in vitro production of
differentiated plant material under controlled environmental conditions, which may
overcome factors that are difficult to control such as, seasonal variations of CPT, pests and
plant deseases and at the same time supersedes the extraction of CPT from plants of wild

populations.
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7.1. Abbreviations

7\461’1'1

}\fex

Hg

pum
pumol
10-HGO
2,4-D
2iP
ANOVA
Approx.
aqua dest.
B21

B22

B5

BAP

BI

Chl
CIRAD

CITES

cm
CPT
CPT-11
Decne
DNA
DVS
DW
DXP
EDTA
FDA
Fig.
Fw
G10H
GA;
HCPT
HIV
HPLC
HW
IAA
IBA
ICd"
K21

wavelength emission

wavelength excitation

microgram

micrometre

micro mole

10-hydroxygeraniol oxidoreductase
2,4-dichlorophenoxyacetic acid
6-(y,y-dimethylallylamino)-purine
analysis of variance
approximately

distilled water

2 mg 1" BAP plus 0.1 mg 1" 2,4-D
2 mg "' BAP plus 0.5 mg "' 2,4-D
Gamborg B5 Medium
6-benzylaminopurine

2 mg 1" BAP plus 0.1 mg 1" TAA
chlorophyll

Centre de coopération internationale en recherche agronomique pour le

développement

Convention on International Trade in Endangered Species of Wild Fauna

and Flora

centimetre

camptothecin

irinothecan (Camptosar®)
Decaisne

desoxyribonucleic acid

Dual Vessel System

dry weight
1-deoxy-D-xylulose-5-phosphate
ethylenediaminetetraacetic acid
fluorescein diacetate

figure

fresh weight
geraniol-10-hydroxylase
gibberellic acid
10-hydroxcamptothecin

Human Immunodeficiency Virus
High Performance Liquid Chromatography
hardwood

indole-3-acetic acid
indole-3-butyric acid

immersion cycles per day

2 mg "' Kin plus 0.1 mg I 2,4-D
2 mg 1" Kin plus 0.5 mg 1" 2,4-D
N-furfuryl-7-H-purin-6-amine (Kinetin)
lysine

metre

square metre per second
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MCPT
MECS
mm
MS
NAA
NCI
NiP
Orn
PGR
Phe
PPFD
RITA"
rpm
SD

SE

SE
SHW
SLS
SSS
SSV
SV
SW
Tab.
TDC
TDZ
TIA
TIS
Topo 1
TPT
TSB

USDA
uv
v/g
v/v
v/vIv
w/v

WPM

9-methoxycamptothecin
2-C-methyl-D-erythritol-2,4-cyclodiphosphate synthase
millimetre

Murashige and Skoog’s Medium (1962).
I-naphthaleneacetic acid

National Cancer Institute

0.1 mg "' 2iP plus 0.2 mg I NAA
ornithine

plant growth regulator

phenylalanine

photosynthetic photon flux density
Récipient a Imersion Temporaire Automatique
revolutions per minute

standard deviation

standard error

somatic embryogenesis

semi-hardwood

secologanin synthase

strictosidine synthase

sand, soil and vermiculite

sand vermiculite

softwood

table

tryptophan Decarboxylase
1-phenyl-3-(1,2,3-thiadiazol-5-yl)urea
terpene indole-alkaloid

Temporary Immersion System
topoisomerase [

topothecan (Hycamtin®)

B-subunit of tryptophan synthase
tryptophan

United States Department of Agriculture
ultraviolet radiation

volume to gram

volume to volume

volume to volume to volume

weight by volume (concentration)
Woody Plant Medium (Lloyd & McCown)
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7.2. List of Figures

Fig. 1

Fig. 2

Fig. 3

Fig. 4

Fig. 5

Fig. 6

Fig. 7

Flow chart for the micropropagation of C. acuminata. The following steps
were taken, to establish a reliable protocol for the in vitro culture, plant
regeneration and shoot multiplication. Brown boxes represent the ex vitro
conditions and the remaining colours (yellow, green, blue, purple and grey)
the in vitro conditions. DVS (= Dual Vessel System). RITA® (= Récipient a
Imersion Temporaire Automatique)

(A) One-year old acclimatised Camptotheca acuminata plants with an
average height of 1 to 1.5 m (B) Flowering plant (http://www.botanic.jp/
plants-ka/kanren.htm) (C) Green fruits (http://had0.big.ous.ac.jp/plants
dic/angiospermae/dicotyledoneae/choripetalac/nyssaceae/kanrenboku/kanre
noboku.htm) and (D) Ripe seeds (http://www.hktree.com/tree/Camptothe
ca%?220acuminatal.htm).

Natural distribution of C. acuminata in China. ® C. acuminata (Decne,
1973) var. acuminata; * C. acuminata var. tenuifolia (Fang and Soong,
1975); W C. acuminata var. rotundifolia (Yang and Duan, 1988). Seeds used
in this study where obtained from three provinces (1, 4, 11; grey underlaid).

Molecular structure of camptothecin (C,0H;6N,0O4) and 10-hydroxycamp-
tothecin (C20H16N205).

Molecular structure of the two major semi-synthetic derivatives of CPT,
irinotecan  hydrochloride trihydrate (C;3H3sN4O¢) and  topotecan
hydrochloride (C,3H23N30s), which have been approved for clinical use
since 1996.

Biosynthetic pathway for TIAs in Camptothecin producing plants (Lorence
and Nessler, 2004). The blue arrows indicate multiple steps between the
intermediates. Enzymes in red: TSB (B-subunit of tryptophan synthase),
TDC (tryptophan decarboxylase), SSS (strictosidine synthase), and 10-
HGO (10-hydroxygeraniol oxidoreductase) were characterised in either C.
acuminata or O. pumila. TSB is abundant in vascular tissues (cambium,
primary xylem and primary phloem; Lu and McKnight, 1999). Other
enzymes involved in this pathway already cloned in Catharanthus roseus
the best characterized TIAs-producing model, are also shown: 1-deoxy-D-
xylulose-5-phosphate (DXP) synthase (DXS); DXP reductoisomerase
(DXR); 2-C-methyl-D-erythritol-2, 4-cyclodiphosphate synthase (MECS);
geraniol-10-hydroxylase (G10H), and secologanin synthase (SLS). In C.
roseus DXS, DXR, MECS, and G10H are expressed in the internal phloem
parenchyma, while SLS, TDC and SSS are expressed in the epidermis
(Burlat et al., 2004).

The RITA®, a one litre vessel comprised of two compartments. (A) The
complete opened vessel with airflow vents on the cap (air inlet 1 and outlet
2). The culture medium is kept in the lower compartment of the vessel
(arrow), while plant material is located in the upper compartment laid out
with a polysulfone foam disc. (B) The upper compartment with plant
material taken out of the vessel for medium renewal.
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(A) The Dual Vessel System (DVS) consists of two separate vessels
connected with silicone and glass tubes. A Schott flask (left) is used as a
medium reservoir while explants are located in the second vessel (right).
(B) Explants during ebb and (C) during flood.

Flow chart showing the four groups of C. acuminata seeds (yellow), the
four genotypes (green) and the individual clones (blue) of each genotype.

10 Type of vessels used in this study. (A) Different sizes (250, 500, 750
and 1000 ml) of Weck® glasses used for solid medium culture. (B) The
RITA® vessel (CIRAD, France) with 2 compartments in one. (C) The Dual
Vessel System (DVS) with a Schott bottle as medium reservoir and a
Weck® glass for the growing culture.

A view inside the two plant growth chambers. (A) Chamber I primarily
used for solid and suspension cultures. (B) and (C) Chamber II for solid,
suspension and TIS cultures.

The four different types of cuttings (A), softwood (SW), semi softwood
(SSW), semi-hardwood (SHW) and hardwood (HW). (B) Cuttings,
propagated ex Situ in a substrate mixture of sand, soil and vermiculite.

C. acuminata seed. (A) Seed from Louisiana (yellow) and (B) from China
(dark brown). (C) Seed with testa and (D) mature zygotic embryo dissected
from the endosperm.

Division of a mature zygotic embryo into radicle, hypocotyl, apical tip and
cotyledon for embryogenic callus induction.

Fourteen-day-old C. acuminata seedling (A). (B) Hypocotyl segments 2-3
mm thlck for TIS culture. (C) Standard DVS, (D) modified DVS and (E)
RITA" vessels.

Epigeous germination of C. acuminata

Survival rate of the four types of stem cuttings, softwood (SW), semi-
softwood (SSW), semi-hardwood (SHW) and hardwood (HW) cultured in
substrates under greenhouse condition.

In vitro germination of C. acuminata seeds on PGR-free MS medium. (A)
Seed sown with endosperm (B) zygotic embryo excised from the
endosperm before cultured. (A and B) represent a normal germination,
whereas (C) an abnormal germination.

Three-weeks-old single shoot buds developed on nodal explants cultured
on MS medium containing BAP.

Callus formation on apical tip, cotyledon, hypocotyl and radicle of zygotic
embryos.

Effect of PGR compositions on callus formation after 4 weeks in culture.
Data shown are the means with + SE of nine replicates each containing five
explants.
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Fig.

Fig.
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Fig.

Fig.

Fig.

Fig.

Fig.

Fig.
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31

Organogenesis in C. acuminata. (A) Shoot bubs formation on apical tip.
(B) Globular structure and adventitious buds on cotyledon explants
originated from the subepidermal cells layer without formation of
undifferentiated callus mass on BI medium 4-5 weeks after inoculation. (C
and D) Shoot buds formation on differentiated callus mass derived from
radicle and hypocotyl explant, respectively.

Effects of cytokinins and auxins combmatlons used for organogene51s
induction in sohd medium: BI (2 mg 1! BAP +0.1 mg!” IAA) B21 2 mg 1"
BAP+Olmgl 24D) B22 2 mg I BAP+05mg1 24D) K21 (2 mg
I"Kn + 0.1 mg 1" 2,4-D), and K22 (2 mg I"' Kn + 0.5 mg "' 2,4-D). Bars
indicate the means of 10 replicates + SE.

Callus induction in liquid medium after four weeks. (A) Twenty-days-old
in vitro grown seedlings. (B, C) callus derived from leaf explants. (D, E)
discs shape explants from hypocotyls. (F, G) cylindrical shape explant.

Effect of cytokinin and auxin combinations and concentrations on callus
induction in liquid media after 30 days in culture. Data shown are the
means with + SE of nine replicates containing five explants each.

Organogenesis in C. acuminata in liquid culture. (A) Disc shape hypocotyl
explants cultured in MS medium supplemented with 2 mg 1" BAP and 0.1
mg 1! TAA (BI) (B) Shoot buds 4-5 weeks after callus induction at 20
umol m? s PPFD. (C) Five to 51x days after cultures were exposed to a
light intensity of 40 pmol m™? s PPFD. (D) Seven weeks old shoot buds
still in liquid culture (E) Shoot development after 3 additional weeks in
liquid medium containing 0.5 mg "' BAP.

Induced embryogenic callus in TIS. (A) Overview of embryogenic callus
in the modified DVS. (B) Enlarged view showing the asynchronous
development of embryos from globular (arrow 1) to embryo-like structures
with the typical bipolar appearance (arrow 2). (C) Embryogenic callus in
RITA® vessel at flooding height. (D) Enlarged view showing cotyledonary
stages (arrow 3).

The effect of BAP concentrations 0.5, 1.0 and 1.5 mg I BAP on the
conversion and development of cotyledonary embryos in TIS after eight
weeks in culture with an immersion of 1 minute every 4 hours.

Cotyledonary ~ embryos (A) w1th attachment (arrow) for plantlet
regeneration in DVS and RITA®. After six weeks in culture regenerants
were classified in three morphological categories (B) adnated (C)
deformed and (D) normal growth.

Comparison of embryo morphology in DVS (light grey bars) and in RITA®
(dark grey bars) grown in PGR-free medium and in medium supplemented
with 0.5 mg I"BAP. Regenerants were classified in ad = adnated, def =
deformed and n = normal growth. Data shown in this figure are the means
of nine replicates containing 25 embryos each.

Conversion / survival rate of cotyledonary embryos after 12 weeks in four
different sterilised substrates. Values represent the means + SE of 5
replicates each containing 10 cotyledonary embryos. The different letters
indicate significant differences at p < 0.05.
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Fig. 32 Sequential plantlet regeneration through somatic embryo in sterilised

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

33
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35
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37

38

39

40

41

42

substrates. (A) Selected cotyledonary embryos, after 4 weeks of maturation
in solid medium. (B) Embryo development in sand after 4 weeks and (C)
after 8 weeks. (D and E) Regenerants after 12 weeks on SV and SSV still
under aseptic condition.

Seedling and axillary buds used to establish an in vitro stock of C.
acuminata. (A) Seedling on PGR-free medium without lateral shoot
formation. (B) Seedling after removal of the apical tip with newly formed
axillary buds.

Shoot multiplication per explant in solid MS medium fortified with various
BAP concentrations after four and eight weeks among the groups Ch 1, Ch
2 and Lou. Each bar represents the means + SE (n = 80).

Morphological appearance of microshoots grown in medlum supplemented
with different BAP concentrations (0.5, 1.0 and 1.5 mg 1 ' BAP) after eight
weeks.

Shoot height in the three groups: Chl, Ch2 and Lou after 4 and 8 weeks in
culture on the different BAP concentrations. Bars represent the means + SE
of three replicates.

Effect of BAP concentratlon on shoot growth. (A) Shoots grown on 0.5,
(B) 1.0 and (C) 1.5 mg I'' BAP. Black arrows indicate a dust-like white
friable callus that emerged from former brown callus on explants cultured
on 1.5 mg 1" BAP.

The effect of BAP concentrations on shoot fresh weight after four and eight
weeks among the groups Chl, Ch2 and Lou. Each treatment consisted of
10 jars with eight shoots at culture begin. Bars represent the means + SE of
three replicates.

The morphological appearance of C. acumlnata shoots grown in the
various BAP concentrations (0.5, 1.0 and 1.5 mg 1" BAP) in DVS (A-C
and RITA® (D-F) Explants were 'treated with one minute IC four times d

over a period of eight weeks.

Mean shoot multiplication of C. acuminata in (A) DVS and (B) RITA®
treated with a one minute IC four times d”' over a period of eight weeks.
Each data point represents the means + SE of 6 to 10 vessels with 15 shoots
at culture beginning. The straight lines represent linear regression estimate
for groups Chl, Ch2 and Lou. The different letters indicate significant
differences at p< 0.05.

Mean shoot multiplication of C. acumlnata in (A) DVS and (B) RITA®
treated with a one minute IC eight times d'over a period of eight weeks.
Each data point represents the means + SE of 6 to 10 vessels with 15 shoots
at culture beginning. The straight lines represent linear regression for
groups Chl, Ch2 and Lou. The different letters indicate significant
differences at p < 0.05.

Shoot fresh weight of C. acuminata grown in (A) DVS and (B) RITA®
treated with a one minute IC four (blank bars) and eight (grey bars) times
d”! over a period of eight weeks. Bars represent the means + SE of three
replicates.
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Shoot helght among the three groups: Ch 1, Ch 2 and Lou in DVS (A) and
RITA® (B) at an immersion of 4 and 8 cycles d"' after 8 weeks. Bars
represent the means (+ SE) of three replicates. Each treatment consisted of
at least 5 vessels with 14 to 16 shoots at the beginning of the culture
period.

Hyperhydricity traits 1n C. acuminata shoots cultured in MS medium
fortlﬁed with 0.5 mg 1" BAP in TIS at a one-min immersions 4 and 8 times
d’. (A) Shoots grown 1n DVS at 4 and (B) at 8 immersions d”'. (C and D)
Shoots grown in RITA® at 4 and 8 immersion d”', respectlvely White
arrows indicate the hyperhydricity traits on leaves.

Comparison of leaf areas among shoots grown in solid medium and in TIS
after eight weeks in culture. (A) Shoots grown, in solid medium. (B) Shoot
grown in DVS and (C) shoots grown in RITA® at 4 (pale blue bars) and 8
(dark blue bars) immersions d . Significant differences between treatments
at p <0.05 are indicated by a, b, ¢, d, e, fand g.

Chlorophyll a and b contents in leaves of 8 weeks-old C. auminata
plantlets grown in the different culture systems. (A and B) Shoots grown in
RITA® and DVS at 1 min immersion every 6 (dark blue bar) and 3 h (pale
blue bar). (C) In leaves of shoots grown in solid medium and (D) in leaves
of ex vitro plantlets after 8 weeks. Significant differences between
treatments at p < 0.05 are indicated by a, b, c, d, e and f.

The effects of 0.5 mg I IBA and NAA after 6 weeks on the in vitro
rooting of C. acuminata mlcrocuttmgs in the different systems, in solid
medium, in TIS (DVS and RITA®) and in sterilised substrates (SV, SSV
and s011) Bars indicate means + SE.

Number of roots developed after 6 weeks on media and substrates
containing 0.5 mg " IBA or NAA during the in vitro rooting of C.
acuminata mlcrocuttlngs in the different systems: Solid medium, TIS
(DVS and RITA®) and in sterilised substrates (SV, SSV and pure soil).
Bars indicate means + SE.

Root length measured after 6 weeks on media and substrates containing
0.5 mg I'' IBA or NAA during the in vitro rooting of C. acuminata
m1cr0cutt1ngs in the different systems: Solid medium, TIS (DVS and
RITA®) and in sterilised substrates (SV, SSV and 5011) Bars indicate
means * SE.

The influence of IBA and NAA on in vitro rooting of mlcrocuttlngs in
different culture systems. Solid medium, TIS (DVS and RITA ) and in
sterilised substrates. (A) Mlcrocuttlngs rooted in 0.5 mg 1 IBA, (B)
microcuttings rooted in 0.5 mg I" NAA showing the root development in
the different culture systems after 6 weeks.

Ex vitro rooting by transferring microcuttings directly to non-sterile
substrate. (A) Newly transferred microcuttings cultured in SV and (B)
survived plantlets after 6 weeks.

Survival rate of microcuttings rooted in vitro after 6 weeks under
greenhouse conditions. Bars represent the means + SE of at least five
replicates with 100 plantlets per tray. Different letters indicate significant
differences at p < 0.05.
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Stomata density on leaves of C. acumlnata shoots grown in vitro in the
different systems, TIS (DVS and RITA®), solid medium, in sterilised
substrates (SV, SSV and pure soil), ex vitro acclimatised plantlets and ex
situ plants.

Callus cultures in solid medium. (A) Callus mass with globular and heart
shape embryo stages. (B) Torpedo and early cotyledonary embryo stages. (C)
Adventitious buds and (D) callus mass with root. Scale applies for (A-D).

Typical morphological structures of embryogenic callus in liquid medium.
(A) Compact clusters of embryos. (B) Embryogenic callus with roots. (C)
Dispersed cell suspension cultures with isodiametric and (D) elongate cells.

C. acuminata cell suspension cultures (A) Culture in PGR-free medium,
(B) in BI and (C) in NiP medium. A to C also show the different colour of
suspension culture after 4 weeks of inoculation in MS medium. (D - F)
Microscopic observation of dispersed cell suspension cultures 4-week
culture. (G - I) Fluorescence microscopy of FDA stained cells.

Comparison of CPT and HCPT concentrations between 6-week-old C.
acuminata seedlings grown ex situ and in vitro. Experiments were repeated
twice with seedlings from two different sources. (A) Seeds originated from
Jiangsu and (B) from Sichuan, China. Each bar represents the mean + SE
(n = 4). Root (r), hypocotyl (h), cotyledon (c), primary leaf (pl) and apical
tip (at).

CPT content in the different developmental stages. Non-embryogenic (n-
ec) and embryogenic callus (ec), globular and heart shape embryos (hse),
torpedo (tse), cotyledonary (coe) stage of embryos and shoots (sh). Data
represent the means + SE of 3 replicates (n = 7-10).

Variation of CPT content among the different genotypes of C. acuminata
grown in solid media. (A1) Shoots used for CPT analysis. Each treatment
was repeated at least three times and three samples were taken from each
culture vessel. Bars represent the means + SE of the three replicates.

The effects of temporary immersion cycles on CPT concentrations among
the shoots of twelve C. acumlnata genotypes grown in DVS. (A) One
minute immersion cycle 4 times d”' and (B) 8 immersion cycles d”. (As,
B1) Shoots used for CPT analysis. Bars represent means + SE of the three
replicates.

The effects of temporary immersion cycles on CPT concentratlons among
the shoots of twelve C. acuminata genotypes grown in RITA®. (A) One
minute immersion cycle 4 times d”' and (B) 8 immersion cycles d. (As,
B1) Shoots used for CPT analysis. Bars represent means + SE of the three
replicates.

Variation of CPT contents in young leaves of four-month-old C. acuminata
plants acclimatised in greenhouse. Mean values + SE obtained from three
independent measurements with n = 9. Bars with the different letters are
significant at P < 0.05.

Fresh weight increment in the TIS vessels, DVS and RITA®. Mean values
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are statistically significant at the 5% level.
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Fig. 64 Effects of immersion cycles on CPT excretion of shoots into the culture

Fig. 65

Fig. 66

media in DVS. (A) Shoots of individual Igenotypes treated with four IC d!
and (B) shoots treated with eight IC d”. Data shown are the average of
three replications. Error bars represent + SE (n = 3-8).

Effects of the temporary 1mmers1on cycles on CPT secretion of the shoots
into the culture medium in RITA®. (A) Shoots of 12 Igenotypes treated with
four IC d”' and (B) those treated with eight IC d”. Data shown are the
average of three replicates. Error bars represent + SE (n = 3-5).

Callus growth and CPT content in the liquid medium in RITA® of C.
acuminata genotypes Bnl, Utl, Bkl, Bll, and Wnl. (A) Increment of
callus fresh weight during eight weeks culture. (B) CPT content over a
period of eight weeks. Values are expressed as the means + SE (n = 3-8).
Means with different letters are statistically significant at the 5% level.
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