FUNADACION PARA LA INNOVACION AGRARIA
SRA MARGARITA D'ETIGNY

AV. SANTA MARIA 2120

SANTIAGO

De mi consideracion,

Me es grato enviar {os informes Técnico y Financiero de {a propuesia
cad FIAFPV2004.1-A-034 realizada en el mes de Fehrero 2005,

e . AR Ao e IS
LRGN0, & de Naye JWhos

6 -b -05
M08


iacosta
Rectángulo


GOBIERNC DE CHILE
FURDACKCN PARA LA
RNOVACION ACRARIA

CONTENIDO DEL INFORME TECNICO Y DE DIFUSION

Fecha de entrega del Informe
06 de junio de 2005
Nombre del coordinador de la ejecucion

Anja George

Firma del Coordinador de la Ejecucion

1. ANTECEDENTES GENERALES DE LA PROPUESTA

| Entrenamiento Practico en Biotecnologia

Codige
FIA-FP-V-2004-1-A-034
ﬁds't'_ti_l:a':r.lta o P_pSéﬁlantas : = !

| Anja George

Eriﬁq'_'a':ﬂ Pa_troc'i_nérifé o'ﬁesponsabla e '

Anja George

Lugar de Formacién (Pais, Regién, Ciudad, Localidad) -

Israel, Rehovot

Tipo o Modalidad de .Edﬁﬁacién'{éur;o; pasantia, sef_r__fiﬁina_ﬁo. entreotros) =

Entrenamiento

Fecha de realizacion (inicio y témmino)

04 de febrero 2005 al 06 de marzo 2005
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2. ALCANCES Y LOGROS DE LA PROPUESTA

El cultivo in vitro de plan'taswe'é una ﬁérrahaieﬁté basica y heééééﬁa en el desarrollo de
estrategias comerciales y masivas. Dentro de este rubro se considera la micropropagacién en
diferentes tipos de medios de cultivo, como sdlidos, liguidos y semi-solidos, para diferentes
especies.

Las especies vegetales se comportan diferentas entre una y otra, ya que se puede trabajar con
especies bulbosas, herbaceas, lefiosas y otras, y por ello se requiere inyestigar el
comportamiento para determinar el desarrollo in vitro de las especies de interés, que en
nuestro caso son los helechos.

Hoy hay entidades que trabajan con tecnologias muy avanzadas, que incluyen técnicas para
acelerar e! crecimiento y el desarrollo de las plantas, estableciendo de esta manera la forma
optima de cuitive por cada especie.

Es necesario acercarse a estas entidades en forma practica para visualizar y practicar estos
avances y luego adaptarios a la realidad productiva en nuestro pais, o en este caso a la
realidad del vivero.

En la actualidad, Israel es uno de los paises mas avanzados en cuanto al desarrolio de 1a|
Biotecnologia y su aplicacién en la agricultura. Generalmente los paises son muy celosos con
la transferencia tecnolbgica hacia otros paises. Es por ello que no se deber despreciar ia
oportunidad ofrecida por Investigadores de la Universidad Hebrea de Jerusaien para participar
en un entrenamiento practico y personalizado para transfenr sus conocimientos en los avances
de la Biotecnologia. Conocimientos que hasta la fecha no estan publicados y por ende solo se
pueden obtener durante un entrenamiento practico como el de esta propuesta. .
El principal interés es obtener conocimientos en el desarrollo de medios liquidos; el trabajo con
luz difusa; el uso de bioreactores; el establecimiento ex vitro de vegetales y otros temas que se
puedan prasentar con relacidn a la Biotecnologia.

En cuanto al postulante se puede afirmar que Anja George lleva 6 afos trabajando en el
Vivero Rio Tijeral en la propagacion de helechos nativos con fines comerciales. Esta iniciativa

fue apoyada inicialmente por FIA con el proyecto denominado “Tecnologia y Desarrolio en la

Produccion Comercial de Helechos Nativos.” Como resultado importante de la investigacion se

determiné que la propagacion de helechos requiere de una tecnologia mas avanzada que Iaj-
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usada comunmente en un vivero comercial, En consecuencia de esto, Anja George postuld y
luego se adjudicoé un proyecto Fontec llamado: “Desamoilo de una Tecnologia para propagar y
Cultivar Especies de Helechos Nativos in vitro Destinados a la Exportacién”. Este nuevo
proyecto se encuentra en su fase inicial, con la construccion de un laboratorio para el cultivo
de tejido, especializado para la propagacién de helechos en medios liquidos.

El entrenamiento en {a Universidad Hebrea de Jerusalén es de suma importancia para permitir
un avance significativo an el trabajo propuesto para el laboratorio, ya que promete capacitacién
en el uso de medios liquidos, que actualmente son usados para la propagacién de helechos y
muchas otras especias mas.

Después de una profunda revision de bibliografia y de Internet se pudo constatar que la
tnformacién publicada con respecto a ese tema no esta completa, y se maneja entre los
invastigadores en forma muy reservada.

I
Ademas de (o anteriormente mencionado, permitird establecer un contacto muy importante con

este centro de invastigacion para futuras investigaciones o intercambios. Este interés lo
manifestd la Sra. Rina Kamenetsky que va a trabajar como tutora acompanande a la
postulante durante el entrenamiento. Cabe sefalar que ella fue quien ofrecid este

entrenamiento a la interesada y la contacté con la Prof, Meira Ziv, del RH Smith Institute of

Plant Science.

Laboratonos para el cuitivo in vitro existen vanos a nivel nacional, y por ello es importante

contar con tecnologia de punta para lograr un real avance tanto del punto de vista profesional
como también desde al punto de vista comercial, ya que [os conocimientos son un patrimonio
muy dificil de adquirir y muy valioso dentro de una empresa, ya que permite marcar la
diferancia entra una empresa y otra,

Anja George previo a la planificacion de este entrenamiente ha visitado varios laboratorios de
ta Regién, tanto Universidades como laboratonos privados y ahi se pudo constatar que en
ninguna parte se pueden obtener informaciones completas y seguras para mejorar las

tecnologias en el laberatorio. Las emprasas y Universidades chilenas son aun mas celosos con

sus conocimientos y no estan dispuestos a compartirlos con empresarios locales, ademas que

no cuantan con una tecnologia de punta en mMuchos casos y qua asts probada en el cuiltivo da,
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helechas. Actualmente las Universidades consultan en el vivero Rio Tijeral las experiencias
obtenidas durante el proyecto FIA, va que es el Unico estudic mas completo que se ha
realizado en la propagacién de helechos nativos hasta la fecha. Es decir, no se puede esperar
muche aporte desde una Universidad en Chile en el tema de la propagacién de helechas en
medios liquidos ya que no se esta realizando. Es por eso que se tomd la decisidn de participar
en un entrenamiento en el extranjero que ofrece ventajas desde el punto de la tecnologia

utilizada y de la disponibilidad de los entrenadores para capacitar en forma gratuita a la
postulante.

Objetivos alcanzados tras la realizacion de fa propuesta

Participar en un entrenamiento practico para conocer avances tecnologicos en cultivos liquidos
i

Mejorar los conocimientos actuales

Participar en una investigacion usando tecnologia de punta
Transferir los conocimientos obtenidos durante el entrenamiento

Establecer contactos importantes con investigadores israelitas

Resultadqiz & impactos esperados ificiaimente en la propuesta

1. aumentar productividad del vivero
2. definir un protocolc para reproducir helechos nativos in vitro ‘
3, confeccionar bioreactores para la multiplicacion masiva de helechos

4. crear un contacto con Investigadores para apoyar el trabajo en el vivero desde afuera.

Durante el entrenamiento se lograron obtener conocimientos que ayudaron en forma
significativa en el avance de! proyecto que se esta llevando a cabo en el vivero. El programa
de entrenamientc fue elaborado para comenzar con conocimientos bdsicos y luego finalizar
con la introduccién a tecnologias mas avanzadas. Como una pare del entrenamignto fue
realizado en un instituto de investigacion dentrec de un programa de investigacion se pudo
ademas tener acceso a informacion reciente en temas como bioreactores, produccién de
aspecies bulbosas, peonias y otras.

En este momento se estan aplicando las tecnologias conocidas en lIsrael. por lo tante adn no‘
se ven los resuitados en el trabajo del laboratorio. Estos resultados son a mas largo piazo y_[
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podran recién verse en al menes 8-12 meses.

Durante la estadia en Israel tuve la posibilidad de acompanar a la Sra. Rina Kamenetzky en
dos oportunidades a temmeno para asesorar productores de peonias en el desierto de Ber
Sheva y en Los Gelan Hights. Gracias a estas visitas pude apreciar en terreno la produccion
forzada de peonias y establecer contactos con productores israelitas.

El entrenamiento realizado en Israsl fue muy puntual para conocer las posibilidades de
reproducir helechos nativos chilenos in vitro, pero actualmente no se esta realizando la
reproduccién in vitro en otros viveros del pais, por 10 cual ne es posible comparar la situacién.
Inicialmente se seguird trabajandc en el vivero Rio Tijeral para finalmente establscer un
protocolo de reproduccidn para distintas especies de helechos nativos. Este ES un proceso
que durara algun tiempo, por lo tanto no es posible concluir algo en forma definitiva en este |
momento. J

Ak
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La actividad realizada deja muy en claro que se debe seguir trabajande cambiando algunos
aspectos técnicos anteriormente implementados y sobre todo utilizar la ayuda ofrecida por
Meira Ziv y Rina Kamenetzky para resoclver los problemas que se presenten durante la
realizacién de la investigacion.

1

3. ASPECTOS RELACIONADOS CON LA ORGANIZACION Y EJECUCION DE LA
PROPUESTA

Objetivo

Fecha Actividad " Lugar
07 al|Entrenamientc en técnicas Conocer la tecnologia RH Smith Institute
12 de|basicas de uso de medios| aplicada a través del trabajo of
febrer | jiquidos en el laboratorio Plant
o 2006 Scien
ce
1 4 al|Introduccion en el uso de| Usary adaptar Bioreactores | RH Smith Institute
24 de| Bioreactores para la siembra de esporas de of
febrer helechos nativos Plant
o 2005 Scien
ce
25 delde twjido de plantas y sus Aprender la tecnologla : ,
febrer laspectos fisiologicos aplicada para e! cultivo RH Smith tnstitute
o al 02 masivo de especies vegetales of
g in vitro =N
marzo Scien
de ce
2005

:algunas de las aet;vtdad&u :
modificaron. 2

Al comparar las actividades programadas en 12 propuesta aprobada con las actividades
que realments se realizaron, cuandq' namasponda sefalar las razones por la nual&s
das no se mahznron como eataba p
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Resumen Actividades realizadas:

06/02/05 Llegada a Tel Aviv a las 21:30 hrs.. Rina Kamenetzky me recibe y me lleva a la Reisfeld
Residence donde esta amendado un departamento por un mes.
07/02/05 A las 10:00hrs. Encuentro con Meira Ziv para mostrarme el Campus, el iaboratono, personas
con las cuales trabajaré y otros aspecios relevanies como la Biblioteca, Fotocopiadora etc,
Este dia me entrega bibliografia para revisar y nivelar mis conocimientos (ver lista adjunta)
08/02/05 Se comienza con la preparaclon de megdios para {a propagacion de helechos, tanto para
medios liquidos como para soildos.
08/02/05 Transferencla de helechos comprades a (ubos de ensayos y boteltas con medio Bquido.
Especies: Nephrolepis exaltata Boston Fern. Todo el dia se trata de ensefiar metodologia para trabajar
en forma aséplica &n las camaras de flujo laminar y en especial con helechos.
10/02/05 Salida a terreno con Rina Kamenetzky para ver produccién de Peonias en el desierto de Be'er
Sheva. Se vlsitaron en total tres productores en compaiiia de investigadores, coordinadores del proyecto
y productores de todo & pals.
13/02/06 SE preparan nuevos medios y se comienza a trabajar la introduccién de matenal vegetal.
14J02/05 Sigue el irabajo en la cAmara de fiujo laminar con la transferencia de helechos. Sigue una
profunda revision de bibliograffa.
18/02/05 Se trabaja con distintos medios para Canna indica, lavade de rizomas y su desinfeccion.
18/02/08 Este dia se trata de 1a aislamiento de meristemas bajo la tuteria de Vered. Se realizan cortes
con &l ejemplo de Canna indica y hetechos como Nephrolepis El trabajo contempla identificacidn de
meristemas vegetativas y aquetios que dan origen & flores como su aistamiento y ublcaclon en los tubos
de ensayo. SE concuerda que no es facil ver un meristema de helechos.
1 17/02/05 Se trabaja principalmente con la introduccién de material vegetal.
20/02/05 Se debe realizar una transferencia de plantas que se han dividido anteriormente, ya que el
i medio liquido presenta muchas impurezas.
| 21/02/05 Salida a terreno en el sector de los Galan Hights. Se visitan dos productores y un centro de
"investigacion en el pueblo de Nov, En este centro realizen importantes investigaciones en {a produccion
| de Proteas!
I 22/02/05 Primer dia de irabajo en el Volcdn Centre. Comenzamos con {a preparacién de medias para
| :‘]ranﬁiferir Narcissus. Se ensefia [a propagacion in vitro de esta especie a través de escamas y vastagos
orales.
| 23/02/05% Salda a terreno para visitar un productor de una nieva especie para fiores de core
Omitagalum dubium. En este vivera estan canstruyendo un laboratorio para reproducis distintas especies
para lg produccion de flores de cone.
| En la tarde trabajo en el Volcan Centre en [a camara de flujo [aminar.
| 24/02/0% Sigue en trabajo en el Voican Centre en la camara de flujo 1aminar, ademas de ser introducida
en el uso de distintos equipos de este laboratorio.
28/02/06 Salida a terreno con Rina Kamenelzky para visitar al productor de O. Dubium mas grande del
pais. En | tarde introduccién en el uso de Bicreactores con Meira Ziv.
01/03/08 Visita la faria Agro Mashov en Tel Aviv.
027023/08 Viaje da rogreso.

415/04/06 Charla de difusién en la Reunién de Productores de Pesnias
00/04/06 Charta de difusidn en el liceo People Help People
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Institucion/ | Paratng e = e . 5
Empresa/Organi-| - < Cargo Fonol/Fax | . Direccién E-mail
il - . Contacto _

- zaclén - : -

Universidad
Hebrea de | Meira Ziv Profesora ggiaem
Jerusalem l
:2:2:31 and Menashe
Development Menashe Cohen | Investigador Nov @migal.o
Station rq.il
frankelik
Vivero Bulbos Elik Frank dueio 3334743 - @yahoo.
com
Volcan  Centrs | Rina Jefe dep. | 0396835 o
Bet Dagan Kamenetzky Horticola 11 @———q-—h‘ca
g l
| |
1| . |

SanT

Tipo de Mate'r'i;a'l'

N° Correlativo {si
es necesario)

Caracterizacion (tituio)

Articulo

In vitro acclimatization

Quality of microporopagated plants
Background Knowledge

Controf of Oxidative Browning

Mass propagation of fems through tissue cutiure
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Libro - -
Diapositiva -
cD 1 fEntrenamiento israel (Fotos, documentos,
informe)

Se realizaron dos charlas de difusion;

1) Reunién anual de productores de peonias: Fecha: 15 de abril de 2005. Se hizo una
presentacién con Data show a base de fotografias con especial hincapié en la
produccion forzada de peonias en Israel. Se tuvo que realizar este cambio de tematica,
ya que |2 producciédn in vitro de helechos no era de un interés para los asistentes. Se
agrega archivo de Power Point en CD adjunta.

2) Liceo agricola People Help People: Fecha 19 de abril de 2005. Al igual que en la|

reunidon de productores se hizo una charla con Data Show mostrando fotos vy
explicando verbalmente. En este caso se sostuvo una reunidn de aproximadamente

una hora, donde los alumnos preguntaron todo lo relacionado a la charla y los
programas FiA.

Tipc de material Nombreoidenti.flcacidn Prephrado 'pbr - Canlilda'd'
. |

| L

I
Datashow Entrenamiento en Biotecnologia | Anja Gegrge 1

P

nactividades dodifusion

LNcmbre {Ver lislas en los anexos.

|
=
J
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Apeliido Paterno

Apeliido Mateno

RUT Personal

Diraccién, Comuna y Ragién

Fono y Fax

E-mail

Nombre de la organizacion, empresa o
institucion donde trabaja / Nombre del
predio © de la sociedad an caso de ser
productor

RUT de la organizacién, empresa o
institucidon donde trabaja / RUT de la
sociedad agricola o predio en caso de ser
agricultor

Cargo o actividad que desarrolla

Rubro, area o sector a la cual se vincula o |

en la que trabaja

Evaluacitn de las actividad

cita,

Las dos charlas que se realizaron tuvieron buena aceptacion por parte de los asistentes,
manifestandose esto en la gran cantidad de consultas que se hicieron. En cuanto a la
publicacion en el Diario Austral no se tuvo un buen resultado ya que hasta la fecha de entrega
| del informe no fue posible lograr que se publique un articulo. A pesar de reiteradas llamadas
| telefonicas la persona encargada no realizé la entrevista ya que no se pudo concrelar una




item ’ Bueno Regular  Malo
Recepcion en pais o regiébn de destino segin lo X
programado
Cumplimiento de reserva en hoteles X
Cumplimiente del programa y horarios segun o X
establecide por la entidad organizadora
Facilidad en el acceso al transporte X
Estimacion de los costos programados para toda la X
actividad

a) Efectividad de la convocatoria

NO HUBO

by Grado de participacion de los asistentes {interés, nivel de consultas, dudas, etc)

FUE UN ENTRENAMIENTO PERSONAL

¢) Nivel de conocimientos adquiridos en funcion de [0 esperado (s& debe indicar sila
actividad contaba con algun mecanismo para medir este punto)

NO SE REALIZO

d) Calidad de material recibido durante la actividad de formacién

MUY BUENO, YA QUE SE REALIZARON EN FORMA PRACITA LAS INSTRUCCIONES.

' En caso de existir un item Malo o Regular, sefialar los problemas enfrentados durante el
desarrolio de la actividad da formacién, |a forma como fueron abordados y las sugerencias que
puedan aportar a mejorar.
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e) Nivel de adecuacion y facilidad de acceso a infraestructura/equipamiento necesario para el
logro de los objetivos de |a actividad de formacién.

EXCELENTE

f) Indique las materias que fueron mas interesantes, mas desamralladas a lo largo de la
actividad de formacién y las que generan mayor interés desde 2! punto de vista de la
realidad en la cual se dasenvualve el paricipante.

LOS TRABAJOS PRACTICOS GUIADOS.

g) Problemas presentados y sugerencias para mejorarios en el futuro

a) Apoyo de la Entidad Patrocinante (cuando corresponda)

bueno regular malo

Justificar:

|b) Informacion recibida por parte de FIA para realizar |a postulacion

__X__amplia y detallada aceptable deficiente

|
Justlficar:

| ¢) Sistema de postulacion al Programa de Formacién o Promocidn (segun comresponda)
|

|

i adecuado __X__ aceptable deficiente

|

———

Justificar:

4
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d) Apoyo de FiA en la realizacién de los tramites de viaje (pasajes, seguros, olros) (3dlo
cuando comesponda)

_X__bueno regular malo

Justificar:

L m L a am L e e

8) Recomendaciones (sefalar aquellas recomendacionss que puedan aportar a mejorar los
aspactos administrativos antes indicados)




ANEXOS

1. RENDICION DE GASTOS
2. BIBLIQGRAFIA RECOPILADA ,
3. LISTAS ASISTENCIA ACTIVIDADES DE DIFUSION



1. RENDICION DE GASTOS



RENDICION GASTOS PROYECTO FIA-FP-V-2004-1-A-034

ITEM COSTOTOTAL WWW@:
Pasaje Aéreos intemacionales $913.880 $0[ $913880] $913.880 $0
Pasajes Aéreos nacionale $74.072 $0 574072 $74.072 $0
Tasas embarque $ 76,756 $0 $76.756 $ 76.756 S0
Seguro de viaje $78.740 $0 $78.740 $78.740 $0
Pasaje terresire intern, $ 124.000 $0| $124000f $87.578 $ 36.422
Pasaje terresire nacional $ 32,000 $ 32.000] $0 $ 28.300 $3.700
Algjamientc $ 5985.200 $ 595.200 $351.000] $244.200
Viatico alimentacion y mav, $ 297.600 § 297.600 $§0| $297600 $0
Matricula $0 __§0] $0 $0
Materales de trabajo $ 310.000 $ 155.000 $ 155.000 $ 448.500| -5 138.500
Material de difusion $ 20.000 $ 90.000 $0 $79.895 $ 10.105
Gastos emision garantia $48.000 $ 48.000 $0 $ 10.500 $ 37.500|
SALDO - : 7 : S : - T R
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20. In vitro acclimatization

Meira Ziv
Deparimeni of Agricultural Botany and the Warburg Center for Biotechnology in Agriculture, the
Hebrew University of Jerusalem, P.O. Box 12, Rehovor 76100, lsrael
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3. Effects of the culture microenvironment 3. Advanced technologies for
on plant development acclimatization i vitro
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Key words: Automation. growth retardants, hardening, hyperhydricity,
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density, plugs, scale-up, transplanting
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Spectes. cauliflower. chestnut, Chrysanthemum, Delphinium, Dianthus caryvo-
phyllus (carnation), Geranium, Gladiolus. Juglans (walnut), Lilium, Lycopersicon
(tomato), Malus (apple). nerine, peach, Philodendron. Picea abies (spruce),
Pinus radiata (pine), Prunus (plum; sour cherry), Ptilotus, Rosa multiflora (rose),
Rubus (raspberry). saffron crocus, Solanum uberosum (potato), Spathiphylium.

et i

1. Intreduction

Plant propagation im vitro is currently an advanced biotechnological method to
produce identical pathogen-free plants for agriculture and forestry. The method ?

493

J. Altken-Christie, T. Kozai & M, Lila Smith {eds.), Aviomation and Envireamenial Conirol in
Plant Tissue Culture, 493-516,
© 1995 Kluwer Acadenic Publishers. Printed in the Netheriands.



494  Meira Ziv

is still costly, and handicapped because intensive hand manipulation of the
cultures is required, plant establishment is slow, and survival ex virro is often
low. Efficient commercial micropropagation depends on high proliferation
rates during the multiplication stage, successful preparation of the plantlers
during the acclimatization (hardening) stage and a high rate of plant survival,
which must be coupled, to some degree, with automation.

The structure and function of micropropagated plants, as affected by various
culture conditions unique 1o the in vitro environment, determines their ability 1o
make the transition to the ex virre environment, Plants grown in small culture
containers in vitro are exposed to high levels of inorganic and organic nutrients,
high relative humidity, elevated carbohydratc and growth regulator levels, low
irradiance. limiting osmotic and water potentials in the medium, and limited
CO; and O; gas exchange. These factors contribute to high proliferation rates,
but also often induce physiological, anatomical and morphological
abnormalities which interfere with the acclimatization and transplanting stages,
and causc low survival rates ex vitro (Gaspar et al. 1987; Kevers et al. 1987; Ziv
199ta.d}. The primary anomaly of piant structure and function that occurs in
vitre has been recentiy delined appropriately as “hyperhydncity™ (or
hyperhydration) by Debergh er al. (1992). (Formerly, this phenomenon was
called “vitnfication™ see Paques and Boxus (1987).}) Hyperhydricity, which is
characterized by various degrees of morphological and physiological disorders
including a glassy. waterlogged ussue appearance and distoried growth, has
mainly been reported in the shoot system, and more specifically in leaves (Ziv
1991a). Hyperhydricity influences photosvnthesis. transpiration and CO. and
Q. gas exchange; dominant processes which could be detmimental to plant
quality and survival (Kozai 1991d; Preece and Sutter 1991: Ziv 1991a). Other
structural and functional ahnormalities that have been cited lor ir vitro plantlets
include sparse, underdeveloped leaf mesophyll, malfunctioning guard cells, and
inferior vascular connections (roats and shoots),

The unfavorable consequences of the fin vitro environment on plant
development can he circumvented effectively by medifying the m visro
microenvironment to more closely parallel ex vitre conditions. By eliminating
the abnommalities ciled above wia mucreenvironmental modilication. a
micropropagated plant’s ability to survive after ex vitro transplant is improved.
In vitro plantlets are known to have limited photosynthetic capacity, reguire
sugars as an energy source and specific levels of nutrients and growth regulators.
During hardening. a deflined physical environment with controlled 1rradiance.
gas (CO. and Q) exchange and relative humidity are prerequisites for plant
acchimatization (Kozai 1991d. Preece and Sutter 1991: Sutter er al. 1992).
Current in virre procedures for acclimatizanon ate still unsatisfactory in
providing quality micropropagated transplants for the greenhouse or the ficld.
The alternative solution appears 1o be in providing culture conditions in vitre,
prior to transplanting. which resemble photoautoirophic conditions ex rirro,
and provide an optimal water balance for plant development (Kozai 199tb;
Sutter er af. 1992), The procedures emploved in conventional ex virre
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acclimatization - a gradual decrease in the relative humidity, removal of sugars,
elevated irradiance and CO; - should be incerporated earlier in the production
regime, during the preparation and hardening stages in culture. These
modifications enhance the development of normal and adequate plant structure
for cfficient physiological functioning, improving shoot and root quality and
increasing the survival rates of the plants ex vitro. Accelcrated acclimatization
in vitro can be achieved while the plants ¢elongate and develop the shoot sysiem,
and the root system for some species. Modification of the in vitre production
phases 10 more closcly resemble ex virra conditions will also contribute
significantly to reduction in cost, resources, space and energy, and advance the
achievement of economical micropropagation schemes.

This chapter describes the effects of culture conditions on plant structure and
development. the significance of acclimatization in vitre for quality plant
production prior to ex vwitro transplanting, and various novel updated
technologies which provide an improved in vitreo environment that promotes
superior plant development and performance ex vitro.

2. Plant structure and function fm vitro

Clona! micropropagation of plants requires the establishment of culture
conditions that promote extensive shoot proliferation. Culture conditions
sustaiming high shool multiplication rates have 2 paramount effect on the
anatomy. morphology and physiclogy of the developing shoots.

Leaves are the major organs affected during shoot development in vitro.
Although stem structure is also affected, it has (unless very malformed). a
smaller immediate impact on plant water stress and ex vitre survival. Roots.
indispensable organs for a positive water balance. can be induced both i virro
and ex vitre by auxin {Preece and Sutter 1991), but the ex virro-produced root
svstem 1s far better adapted 1o survive acchmatization (Dongelly er af. 1985,
Rogers and Smith 1992; Smith and McClelland 1991). Specific mfluences of the
im viiro mMicroenvironment on each of these organs are detailed below (Sectien
3.

Leaves of micropropagaled plants which arc confined in small. nearly
airtight containers under low irradiance and high refatve humidity were
smaller. thinner. often translucent, and had poorily developed epidermal and
mesophyll tissue. The cuticular layer in many species was reported 10 be
structurally and chemically different from field grown plants (Cappelades ¢¢ al.
1990, Grout and Aston (975, 1977a; Sutter 1984, 1985: Sutter and Langhans
1979, 1982; Ziv et al. 1983). The stomatal apparatus in the epidermal tissue of
micropropagated plants differed markedly from greenhouse and field grown
plants. In geranium. rose, apple. and carnation. abnormally large siomata were
observed (Blanke and Belcher 1989, Reuther 1988; Ziv er al. 1981, 1983, 1987).
The guard cells were round instead of elliptic. raised above ihe epidermal
surface and had thinner eell walls enclosing a large pore, which often remained

|
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open {Donnelly and Vidaver 1984a,b; Lee ef af. 1985; Preece and Sutter 1991,
Weizstein and Sommer 1982, [983; Ziveral. 1987). Stomatal density varied from
one species to another, usually less densely scatiered than in field grown piants
(Preece and Sutter 1991: Smith and McCown §983). Maifunctioning guard cells
in several investigated plant species remained open even in darkness or under
waler siress conditions (Ziv 1991a). High CO;, presence of ABA and Ca**, as
well as hypertonic solutions did not induce stomatal aperture closure in leaves or
in isolated epidermai stnips from cultured apple, pium, cauliflower and camation
plants (Brainerd and Fuchigami 1981, 1982; Brainerd et ai. 1%81; Fuchigami ef
al. 1981; Wardle et al. 1979; Ziv er al. 1987). Stomata from in virre Delphinium
leaves only partially reduced their aperture when exposed to closing signals
{Santamaria ei al. 1993). When CO.-{free air was applied to chrysanthemum
plantspartial closure was observed, however, neither darkness nor ABA induced
stomatal closure (Wardle and Short 1983). Structural changes in the guard cells
were accompanied by changes in the cell wall composition as revealed by
epidermal histochemical studies. Lower levels of cellulose. pectins and cutin and
elevated levels of caliose were observed (Arie! 1987; Marin er al. 1988; Werker
and Leshem 1987; Ziv and Arie! 1992, 1994). These were also accompanied by
changes in the cellulose microfibril orientation revealed by the disoriented
birefringence patterns (Fig. 1a.b) in guard cell walls {Ziv and Ariel 1922, 1994).

Changesin leaf epidermal cell struciure inevitably affected their physiological
funciion, manifested in the failure to control transpiration and in water
imbaiance. Cuticular and stomatal transpiration were higher in
micropropagated than in field-grown planis. Leaves in transplanted apple
planilets lost water from the unclosed stomata at a significantly more rapid rate
than the leaves of greenhouse grown planis. However, after about a week of
acclimatization ex vitro, transpiration reached similar rates in the two plant
groups (Brainerd and Fuchigami 1981). Potate plant transpiration in viire was
lower than in ficld grown plants {Kozai es al. 1992a). but when cultured under
lower relative hurmidity the plantiets were more resistant to water stress without
adecrease in dry weight (Tanake eral. 1992}, Shackeler af. (1990) calculated that
the amount of water lost over a period of 24 hours, afterremoval of apple shoots
from culture. was equivalent 10 2-3 umes the initial weight of the plants,
although many of the stomata closed. Preece and Sutter (1991) state that “one
cannot generalize that stomata of all micropropagated plants are unable to
close™. Differences in stomatal response which exist between excised and intact
leaves (Sutier 19881 and different experimental procedures may explain some of
the cantradictory results.

In most species studied. the leal mesophyll in viiro had a poorly developed
pahisade tissue. and was composed mainly of spongy parenchyma tissue with
large intercellular air spaces {Brainerd and Fuchigami 198%; Grout and Aston
1978: Werker and Leshem 1987: Wetzstein and Sommer 1982). The mesophyl!
cells also had poorly developed chloroplasts. were low in chlorophyll and
protems and had disorganized prana (Cappelades o al. 1990: Lee er af. 1985:
Wetzstein and Sommer 1983; Ziv er of. 983, 1985: Ziv and Ariel 1992).
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Fig. }. Stomata from a normal carnution leaf showing 1y preal guard cell wall microfibril orientation
1), and open malformed stomaty from why perhy drous leal lacking nermel cell wall structure (byj Zin
and Arnel 1992y,
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High relative humidity. fow irradiance. the presence of high sucrose in the
medium and inadequate CO, levels contribute to the heterotrophic growth of
plants in culture. This is also due to poor chloroplast organization and
inadequate metabolic activity of the photosynthetic enzymes (Desjardins er al.
1994, this volume). The uptake and fixation of CQO, by in vire plants is
considerably lower in conventional agar cultures, in comparison to greenhouse
or fiedd grown plants (Donnelly er al. 1984: Grout and Aston 1977a; Reuther
1988; Tani er af. 1991; Watanabe et al. 1990). However, photosynthetic response
curves estimation in several ornamental species showed that an increase in CO,
and irradiance levels can enhance photosynthesis (Kozai [991a).

Low ribulose biphosphate carboxylase {R ubpcase) activity contributed to the
iow rates of photosynthesis in cultured plant leaves (Grout and Aston 1977b:
Grout and Donkin 1987: Grout and Millan 1985; Grout and Price 1987).
Photosynthetic rates increased upen the removal of sucrose (Cappelades et al.
1990; Short er af. 1987) and the elevation of CO, (Desjardins er al. 1987, [990;
Kozai 1991h: Kozai and [wanami 1938; K.ozai er al. 1992a).

Plant stems developing in vitro are hypolignified, cell walls are thin, and there
are large intercellular air spaces with a limited development of vascular tissue.
Donnelly er al. {1985) observed that stems of micropropagated red raspberry
plants had considerably less sclerenchyma and collenchyma supportive tissue
than ex virro piants. In chestnut, geranium and appie the stems lacked
sclerenchyma tissue and the cortical and pith cells were hyperhydraled with Jarge
air spaces. Carnation stem vascular bundles lacked the normal organization
{Werker and Leshem 19387), while in cauliflower, roots and stems, vascular
connections wereincomplete {Grout and Aston 1977a). In sour cherry. the xvlem
was functional and appeared to be continuous between the root and the shoot
iMarin er al. 1988).

The usually agar-solidified root zone environment results in adventilious
roots with poorly-developed vascular connections, litile-to-no secondary
thickening (for woody plants). aloose cortical cell arrangement, pigmented cells,
and several other anomalous features which interfere with successful ex ritre
acchmatization {Donnelly ¢/ af. 1985; Rogers and Smith 1992 Smith and
McClelland 19913, As a result. only a percentage of the m virro-inilated roots
may survive ex vitro acclimatization. and depending on species, the eriginal roots
mav be replaced with new ex virre root initials (McClelland er af. 1990}

Provision of stress-freeculture conditions, to overcome the complex nature of
hyperhvdranion. must be emphasized in relation to the vanous metabohc
pathways involved in plant morphogenesis and physiological function.

3. Effects of the culture microenvironment on plant development
The general features of the wr vitre environmentl. its measurements and

manipulation were reviewed in several papers by Kozaif1991a,.b.c.d.e). Kozai e
af (1992ar and Ziv (1991a). The features entail a low flow rate of matenal and
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energy, small fluctuationsin temperature, high relative humidity, low istadiance,
diurnal changes in CO», the presence of sugars, growih factors and regulators.
In most cases, these unique, unpatural conditions effect the abnormal growth
observed in virro. However, the microenvironment can be manipulated and
optimized substantially to sustain normail plant development in vitro and reduce
the need for extended periods of usually stresslul acclimatization ex virro (Preece
and Sutter 1991).

3.1. Mineral nutrient ievels and composition

The mediurm most commenly used in conventional micropropagationat full, one
half strength or any other combination of minerais, was developed by Murashige
and Skoog (MS) {1962) for tobacco callus. [t is high in nitrogen, polassium,
magnesium and calcium and was found suitabie for heterotrophic cultures.
Several reports have suggested that shoot growih was better organized on haif
strength MS mineral salts medium (Kozai e7 af. 1988b. 1991). High levels of
nitrogen in the NH{ form were reported to cause hyperhydration. and
hypolignification in several species. Plant morphogenesis was shown 1o improve
and malformation to disappear in plants cultured inreduced M$ salts or in media
with lower levels of nitrogen (Ziv 1991a; Ziv and Ariel 1992).

The effects of Ca** and Mg** on plant development in vitro are contra-
dictorv: in some species high levels improved growth while in others high levels
induced abnormal structure and function of the plants (Gaspar ef afl. [987:
Kreutmeier ef al. 1984: Ziv et al. 1987). Supplementation of PO during the
latter stape of the culture period promoted the growth of strawberry plantlets
{Kozai 1991d).

I1seems that reducing the levels of some mineral notrignts, to levels similar to
media used in hydroponics, especially in scaled-up liquid cultures, cancontribute
to an improved morphogenelic response which provides for more efficient
acclimatization (Kozai er al. 1992a: Ziv 199]a).

32 Relative humidity «+ RH ) i the culiure headspace and medium water
potential

Plant growthand developmentcan be severely influenced by high RH and media
water potential Temperature gradients mside the culture vessels and in the
growih chamber may cause an increase of up tp 95% RH in liquid or semi-solid
agar media {Debergh 1987: Ziv 1986, 1991a). Various methods have been
suggesied to obviate detnmental effects of RH. In conventional
micropropagation vanous gelling agents are used 10 support plants: their levels
together with sugar and mineral concentrations will determme the water
poteniial of the medium. the gradient between the medium and the culture
atmosphere and 1hus the RH. Increased levels of agar - 1.0%-1.3% — provided
an environment with lowered RH and supported normal growth (Debergh er af.
19%1: Von Arnold and Entkson 1984: Ziver a/. 1983, Theaddition of desiccants.

.
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PEG. a lanolin layer over the agar, or saturated salt solutions in the immediate
environment to reduce RH have been shown to improve plant growth, wax
deposition in the cuticle and stomatal function {Sutter and Langhans 1979, 1982;
Wardle ez al, 1983; Whish er al. 1992; Ziv er al. 1983).

The type of vessel closures used in conventional micropropagation 10 control
contamination and desiccation prevent proper exchange of water vapor and
other gases (CO., 0., C;H,). Loosely capped culture vessels were shown 1o
prevent hyperhydration by providing a better gas exchange(Blazkova et af. 1949;
Dillen and Buysens 1989; Hakkaart and Versluijs 1983; Koza) and Sekimoto
1988 Ziv 1991a). Recently, the use of gas permeable films as enclosures, as well
as forced ventilation were reported to improve shoot growth (Kubota and Koza:
1992; Tanaka e af, 1992a.b: Tsuji ef af. 1992). Fujiwaraet al. (1993}, Kozai er al.
{(1992a) and Ibaraki et al. {1992) have demonstrated the dependence of the
culture’s RH on the number of air changes. on the gradient between the inside
and outside environment of the vessels, and on leaf area of the plant.

3.3. Gaseous componenis in the culture vessel

The type and tightness of culture vessel enclosures determines the concentration
of COs. O., C;H, and water vapor in the culture gaseous atmosphere. In most
cultures the CO- conceniration, which was close 10 the compensation point,
decreased duringthe light and increased during the dark péeriod (Desjardins e af.
1987. Fujiwara er af. 1987 Pospidilova er af. 1992; Solarova 1989, Woltering
1986). These fluctuations were shown 10 exist also in loosely capped vessels with
gas permeable membranes {Kozai 1991 b). Under photoheterotrophicconditions
of low irradiance and sucrose supplied as the energy source, the low level of CO;
was not a growth limiting factor (Kozai e¢ af. 1938, 1990). The iniroduction of
advanced methods for the scale-up and automation of micropropagation
imposes a demand for autotrophic or mixetrophic culture condition for quality
planis {Aitken-Christic et ul. 1992). CO» enrichment was shown to increase
photosynthesis under clevated irradiance in several species. whick was further
improved by removal of sucrosc from the medium at a reduced RH (Kozai et af.
1991; Nakayvama e¢ of. 1991). Various measures taken to enrich plant cultures
with CO. suggested the use of a CO: control system in which CO. enrichment,
along with gas exchange. could provide an opumal acclimatization
microenvironment (Kozai and [wanami 1988: Reuther 1988).

The concentrat:on of other gaseous components. O: and C:H,. also depends
on the type of vessel closures. Elevaled levels of C.H, caused hyperhvdration
{Gaspar ¢/ al. 1987; Hakkaart and Versluijs 1983: Ziv 199{a). Ventilation to
prevent C.H, accumulation prevented conditions which might otherwise cause
development of aerenchymatous hyperhvdrated tissue {Jackson er af. 1991).

Enhanced photosynthesis through the inhibition of photorespiration
occurring under elevated O. levels. promoted normal shoot growth. Photo-
svnthesis increased in both short- and loag-term exposures of plants to 1-10%
O. hut not to 21%. O, (Shimada #7 af. 1988). The levels of O, can also affect the
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root system if anaerobic or low O, conditions prevail (Jackson e af, 1991}. The
control of the gaseous environment in vitre through gas permeable membranes
and forced ventilation are most suitable for large-scale micropropagation.

3.4. Light and temperature

Photosynthesis and photomerphogenesis are radiation dependent: photo-
synthesis requirements are between 400-700 nm at high irradiance (PAR) while
photomorphogenesis in the blue, red and far red regions’ requirements are very
low. Fluorescent lamps, commonly used in most tissue culture chambers, emit
suboptimal irradiance, which is low in far-red wavelengths. Higher levels of
radiation require costly cooling facilities which are often inefficient. Under low
irradiation the plant may have an etiolated appearance. This condition is ofien
due to the vertical radiation under which a radiation gradient forms. Several
recent technologies aim at overcoming these problems (see Section 5). In most
growth chambers the temperature fluctuates between the light and the dark
periods around 22-26 °C providing a reasonable thermoperiod. however. the
information on the effect of the temperature in vitro is inconclusive.

3.5. Carbohydrates and growih regulators

Mass propagation of plantlets depends on the presence of carbohvdrates as an
energy source for explant establishment and shoot proliferation stages. During
the hardening stage. photoautotrophic and mixotrophic conditions can support
plant growth (see Section 4). Themost commonly used sugar issucrose, although
sometimes glucose and other sugars are used. Sucrose levels decrease during the
culture period. usually after 2-3 weeks. Depending on the growth rate of the
species it can reach very low levels, from an initial 3% to 0.2-0.5%.

Growth regulators. mainly auxins and/or cytokinins. are used for the
establishment. proliferation and growth stages. During the acclimatization
stage. auxins are used in conventional micropropagation to induce rooting tn
vitro prior 1o transplanting. In recen! vears. the trend is to avoid rooting in
culture, 10 induce formation of root primordia only and to promote extensive
rooting ex vitro (Preece and Sutter 1991).

Growth retardants from the triazoel group. inhibitors of GA biosvnthesis.
have been implicated in acclimatization. promoting normal leal structure and
stomatal function(Robertseral. 1992: Smither af. 1990b; Ziv 1992: Ziv and Arniel
1991).

4. Photoheterotrophic and photoautotrophic plant growth in vitro
Micropropagated planis depend on the supply of carbohydrates as an energy

source during multiplication and. in several species. duning acclimatization. The
developing plantlets are usually heterotrophic. have limited photosynthesis and
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require gradual transition during acclimatization and after transplanting. Plant
micropropagation under photoautotrophic indoor conditions, to provide
quality planis prior to transplanting and reduce plant losses. has been proposed
in recent reviews by Kozai (1991a.b) Koza: er al. (1992a) and PospiZilova er al.
(1992) as a valuable strategy. Alternatively, the approach proposed by Debergh
(1991} and De Riek er af. (1991 ) suggests that “photoautotrophy is not a must to
acclimatize micropropagated plants. since heterotrophic plantlets can be
acclimatized provided the right treatme nts are given ™ { Debergh 1991). The extent
towhich the “right treatments™ are practiced. at what stage, and in which species,
are probably where the main differences between the two approaches exist.
Several studies to improve photosynthetic performance and growth of plants in
vitro via control ever the quality and quantity of irradiance. enrichment of CO;
and increase in gas exchange were reported (Kozai er af. 1992a: Laforge e al.
1990; Williams e af. 1992). Frequently. this was accompanied by the reduction
or removal of sucrose and control of RH. Cauliftower and raspbecry plantlets in
vitro showed low CO. [ixation that probably improves in the newly developing
leaves only afier transplanting ex vifro 1o a sugar-free environment { Donnelly ez
al 1984: Grout and Aston 1978: Grout and Donkin [987). Contrary to these
results. Short er af. (1987) reported that cauliflower and chrysanthemum plants
grown on sucrose-free or sucrose-containing medium showed a higher
photosynthetic rate on a sucrose-containing medium. The above inconsistencies
could have resulted from differences in the experimental conditions and the type
of leaves assayed. i.e.. whether m vitro or ex vitro, In carnation. cymbidium and
potato. removal or reduction of sucrose (1o 1%) coupled with an enriched CO-
atmosphere and elevated irradiance, induced an increase in the plants’ dry weight
(Kozai and iwanami 1988: Kozai ¢f w!. 1988a.b). Photoautotrophic growth in
sugar-low or sugar-free medium was also reported for Rosa. Spathiphviium,
Pelureonum (Reuther 1988)and Viris (Reuther ez @l. 1992). Potato plants under
elevated irradiance and in a CO.-enriched environment were reported by
Cournac ef af. (1991} 10 behave pholoautotrophically. The response. however,
was cultivar dependentand they conciuded that optimization must be adapted to
the various cultivars and plants in culture. In freesia (Dolerw/. 19921 and Pinus
rudiata (Attken-Christie et af. 1992: Davies er af. 1992} growth was enhanced
under elevaled CO.. and irradiance. On the other hand. Solirova (1989)
presented evidence that under elevated CO. various measured growth
parameters were higher in plantlets supplied with 1 or 2% sucrose. CO.
enrichment to 350 ppr and elevated irradiance around 200 pmoles ® m =~ » s~ 1
were anamended environment which provided photoautotrophic conditions for
plant improvement (Kozai 1991a.c). Working with rose plants. Cappelades ¢t ui.
(1990. 19913 found that the presence of 5% sucrose in the hardening stage
medium improved leaf funchion. Carbon assimilated from the sucrose in the
medium was stored in the leaves which later. during acclimatization. acted as
storage organs. Furthermore. De Riek ¢ al. (199)) showed that low net
phatosynthetic rates can be achieved during the multiplicauon stage under
normal {non-CQ. enriched. 3% sucrose. 35 gmoles ® m~=s~' radiation)
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conditions, and it was coupled with a substantial increase in dry weight from
CO; fixation. Obviously. the CO. released during respiration was sufficicnt to
support photosynthesis.

These. as well as Kozai e1 al. (1988a. 1991) results indicate that in virro
plantlets are capable of photosynthetic activity providing CO, 1s supplied.
However. the source of CO, varies: while in one approach CO, enrichment in
the headspace should be from CO. gas inflow (Desjardins er al. 1990; Kozai er
al. 1991), the other approach suggests the use of elevated sugars or repeated
light/dark cycles in a 24 hr period to support high respiration rates and thus
release CO; into the headspace (Cappelades e/ a/. 1990; De Riek et al. 1991),
Measurements of CO; in the headspace of several species cultured during the
light period showed a sharp decrease from dark accumulated CO. within a few
hours after the onset of the photoperiod (Kozai et al. 1992) as was also shown in
tobacco i vitro (Soldrova 1989),

A thorough study. including cost benefit calculation. should be conducted 10
determine which approach serves better the purpose of acclimatization in vitro,
and whether the presence of sucrose inhibits or reduces photosynthetic activity
inall species and types of tissues. Itis difficult to assume that a small bud. having
leaf primordia and limited leaf area during the multiplication stage. can develop
without a carbon source. There is also the economic aspect of cost requirements
1o establish photoautotrophic conditions under elevated irradiance. for which
cooling facilities are required.

5. Advanced technologies for acclimatization in vitro

The nced for efficient and low production costs of quality micropropagated
plants concomitant with rebotization and automation to cut down labor
intensive procedures. have motivated the advancement of novel biotechnologies
for both the proliferation and acclimatization stages of micropropagation,
Several innovative approaches were presented in a recently held symposium on
“Transplant production systems” (Kurata and Kozai 1992). These systems
included scaled-up cultures in bioreactors. controlled environment chambers.
continuous flow of the medium using foating rafts. cullures with the double-
layer liquid phase. bottom coolingin growth chambers. plugsystems and the pre-
initiation of root primordia. gas exchange films under forced ventilation. use of
growth retardants. production of nodular clusters as well as in virro corm. tuber
and bulb formation in storage organ forming plants. Some of the met hods will be
discussed in relation to the acclimatization of plants in vitro,

5.1, Controlled environmen: chambers
Control of the microenvironment in the culture vessel can improve acclim-

atization procedures. enhance plant growth and increase plant survival ex ritro.
A culture vessel incorporating a permeable membrane which allows gas
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exchange and reduced RH was described by Roberts er «f. {1992). The
membranes permitted CO. exchange 1o support mixoirophic or autotrophic
plant growth under high irradiance in the greenhouse, Such a system. using
plugs. affords adjustments in plant acclimatization and eliminates the need for
pradual adaptation ex vifro. A simpler system was described by Tanaka er al.
(1992a,b) using a disposable [ilm culture vessel which permitied improved gas
permeability and high irradiance transmittance, Plants supported on rockwool
under elevated CO, and sugar-free medium were photoautotrophic and
significantly larger then the controls. An automatic in vitre liquid culture system
monitoring RH, temperature. irradiance and CO. was used for carnation plants
supported by sorbarod plugs. Ventilation through special Niters in the containers
provided better quality plants although it decreased the rate of multiplication
(Majada er al. 1992). Such a moniloting system can provide information to help
determine if growth, structure and function of persisting or newly formed leaves
is improved. A microcompuler controiled acclimatization chamber has been
developed by Fujiwara et al. (1988) and Hayashi et al. (1988). The unit provides
conirolled CO, levels, irradiance, RH, air temperature and air flow to planis in
the culture vessels. Increased growth was observed after 4 weeks in strawberry
plants cultured n this acclimatization chamber. Under a CO; enriched
atmosphere the increase in drv weight was faster than the increase in leaf area
when compared with conventionally propagated plants (Fujiwara er al. 1987,
1988). [tisnot clear whether the changes were monitored in newly-formed leaves,
persisting older leaves. or in both. A further growth response wasobserved when
irradiance was ajso elevated, thus enhancing avtotrophy. In order to reduce the
effects of irradiance heat. a novel lighting system was developed. using difTusive
transparent plastic optical fibers. placed at the sides of the culture vessels and
giving an even light distribution 1o the plant with minimal heat energy (Havashi
vrul 1992: Kozaier al. 1992b).

3.2, Liguid medium as adjuvant or continual flow systems

Plant acchmanization in hquid med:a. usually on some kind of a support system
ifiller paper. membranes. plugs)can provide a suilable microenvironment for the
growth of rool and shoot systems. eliminale the need for agar removal and
decrease handling costs. Liguid medium can be supplemented as a second phase
on the agar laver or introduced and removed automatically. Sheo! elongation,
rooting and overall enhanced growth were achiweved efficiently by a double-tayer
technique introducing a liguid nuirient laver on top of the agar in herbaceous
and woody plants (Altken-Christie and Jones 1987, Maene and Debergh 1985).
The systemn was lurther improved by using a transportable injector to iniroduce
the medium through a sepium 1n the lead. te cullures in the growth chamber.
without the need to remove Lhem to a laminar hood (Vanderschaeghe and
Debergh 1987). A liquid overiay to facilitate hardening and roeling can improve
acchmatization. Plants supported on glass beads. periodically Mooded and
dramed n large cubture vessels. responded with improved prowth and
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multiplication (Tisserat and Vandercook 1985). This was alse found when liquid
feeding was done by an automated misting system {Weathers and Giles 1988).
Enhanced growth in a continual flow Jiquid nutrient bioreactor was achieved in
herbaceous species cultured on a membrane. However. in some species.
hyperhydration was observed, probably due 10 ihe direct contact with liquid
medium in the membrane raft support {Hale e/ af. 1992).

There is no doubr that liquefied medium combined with a supportive svsiem
and a controlled microenvironment can produce normal, good quality, casy 10
handle plants. A microporous buoyant membrane raft developed to support
plant growth in liquid medium in a membrane-vented culture box, seems to
provide such a microenvirenment {Tanny ef af. 1993). These techniques should
be further investigated.

5.3, Acelimarization and rhizogenesis

Micropropagated plants can be acclimatized in vitre simultaneous with rooting
in an auxin-supplemented agar-solidified medium. Most shoots can be induced
to initiate roots in culture, however the immediate contribution of fully
developed roots to plant survival and low production costs are inconclusive and
depends on the technique used and the species (Preece and Sutter 1991). Lack of
functional vascular tissue with poor connection between the shoot and the root
systems often restricts water uptake (Grout and Aston 1977a). In general. roots
devecloped o agar are thin, and may thicken in high auxin media or in the
presence of growth retardants {Roberts er af. 1992). In woody species. roots
developed in agar are thick, have larger hypertrophied cortical cells and lack
secondary vascular system (McClelland ¢f al. 1990: Rogers and Smith 1992). in
sitro thizagenesis in herbaceous and woody plants showed a favorable shoot
response for herbaceous species. while woody species, although they produced
more roots per shoot. produced underdeveloped roots. with limited secondary
vascular cambium activity. which was resumed only after #x vitre transplanting
{Smitheral. 1991, 1992). Smithand McClelland {1991} showed that the choice of
rhizogenesis method. fn vitro or ex vitro, determines the tong term structure and
funcuoen of the root system.

Enhanced rooting and shoot growth were achieved in roses by a double phase
of liquid. agar svstem (Smith ez a/. 1992) similar to 1he one reported by Maene and
Debergh (1985} for several other species. Activated charcoal (Lilien-Kipnis and
Kochba 1987) and CO, enrichment {Desjardins er o/, 1987, 1990; Doi et al.
1992) also enhanced rooting. An auxin pre-initiation treatment for rooling
apples. peaches and walnut microcuttings (Welander 1983: Zimmermann and
Fordham 1985) induced root primordia. The pre-initiated root primordia
developed into normal roots after transplanting and improved acclimatization.
An efficient method using liquid media and plug svstems enhanced rooting in
chrysanthemum. gladiolus and cucumber (Roberts and Smith 1990; Ziv 1990,
1992b}. In Prifotus. reduced humidity and the presence of roots prior 1o
transplanting increased plant survival (Whish ef uf. 1992y,
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3.4, Mduction of storage organs

In several species belonging to the geophytes (storage organ producing plants)
the need for acclimatization can be obviated by in virre formation of tubers.
corms or bulbs. Storage organs produced in culture survived transplanting better
than plantlets: germinated in many cases without a cold treatment to break
dormancy and developed normal shoots and roots (Ziv 1979, 1990; Ziv and
Lilien-Kipnis 1990 ). Potato tubers were induced jnvitro inan automated
biareactor system{McCown and Joyce 1991). Under specified photoperiod. high
sucrose and ancymidol. microtubers were produced from randomly-cut shoots
which were classified by machine vision prior to transplanting in a tuber
induction medium (Alchanatis ef af. 1994). Tubers can either be stored or planted
directly and used as a source of pathogen-free propagation material.
Propagation of lilium bulbs initially developed in agar or liquid auxin
containing medium were scaled-up in bioreactor cultures. These bulblets can be
either transplanted or stored providing an efficient micropropagation svsiem
(Takavama er @/, 1990). Large-scale bioreactors used for lilium bulb production
vielded up 10 800 bulblets per liter. These developed leaves upon transplanting ey

Fig 3 A bulbiel developing directls from a Nerine somatic embryo on | 2 MS medium with 20 gM
1Ba tarcotyledon ibl developing leaves 17w grad 19944
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fee 2 A hardened cucumber plant with an extensive raot system which descloped Irom 3 somalie
vPsoarad transplanied 1o a plug on 12 MS mineral medium with 0.4 23 ABA (20 ind Guadus:
Tane, Loy T992h

Laing a plug system for producimge cucumber plantleis in v {(Fig. 2}
prevented oot disturbance during transplanting as practiced in agar cultures.
andimproved root and plant sursival ex viire (Ziv 1992b) I most reports
suerose Jevel are ustualby reduced during rooting (Preece and Sutier 19915,
however. an apple and pear microcuttings clevated  sucrose during the
mulipheation stage mprosed rooting and survival ex vive (Kunneman and
Albers [992)

It advineed mucropropagation wehniyues are mandators o obtain high
qualty micropropagated phants. an efficacions rhizogenests sysiem will
contnbrate to plantsury el The hguid mediani-plug systen seems 1o be the most
teastble system Tor eflicient transilion srom a2 vitre to en it aeehmatization.
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vitro without a need for cold treatment {(Takahashi er /. 1992). Buiblets
developed in Nerine {rom somaticembryos (Fig. 3) which were nitiated in liquid
medium on nodular clusters in the presence of paclobutrazol {Lilien-Kipnis
el al. 1992). Corm developmen? was reported in gladiolus on a high sucrose,
auxin medium {Lilen-Kipnis and Kochba 1987, Ziv 1990} as well as in the
presence of growthretardants (Steinitz and Lilien-Kipnis 1989; Ziv 1989, 1992a),
Ziv (1990 found that & virro-produced gladiolus corms germinated upon
transpianting to the greenhouse without a need for cold treatment. Corms were
produced in the saffron crocus (Plessner ef al. 1990) on “Ethaphon” and kinetin
containing medium and in freesia on a high auxin mediumat 15 °C (Doi er al.
1992}.

In geophytes, storage organ formation in vitre can be a potential strategy to
overcome transplanting stress. increase plantsurvival and reduce plant josses ex
vifro.

5.5. Growth retardants as acclimatization bioregulaiors

Growth retardants. inhibitors of gibberellin biosynthesis, are used extensivelyin
agriculture and crmamental horticulture to control plant growth and structure,
but until recently only 10 a limited extent in micropropagation. Growth
cetardants were reported to reduce shoot elongation and leaf area, to increase
chloroplast content and improve stress resistance {Ziv 1991c, 1992a).
Paclobutrazol and ancymidel controlled shoot growth in vitre, enhanced bud
proliferation, and induced corm production in gladiolus (Steinitz and Lilien-
Kipnis 1989; Ziv 1989, 1990). Paclobutrazo! was found 10 increase desiccation
resistance of microprepagated chrysanthemum, rose and grapevine {Roberts er
al. 1992; Smith et ai. 1990a,b, 1992). The eilect of paclobutrazol was further
increased in plants cultured in cellulose ptugs with sucrese-free liquid medium
under low RH. Desiccation resislance was associated with the increase of wax
deposition, the improvement of stomatal response and the development of
thickened roots (Novelio er al. 1992; Roberts ef al. 1992). In philodendron.
paclobutrazol or ancymidol given during the proliferation stage in liquid
medium enhanced plant survival ex vitre (Ziv and Ariel 1991). Growth
retardants given ar a suitable developmenital stage and optimal level during
acclimatization under photoautotrophic conditions may become promising
bioregulators {or in vitre plant quality.

5.6. Plani performance ex vitro

Reduced deposits of epicuticular waxes, the inability of the stomata of many
micropropagated plants 1o close shortly after removal from culture. and
deficient root systems are the major causes for water loss, desiccation and poor
survival (Fabbri ez af. 1986; Sutter ef af. 1992). The photosynihetic capacity of
transplanied plants. immediately after removal from culture. is probably not as
cructal for survival as their ability to maintain a positive water bajance. The
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reports on the ability of feaves produced in vitro to revert to a fully functional
state after transplanting are contradictory. Presumably, this may be the result of
differences in the acclimatization procedures. Marin er af. {1988) and Sutter
(1988) noticed differences in response to stress conditions between detached and
intact leaves, a phenomenon that can explain the contradictory results. Shackel
er al. {1990) found that irrespective of stomatal closure, plantslost water heavily
over a period of 24 hours after transplanting. These and other results (Preece and
Sutter 1991} indicate that cultured plant performance ex vitro varies greatly and
at least during the first 2-3 days the ability of the plants to maintain a positive
water balance is more pivotal than the photosynthetic performance. It should
therefore be emphasized that s, wirre acclimatization should provide a
microenvironment (o develop leaf and root structure that can withstand
transpiration and support photosynthetic activity under stressconditions during
the early phases of acclimatization ex vitro.

6. Conclusion

Plants developing in vitre are very often exposed 1o stress imposed by culture
conditions such as limited space. low irradiance. high RH and improper gas
exchange. This environment, chosen to enhance high multiplication, differs
considerably from that provided to field or greenhouse-grown planis. Plants
produced under such an in vitro microenvironment cannot survive transplanting
and require gradual acclimatization to secure their survival.

In conventional in virro acclimatization the need for a gradual decrease in RH.
higher CO, and irradiance levels and depleted media is emphasized. Some of the
methods emploved to reduce humidity vary. from the use of desiccants and
uncapping of the culture vessels for up 10 one week priorto transplanting (Ripley
and Preece 1986; Wardle er al. 1979: Ziv 1986) to the method of bottom cooling
to reduce the RH in the headspace of the container (Maene and Debergh 1987}
or the use of appropriate ventilation (Kubota and Kozai 1992) and culture Jids
with permeable membranes (Tanaka er a/. 1992a.b: Tanny er af 1993). The
introduction of advanced techmiques for acclimatization in vifro include several
strategies confronting irradiance. RH, CO- and other gases exchange. all aimed
at producing photoautotrophic qualitv plants. Qbviously. a thorough study of
represeniative herbaceousand woody species, that compares at the same time the
biclogical and economical aspects of autotrophic to mixotrophic growth is
required,

Furthermore. as mentioned. plant photosynthetic performance is apparently
second in tmportance o the water balance during ihe first 24-48 hours afier
rranspianting. Therefore. the two physiological processes — transpiration and
photosynthesis = should be invesuigated and monitored concomitantly. It is
evident from the high survival rates reported for plants developing under
photoautotrophic or photomixotrophic cenditions {Cappelades et al. 1990.
Desjardins e al. 1990: Dubé and Vidaver 1992; Grout and Price 1987; Kozai
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1991c.e} that the environment which supported optimal photosynthetic
capacity. is at the same time an environment that provides for developmental
processes that allow for a positive water balance supporting nomal plant
structure. Under these conditions the headspace RH. a major factor in the
development of the cuticular and stomatal structure, as well as the phote-
synthetic apparatus are controlied. [t is appropriate in the present context to
consider introducing photoautotrophic conditions during the multiplication
stage. However, if large scale cultures arc to be introduced as part of an
automated micropropagation system, then the requirement for autotrophic
canditions when using nodular clusters in liquid media 1s inconclusive (McCown
and Joyce 1991: Ziv 1991b. 1992a).

All of the foregoing evidence gives further support to the innovative new
technologies such as forced ventilation, diffusive films, continual or intermittent
nutrient flow. CO-. enrichment, growth retardants. and rhizogenesis in plug
svstems as contributing factors 1o a controlled micraenvironment which will
sustain economical production of quality micropropagated plants.
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Abstract

he present inv:stisation deals with rapid mass
propagation of three different varieties of ferns namely:
PLfteris vittata, Nephrole pis
exaltata and Cyathea g1 g En Bi a,
emoloying tissue culture technology, By adopting this
orocedure large number of superior and unifarm quality ol
these ferns were produced throughout the year,

1. Introduction

Ferns are cultivated in pubdlic parks, nurseries and as
indoor plants because of their evergreen ornamental foliage
Recently, their demand from nurseries, tissue culture
laboratories as well as from private agencies far exceeds
their supply., Besides, the conventional methiods employed
for the propagation of ferns which includad layering or
cutting of stolon or rhizome segments from parent plants
during the ralny season., But the ferns produced by this
method developed single growth centre from wrers few
fronds emerged out. Hurashige (1974) successiully propaga-
ted many varieties of ferns on mass scale, employing tissue
culture technology. Caponetti (1978) emphasized the ranid
propagation of saleable ferns was achieved by i n
v i tr o culture of excised leaf primordia, desides,
Boxus (1978) reported that many or the horticultural
establishments have gradually adopted { n ¥ I BT @
multiplication techniques,

The present investization deals with the stzndardisa-
tlon of tissue culture procedures for rapld mass propaga-
Tleh In P f & r i s vittata Nephrolepls
exaltata and Cyathea 2igentia
throughout the year.

2, Materials and methods

InkRter is vittata, healthy rhizome
egmenlts with apex, stolon segment in N e p hr o 1 e pis
X 1 tata and leaflet rrimordia and apical domes of
theasa g1 gen tia were excised from garden
grown vlants, These explants were surface sterilized with
mercurie chloride (0.1 or 0,01 %) for few minutes then
washed several times with sterile digtilled watar, =ach of
the explant was cut into desirable size and inoculated on
the c¢ulture medium. The various culture media employed

a
2

Acta Horticulturae 2312, 1987 6u5
In Vitro Problems Related to Masas Propagation

R R .




were White's medium (1954), Bj Gamborz's 2 t a 1. medium
{1968) and Ynudson's medium mxdified Yy Stesves e t al.
(1958). Fach of the medium was supplem=nted with sucrose
(2 to 4%) and various growth regulators sucn as napthelen-
ecetic acid (MAA), 2,4-dichlorophenoxvacaetic acid (2,L-D),
Indoledutyric acicd (IBA), Kinetin {K) and 6 benzylarino-
rurine (AT} as per the requirement ¢ the experimente, In
Wrhite's mediuom for callus induction coconut milk (C4) was
added. The p¥% of the medium was adjusted to 5.7. &1l tike
Cultures were incubzted in continous flourezceat light

(1000 Lux) at 25+2°C, i

3. Results

In®teris vittata, riizome segmentis with
anex, cultured oaly on White's medium ceontaining sucrose
(4%) and ¥ (0.5 mg/1) showed axcelleat groliferation aad
rroduced 10 - 12 pew shoots within four weeks. These shoots,
o1 separation and transfer ty fresh medium of the same
comrosivlon, each one, once again produced & fresh crop of
na2w shoots, Those shoots whern well developed were transfe-
rred to rooting medium conteining sucrose (C.5%) and Naa
(0.2 mz/1). This larze rumbar of clantlets were raised.

in second set of srveriments, callus was raised from
Fteris vittata rnizome zezments Ly calturing
tren eon vhite's mediun ¢ontairing sucrose (2%), 2,4-D
(2.0 m3/1) and coconut milk (Fimure 1). To investizate the
morthegenetic wotentin] pr <his callus, it was cultured on
sucrose vontzining madium. Larze number of shoctg
rozepmer on ind calluy rwxs (Figure 2). Tnese sroots

T Trow furthar ond tromsferred to the

2 , numbar of slantsg wer
cns showed diploid ohe
i

ware 2l

Tedioe
mrefused, Trzce raran
number,
callus cn 2,4-3 sonclin

2] L]
~anztie mevential of th2 ~ollu

n e hrceclenis 2 xaltata, stolen

t 1 %2 2 cm} cultured on 25 medium containing

e (3%) 2na IBa (1.2 =2/1Y ~roduced greenish out~

5 ng the2ir margin wilhin a wazi, lNicraoscopic

a " those structures rovealed “int tray were,

r growtn centres, ..z <risg dewvelogmertal

tures were transferred to 35 mediunm

.2 M3/1) and T (0.9 mg/lY., Within four

sz to fne crtokinin treatment, the growth

r devzlop>d into nunerous adventiticus tuds,

lark green siructures casily separable,

Cfatlon and arown on the2 fresa -aciicm of the
» produced large number of buii. sech cud,

ne Jesal redium producad a c_zntlet

cis techniace about 10,000 1 e chrole-
Te Tes.ltad from s sinu oclon segment

S, Further, ernperina « on the

I new oflgprinss from io “inzl stolon

12T
staze, tn
containing
weeks in re
centres, fart
Thaze buds wa
facn bud on =

=

=
o
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explants indicated that they should not be cultured
indefinitely to raise these ferns. Every now and then
fresh stock of plant should be used.

Experiments with T y a t he a gl gentiawere
conducted on exclised young leaflet primordia and apical
meristem. They were grown on modified Knudson's medium
supplemented with sucrose (3%), K (2.0 mg/1) and Naia (0.1
or 0,2 mg/l). Each of the leaflet primordium grew faster
and developed into complete frond., These well developed
fronds were transferred to rooting medium. Moreover, the
aEical dome grown on Knudson's medlum containing sucrose
(4%) and K (2 mg/l) and NAA (0.2 mg/l) enlarged and buds
were induced in places of leaf primordia. In this fern the
apical meristem was surrounded by six younz leaf primordia,
and hence, seven propagules could be obtained from each
apical dome, Each of this transformed bud was excised and
cultured on the same medlium when 1t developed 1lnto a
plantlet (Figure 4),

All these 1 n v i tr o produced ferns were
hardened, within the culture flasks which facilitated thzir
transfer to scil, Further transfer of these plants was done
using mist chamber,

4. Discussion

The present experimental work indicated that the mass
propagation of these ferns was possiole, independent of
the season. These results indicated that tne physiological
age of the explant greatly influenced its morphogenetic
capacity (Padhya and Mehta, 1982). The youngest, least
differentiated leaf primordia exhiblted highest ability
for morphogenesis.

There are hardly any reports about inducticn of
adventitious buds by cytokinin treatment in ferns hence
this work in N ep hr ol e p il s serves impetus for
conducting experimental work on other fern genera. ilore-
over, each fern species responded well to specific medium
which showed that the nutritlonal requirements varies from
plant toplant. In P t eri s vittata,
regeneration of plant was possible from the rhizome callus
but production of plants without intervening callus phase
is much desirable to maintair uniformity in the ferns
produced,
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Fig. 2.

Fig. 3.

Pteris wvwittat a, shoots regenerated
from the rhizome callus when grown on basal me-

dium containing {(4%) sucrose.

Plantlets of Fig. 4.
Hephrolepdis

e x A 1l L& B rée
generated from ad-
ventitious buds.

Cyathea gi-
g entia plant-

let during transfer

Lo pot
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Abstracec

The cirrinate pare of young leaves,excised before the beginning of
foliar expansion,was inoculated on Gamborg B. medium supplemented with
auxins IBA(0.05 to 4.0mg.171) or NAA(0.05 £o 4.0mg.17l) or 2.4-T40.5 to
2.0mg.1 “)and cytckinin BA(0.05 o 5.Dmg.lhl).Combinations of different
concentrations of IBA anb BA as well as of 2,4-D and B were tested.

The best morphegenic respunse was obrained with Gamborg B. medium su
pplemented wich 1BA O.Smg.lnl and BA D.Olmg.l'l,zzsucrose,at pH 5.5. a-
fter 8-10 weeks of culture,formed meristems wers transferred to fresh
med ium wvithout growth regulators(developivg medium}.Six weeks after,plan
tlets vere transferred to the rooring med ium{Gamborg By plus Nad 0.03ma.
1-1).we1l developing planclets,suitable for potting,were cbtained after,
at lease,l month en this medium.r condition for plant crowth is the sof
compnsition and a relative high atmespheric numidity{about 100%).

1. Introduction

Ferns,namely Jawinde » Do moman, Neparslepte spaoaed [ Plrnrn modoene
have been cultivated for cheir arnamencal foiiige.

The great part of experi-ents waere carried gut uwEing thizome apices.
In what concerns the propagation of A.pe i %we,different types of explant
have been used such as petioles,leaves and apical meristens of rhizomes
(Morel,1936).fIn this case,only apical meriscems would regenerate plants

Ouvx paper deals with the clonal propagation of 4% atam 2rpriiing-v
neris using as explant,the circipacte parc uf woung leaves,
2

Lilhg

-

2.Material and Methoads

The young leaves of Ad:iantum capillus-veneris, beicnging to the fern
collection of the Lisboa 3vtanical Garden,were washed in running water
and surface desinfected in a 10% caleium hypeclilorite solution for Smim.
The circinate part of young leaves was eur and iroculated on solid
(0.7% Difco Bacto agar)Gamborg By medivm (1968)supplemented with auxins
B-indolburyric acid(IBAdor naphtalenacetic acid(NA4) ar the Conceniraci
ans 0.05,0.1,0.5,1.0,2.0,4.Cmg.L'I ot 2,4-dichloroptenoxiacetic acid
{2,4~D)} at the <oncentratitions 0.5,1.0 and 2.0mg.1"L and benzvladenine
(BAlar 0.05,0.1,0.3,7.0,2.0,5.0mg.1" ), 0cher media were prepared using
the following combinations of I1BA and BA(a-1RA G.05/8A 1.0;5~-IBA 0.1/BA
1.0;e-1Ba C.5/BA 1.0;d-1BA 1.0/BA 1.0;e-IBA 0.5/BA ©.5:7-1B4 1.0/BA C.5
i8-1BA U.5/BA 0.132-1BA 1.0/BA 0,1;i-1BA 0.5/BA 0.05;i-1Ba 1.G/BA 0.03;
k-IBA 0.5/BA C.0L and 1- 1B 1.0/BA 0.Ulmg.1 ljor 2,6-9(1.02g.17%) and
HA(O.E,Z.O,Z.Omg.l'l}. Sucrcse 2 and 13)and glucvse 2% were resced as
carbon source; pH values botwesn 5.5 and 6.0 were assaved,

A Camborg B3 melivm with suctuse 257 . with and withao- yeast axtrace

Acta Horticulturae 212, 1987
In Vitro Problems Aelated to Mass Propagation

)
ju
—



o as

o

e e i i
1
I
I

0.53.|-1at pH 5.5 was used as a development medium. A rooting medium_1
(Gamborg B, plus 0.05mg.1 NAA, with or without yeast extract 0.5g.1 '}
as used. “For comparison, the Murashige and Skoog (1962) medium (MS)
supplemented with IBA 1.0mg.1 'was used. Gamborg B_ media including
NO,, NH:, ca“", €17 at the M5 molarities were also tested.

The incubation was carried out under 16h light/8h dark photoperiod
{1700 lux) at 2872°. A soil with humus, fertiliser, turfl and sand
(4:2:2:1) and a very high atmosgheric humidity (about 100%) was used
for potting.

3. Results and Discussion

The Camborg B.medium bhas been widely used for plant propagation, In
what concerns tge propagation of A.capillus-veneris,the circinace pare
of young leaves(fig.l)inoculated on this medium supplemented or netwith
growth regulators{NAa,IRA and/or BA)could express morphagenic response.
Lf 2,4-D is used alone or combined with BA,only callus could be obrained
The CGamborg B; medium used without growth regulatars promoted the forma
teon of L5 to 30 merigtems,However,they are very easily damaged vhen
transferred to the rooting medium.The efficiency of this procedure was
about 30Z.Wetmore(1354)using apical meristens of A.pafizwncultivated on
Knop solution,has reported that auxins can be omitred from the medium
with ne serious loss , but producing plants with less vigor.

When the medium rontains IBA or NAA,at concentrations berween  0.05
and 1.0mg.1-l,meriscems developed afrer 10-12 weeks.Planclets are more
vigorous than those produced in the absence of growth regulators{fig.3),
At this developmental stage,they can be transferred to the rooting mew-
divm,the eificiency of the procedure being aboucr 40%.From the two auxins
used,1BA has revealed better than NAA because it produces greater number
of planclets and roots are less vigorous.In order to prevent formation
of roots(fig.4)that difficult separation of plantlets,combinations of
different concentrations of IBA and BA,representing BA/IBA ratios betwe
en 20 and 0.01l(from medium a te medium L)were rested.The best mozrphoge-
nic response was obtained with medium k.Six weeks afrer inoculacion,the
Eirst meristems appeared{fig.2}and two weeks later, so many
meristems was formed that it was difficult to count them{fig.5).The fo-
liar primordia appeared afrer two more weeks,inspite of the formation
of new meristems(fig.6).All rhe other media(a to j) produced meris-
tems buL they f[ailed to form leaves.Medium | only promoted the formati-
on of a small number of meristems, .

The results obtained with these media shows that the number of meris
tems increase with decrease of the ratio BA/IBA.This morphogenic respoi
se and that obtained wimthe absence of growth regulacors,seems to indi-
cate that the leaves of this fern possess an endogenous supply of auxins
and cytokinins,probably being nigher the amount of cytokinins.Wetmore
et al. (1943)has suggested the syntheals of auxins by A.pzdatum leaves,

The meristems formed B-10 weeks after inoculation,are transferred to
the developmert medium in order to stop the formation of new meristems
and to induce plantlet differentiation(fig.7).5ix weeks later each
plantlet was transfecred to the roofing medium were vigorous plantlets,
suitable for porting, developed after 1 month(fig.8).The supplementa
tion of this medium with yeast extrace is recommended because it promo—
tes the formation of greater number and better developed leaves. In
the rooting medium,NAA must be kept at 0.05mg.1 lwhich is the appropria
te concentration for quick root development.Similar effect of Yeast ex-
tract and NAA was reported for development of A.pedztum plantlets obtai=-
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ned from rhizhome aplices (Wetmore 1954},

Plantlets obtained wWere successfully transferred to the prepared
3011 in the presence of high atmospheric humidity for the [irst weeks
{rfig.9}.

In what concerns the nitrogen source, our experiments revealed that
it must not be used at nclarlt es higher than those of Gamborg B,
um. Higher molarities of HH or of KO- promated the formation of abner-
mal leaves, According to Hetﬂore(19$u§ the development of A.pedatum is
faster in The presence ol nitrogen scurces other than nitrates. These
results suggest the high molaritiea of nitrogen sources used in the M3

medium can presumnably be the reason [or the effectiveness of this medi-
un fer A. capillus-veneris propagatiorn.

medi-

4, Conclusions

From our reaults Wwe can conclude that: 1) the cirzinate part of

capillus-veneris young lLeaves present high capacity to differentiate
on the Gamborg B_ medium supplemented with NAA,IBA and ar BiA;2) the
procedure more siitable lor eflicient propagation is:(a) inoculatien
of the circinmate part of voung leaves on medium k, (D)
meristems tg develsping medium,
ing medium,

A

transfer of

le) trarsfer of plantlets to the root-
{d) potiing of plantlets al the dessribed conditions; 3)
all the plants propagated according to this procedure exhibibed uni-
F2raity in their quality: 4] the effiziency of the above procedure
{65%) to produce great number of plantlets {about 130} ard the short
period of propgagation (five months unt:i pottingl, allied to the non
damage of the mother plant t{as it arcives if rnizome apices are uses

as primary explant]) may contribute to commercial Teasinility of this
procedure by fern growers,
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Legendes of {igures

Fig. 1 - Circinate part of young leafl with apprapriate develprant o
be inmculated, x 490

Fig. 2 - YMeristem formation h weeks after ﬁoqulatlon on Gamdorg B

plus 0.% mg. 1 IBA and 2.C1 mg. ! B4, = 1C3
Fig. % - Developmenta. stage obtaineq 10 weeks after tnoculation on
Gamborg B_ plus 1.0 ma. 1. IBA, x ‘08

Fig. & - Plantlets cbtained am the mediun of Tig. 3, 16 weeks alter
inoculation. Note the great mumper of roctsfarrows), x 1.3
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Meristems obtained 8 veeks after inoculation on nedium from
rig. 2, x 108

Increase of meristem number and formation of first leaves
{arrows) after 10 weeks on medium From fig. 2, = 108
Developmental stage 2 weeks after transfer to develcping
medium, x 270

Plantlet suitable to be potted, x 1,4
Plart two monthsz after petiing, x 0.4
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Abstrect

Collected spores of Cyrfomium falcstum were sterilized eccording to Knauss methed and
germinated in an fnorgenic 1iguid medium as formulated by Dyer In 1969, The germination of
the spores were observed within 7 to 9 days, ond sfter T to & weeks both gametophytic end
sporophylic stages were produced. Several gametophyte bearing sporophylic lissue were selected
and divided In 4 10 & sections. Eech of these sections were cultured on Murashige end Skoog
medium &s revised by Leinsmaier and Skoog in 1965, and the effect of dilferent substences on
the regeneration of the complete plant was then enalized. We tested sodium phasphete monobasic
{255 mg/1), L-cystein (30 mg/1) and different concentrations of auxins: naphtalenescetic acid
{ NAA), indole 3-butyric acid (1BA), and cylokining: kinetin (K), 6-bancylaminopuring (BAP)
Sucrose { 209/1) wes added to all medis. The induction of the formation of fast growing tissue
with high regenerative chorecteristic was schieved either withK (2 mg/1) snd ANA (0.1 mg/1)
or with BAP (3 mg/1) and ANA (0.1 mg/1), but a better proliferation was observed in the
medium with K and ANA. Differentiation of shoots and complete plantiels were obtsined In 8
medium with lower salt concentration (Gamborg medium) and substituting IBA for ANA. For
better elongetion of the leaves gibberelic acid, GA (0 1 mg/!) was added Between 30 to S0
plantiets per month were obilained in each flask after the regenerative lissue wos esteblished
Tha final amount depends on the size of the conlainers

1. Inir tion

For many years ferns were propagated by traditionsl methods using spores, rhizome
secllons, runners and others The application of tissue culture methods to propagate ferns wes
first reported by Wetmore and Morel ( 1949), who obtsined rools, leaves and rhizomes by
culturing apical meristem of Agrantum pedsatym. Presently, many commercial laboratories
ore using tissue culture technigues to produce large quantities of ferns by clongl propagation.

Knsuss (1976} described B pectis! tissue cullure method lo propagate Cryfemivm
falcetym and other fern specles. He gal gametophylic tissue under eseptic conditfons, which
was sectioned end trensfered to soil to produce new plants. In this investigation & complete tissue
culture method has been developed to get rapid clonsl multiplication of Cvrdemivm fslcatum

2. Mater ials, Methods Experiments

2.1 Plant material, media and culture methods

Spores were collected from sporophylls of cyriemivm felcatum. They were freeded of
amy other vegetsl material and sterilized according to  Knauss method (1976). After
slerilization,the spores were cultured in inorganic liquid medium as formulated by [ver
{1979), or on solid medium besed on Murashige and Skoog salt mixture {1962} with 30gr/1
sucrose and 0.8% Difco Baclo-Ager.

To get sporophytes, once the gametophylic stage wes developed, several gametophyte bear ing
sporophytic tissue wera divided in 4 to 6 sections, each of them were cultured in 250 m] flask
containig solid Murashipe and Skoog medium as revised by Linsmaier and Skoog, ( 1965), with

Acta Horticulturae 212, 1987
In Vitro Problems fRelated to Mass Propagation
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30gr/1 sucrose and wilhout growth substances.

To establish 8 fast growing tissue (proliferating lissue) . some of the young sporophytes
were laken out of the culture vessel, cut in 4 sections snd transfered to fresh nutrienl media
containig inargenic nulrients recommended by Murashige and Skoog (1962), minor orgenics
such &s 0.4 m/1, and 100mg/) myo- inosito] (RM medium) , and supplemented with 20 mg/!
sucrase, 255 mg/1 phasphate monobasic, 30 mg/1 cystein and different concentrations of growth
substances: cytokinins { kinetin, X and 6~benzy! amino purine, BAP) and naphtaleneacetic acid,
NAA. (Table 1).

Shoot morphogenesis from that proliferaling tissue wes achieved by transfering many small
pieces of this lissue to the same besic medium (RM). or to half strengh RM medium,
suplemented with BAP, K and NAA in different concentrations (table 2). Developing shoots were
isolated and cultured on Gemborg et 8l (1968) salt solution (6 medium), plus NAA, gibberelic
acld (GA) and indole 3-butyric acid (1BA) for root initiation and shoot enlargement ( table 3).

All media were adjusted to pH 5-8 prior to solidifying with 0.8 % Difco Bacto-Ager ond
autoclaving at 121 °Cand 15 Ibs inch™2 for 15 minutes.

Tissugs were incubated in & growth chember, In constant Hght (white Nuorescent lemps,
daylight type, giving 2600 lux) st 28 OC.

2.2 Growth estimation

The percentage of explants forming proliferating tissue wes determined after one maonth of
growth. The regenerstion frequency (percentage of proliferating tissue sections developing
shoots) es well &s the number of shools showing & rooting response were also determined one
monih after the subculture in each treatment was esiablished.

Anatomical festures were examined from 3 month old plants, Roots and leaves samples of
both types of plants { one obtained by tissue culture methad, 8nd the other by garmination spores
in soil} were preserved in 70% alcohol to meke free-hand sections. The sectioned material was
stained with 0.05% toluidine blue. Micrographs were taken from lhe prepored slides.

2.3 Transfer of plantlets to soll

Rooted shoots were tronsfered lo small plastic vessels containing sterilized prepared soil
and pleced in 8 propagator with low ligh! intensity and relatively high humidity enviroment
After (wo weeks they are transfered (o & shaded place at almaspheric conditions

3. Results

3.1 Farmation of sporophytes under starile conditions

The germinalion of spores of Cyriomium falcatum and \he initigtion of the sporophylic
stoge were echieved on the Dyer medium. No suger wes needed to germinale the spores To
complete he development of the sporophytes, sactions of gametaphyte besr ing sparophvtic tissue
were subculture on RM medium and after several weeks many sporophyles were produced

3.2 Establishment of the proliferating tissue

Sporaphyle sections developed on the edges of leaves, 8 very fast growing tissue with high
morphogenic capacity. This tissue wes produced when sections were cultured on RM media
supplemented with 2 mg/1 K and 0.1 mg/] to 0.2 mg/1 ANA, or 3 mg/I BAP and 0.2 mg/1 ANA,
The highest percentage of explanis forming prolifersting tissue { 708 ) was observed when they
were ireated with 0.1 mg/] ANA and 2 mg/1K (Table 1). Shoot formation was also ohserved in
this trealment, but at very low frequency. After one month it lost orgenization and becsme
proliferaling tissue

Seclions of sporoghytees obtained from young sporophytes grown in sotl, were also used as



axplanis 1o initiste proliferating tissue, but no growth wes observed

3.3 Shaot formation snd multiplication

The prolifersting tissue had & very high regenerstive cheracleristic end wes sble to
develope shoots even on 8 medium with 0,1 mg/1 ANA, but the regenerstion frequency was
improved when ANA wes eliminated from the medium ( Table 3).

The compesition of the medium where he proliferating tissue was initiated had effect on the
regeneration frequency of the tissue. Proliferating tissue inftiated on medium with 0.1 mg/1
ANA ond 2 mg/) K, produced 100% of shoot when they were subcultured to media containing 2, |
or 0.5 mg/1 K. Tissue initiated on medium with 0.2 mg/1 ANA and 3 mg/) BAP produced 208 of
shoots, only when they are irested with 1 mg/l K. The latler regeneration frequency was
improved when the tissue were subcuiturde two times on the same medium.

The morphogenic capacity of the proliferating tissue was not decreased by the number of
subculture provided the tissues were grown on the eppropiote medium. In this way il wes
possible to get & large scale produccion of Oyriomivm falcatunm via shoot formation from
proliferating lssuve.

3.4 Rooting and enlergement of shoots

Shools were formed as @ cluster of rossetles without roots. For rooting and enlargement of
shoots it was necessary to subcuilure these rosselles on 8 medium with Tower salts concentration
(Gambarg), supplemented with IBA or ANA, both with or without GA { Table 3). Rooling of the
shoats was achieved in all the treatments. Shoot elargemenit and leaf expansion were impraved on
meria with GA

Plantlets were removed from agar, potted In sterfle soll end placed under a high humidity
condition. After two weeks, they were trensfered to a shaded place under normal enviromentsl
conditions. All plantlets grew properly in soil

Hislological analysis showed that the anatomical feslures of the leaf of both types of plant
(grown in eseptic condition end grown in soil) ere similar, but the number of layers of
mesophy1i cells Increases In plants produced by tissue culture, The number of layer of tortex
cells in roots of in vitro plants decresses

4. Discussion

It was possible to produce large numbers of Cyrlomivm falcatum plants from sections of
in vitro grown sporophytes, that developed a rapid proliferating tissue with high morphogenic
capacity. This tissue differenliated many shools when cultured on RM medium with Cytokinins
and without auxins. Sporopimles sectlons excised from young sporophytes grown 1n soll did not
proliferate on culture condilions. il seems that the nulrients of the culture medium crested
endogencus condition that prepared tissues to respond to growth induction,

Sheots were produced as clusters of rosettes and did not form roots. To induce enlargment of
shoots and root formation, rosseles were Isolated and cullured on G medium containing I mg/)
IBAand 0.1mg/1GA. This medium has lower salts concentration then MS medium, and promoted
{he rapid initiation of root system. According lo Hurashige ( 1979) high sall levels suppress
rooling A lowering of salt concentration may be required when Mureshige snd Skoog medium is
used. Shools grown on media with G& produced higher plantlets with wider and larger leaves.
Engelke it al { 1973) showed that the size and form of shoots depends on GA/ cylokynins ratio,
high ratios resulted in tall, spindly plants wiht nerrow leaves while low ratios resulted in short
shoots with rounded leaves. It is possible thet the new ( fa/cslum plantiets have enough
endogenaus concentration of cytokinins to balance the smoun! of GA added exogenously.

The method described in this peper allows rapid clonal propagetion of £ f@/calum by using
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tissua culture techniques. The advantage of this methad is the obtainment of proliferating tissue
with high morphogenic capecity which preserves its regeneration frequency independently of the
number of subculiures. Once this tissue is established it can be transfered to a maintenance
medium to lower growth rate or can be grown on media for multiplication and differentiation lo
obtaln many plantiets that can be adepted very easily to soll conditions.
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The use of tissue culture techniques for the propagation of Strelitzia repinge

tive browning of the explants. The brown

exudate which diffuses inlto the medium is detrimental to further development of the

in vitro explant, which eventually becomes

necrotic and dies. S. reginae competence to

vespond te in vitro culture is thus dependent on minimizing and slowing down the
browning of the explant. Terminal and axillary buds treated with antioxidant solution
by total submergence for 24 kours, and cultured on an agar medium with charceal, or
o paper hridges in liquid mediom with dithiothreitol, were found to be capable of

prowth and further shoot proliferation.

S reginge, an important cut flower of South
African origin, is 2 perennial monocotyledon
with a short, subterranean stem. The terminal
bud produces 10 to 14 leaves before dicho-
twmous branching occurs. The 2 shoot sys-
lems gentinue to develop independently, each
capable of producing leaves and new axillary
buds. forming a large clump with many shoots
{2). New plants are propagated from sceds
or vegetatively by the division of old plants,
Both propagation methods are very slow,
Seedling plants are variable. and flowering
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ment of page charges. Under posial wegulations.
this puper therefore must be heraby marked o=
vertisemens solely to indicate this fact
"Professor, Omemental Horticulitare
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o¢eurs only after & to 7 veurs. [For division,
plants at least 1O years old are used. each
producing only a few units. This explams
why Strelirzia is one of the very few impor-
tant cut flower plants for which no uniform
cultivars are available commercially. Devel-
opment of 2 rehable propagation method can
conirtbute to the selection of improved clones
and the propagation of clonal material fos this
plant.

Plant propagation fa vitre has boen estab-
tished successfully for a lurge number of
monocoty ledonous ornamental plants (3). in-
cluding Musa cavendishi (7). In most plants
propagated i vitre, success depends on proper
explant seiection, medium composition. and
suitable procedure fur transplanting and ¢s-
rablishment under nonaseptic conditions (9,
10). The use of assue culture techniques for
the propagat:an of S. reginae has invanably
failed due to oxidative browming of the
wounded cxplint. The brown exudae that
diffuses into the medium was found 10 be
detnmental o further developiry et of the ex-
plants, which cventuatly become necrotic and

W

H L

die. This paper describes in vuro methods
for reducing oxidative browning and increus-
ing the propagation potential of §. reginae
Plants were grown in pots in a plastic screen
shade (20%) structure under natural condi-
tions. Prior to explanting in viiro, the older
Icaves and root system were removed and the
shoots were rinsed under running water for
24 hr. The leaf blades and all but the basal
5 cm of the petioles were removed. and the
remdining condensed stem was rinsed in 70%
alcoho! for 5 min. The condensed stem wus
then disinfected for 13 min in 9% Ca(C10),,
or in 0.3% HgCl., followed by one rinse 1n
sierile distilled water. The plant material then
was totally immersed in a selution containing
antioxidants for 12. 24, 48. or 72 hr The
autoclaved solution consisted of Murashige
and Skoog (ms) liquid medium (8). excluding
the vitamins, sucrosc, and growth sub-
sances, 1o which were added (per hrer) 130
mg citric acid, 100 mg ascarbie acid, § me
cach of filter-sterilized chloramphenicol and
oxytetracyclin, and 25 mg benomyi The pH
was adjusted 0 4.3 prior e autocliving at
121°Cand 1.1 kgiem? for 15min Following
pretreatment, the plant material wis rinsed
once in sterile distilled water and twice an
1% ascorbic acid. Explants were excised on
a filter puper soaked in euther 1% ascorbic
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Fig. 1. The effect of immersion of 3 regurae

shoot tp explants in a selution with antiori-
dants. Rating scale: 1 = browning on excised
wound tissue, 7 = partal browwning on ourer
Ussue of explant, 3 = browaing of the entire
explant tyste 4 = browning and necrosis Doty
poinls ure means of 12 explinis = s
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.acid or 0,(4% dithiothreitol (DTT). Explants
were isolated from the terminal bud, from
the nodal tissue of the stem including 2 leaf
sases 0.4- to 0 5-cm-long (similar to “'twin
scales'” in bulbs), and from the inflorescence
stalk. Both solid and liguid modified sMs me-
dia were used with half-strength macroele-
ments. In liquid cultures, the explants were
supported on Nilter-paper bndges. The liquid
medium contained 0.04% filler-sterilized
DTT, while the agar-solidified medium was
supplemented with [% activated charcoal.

Different combinations of growth sub-
stances were Iried, of which the following
levels {in mg/liter) were found 10 be best for
initial culture: indolebutyric acid ([BA) 2.5,
naphthaleneacetic acid (NAA) 1.0, kinetin
5.0, and 2,4-dichlorophenoxyacetic acid (2.4-
D} 0.3. Phloroglucinol (150 mg/liter) was
added to the agar-solidified medium in order
1o enhance terminal and axillary bud growth
All cultures were incubated for 10 davs in
the dark and then were placed under I4-hr
daily illumination (1.3 » 107*Wem ~°) sup-
plicd by Grows/VHO Sylvuniafluorescent tubes
in a culture room maintained at 24 = 1°C.

The main problem in the o1 vitre culture
of §. reginge was to reduce oxidative brown-
ing and to activate shoot growth before ne-
crosis extended from the accompanying tissue
to the developing buds. Oxidative browning
of wound tissue was less severe when 0.3%
HgCl, was used instead of CafClO).. Soak-
ing the explants 1o pretreatment solution con-
taiming citric and ascorbic acid at pH 4.5 for
12 hr decreased browning only slighily. while
24 hr immersien reduced oxidaiive hrowning
considerably (Fig. 1), Prolosged immersion
for 48 or 72 hr was not effective, possibly
because of submersence under anaerobic
conditions, which may cause the production
of toxic substasces. Prolonged immersion of-
ten resutted in contaminanion af the explants,
despate the presence of antbiotics and a fun-
gicide in the solution Muantineng the ex-
plants in darkness reduced the diffusion of a
brown exudate into the cultue medum . Sim-
ilar findings were also observed in Ewcalyp-
ras { 13, Although browning and some necrosis
developed in the surrounding tissuc. the buds
continued to grow {Fig 24 2B). Soaking in
a low pH solution further reduced the oxi-
dation of pelyphenols released by the wound
nssue, apparcntly by mhibiing the activity
of phenolases (6). Explants not pretreated
with antioxidunts becume brown during ex-
c1ston If was necessary to excise the vanous
explants on filter paper soaked with ascorbic
acid or DTT the latter was found to be more
effective for reducing browning of wounded
tissue .

Various amounts of calls were abserved
to develop on explants from the young in-
florescence stalk and the stizm nodal tissue
(Table 1, Fig. 24}, Both Lquid (A) and agar-
solidified charcoal medwm (B} stimulated
callus production after 4 weeks 1n response
t kinctin and the 3 auxins (Table ), while
medium C with phloroglucinal was not ef-
fective. The callus continued 1o grow ruther
slowly tor several weeks without organo-
grnesis, which alsa was not observed upon
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. 2. In vitry development of 5. reginae. A Cullus producton and bud growth from nodal siem

ussuz on charcaal medium (B — see Table 1) after 43 duys in culture ( x3.6). B, Axillary bud
growth atter subculture from o chareogl mediom (21 days) 1o a Liguid medium. Note bud growth in

spite of stem nodal ussue necrosis (% 33, C V

B. Cluster of 18-month-ol
charcay]l medium

78 duys (% 2.8)
bud initisted on

[BA, and 6 months later 1o the ereenbouse | =€

subcufture w0 different medi with varioos
combinztions of 2rowth subatances Char-
coal medium was found 1o suppont the best
initial growth of beth terminal and axillary
buds (Table 1: Fiz. 2Ch Ia the axil of the
lzaf buses. 3 to 4 vegetative buds developed
As can be seen in Fig. 2C, the buds originated
one next to the other, they are not the resull
of a single bud prohfciating. Unlike Cin-
chomg explants (43, 5. regincee explants on a
mediam to which only phlareglucine! was
added did ot show enhanced bud growth and
becsme necratic m the absence of charcoal

unc transpi

retative bud development on charcoal medium after

¢ shoots which developed from an axillary
T8 duys to Liguid medive with BA and

or DTT. Sumulation of axillary bud growth
was ohserved when explants, which were
cultured mitially for 3 weeks oncharcoal me-
diam (B were subeuliured o a liquid me-
dium (A} in which NAA and 2.4.D were
excluded, kinetin was substitted by [.0 mg/
liter benzylemino purine. and [BA was in-
creased to 5.0 my/liter. As can be scen in
Fig. 2B, the bud in the axil of the leaf bases
developed despte the brow ning and neerosis
of the surround ue tissue. The bud reached
d height of ©oem after 40 davs. Since only
ene toot at most developed in culture, the
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Table 1.
ferent S. reginae cxplants.

Medium cffect on oxidative browaing, callus production, and shont development from dif-

Degice ul* Ko, of shoots
Expiant Medium* browning Callus* = 5
Terminal bud A 2 ++ 2.1 =0
B I T+ 42 = 0.2
C & = 1.0 =03
Stem nodal A 2 ++ 30 =203
tissue with B i ++ 48 =05
leaf bases C 4 + 12 =02
Inflorescence A 2 -+ =
stalk B 2 +++ -
C 4 + -

“Medium A = liguid medium + DTT, explants supported on paper bridges, Medium B = agar medium
+ charceal; Medium C = agar medium + phloroglucinol. All media contained (mgliter) 5.0 kinetin;

25 IBA; 1LLONAA; D.524:D

YRating scale: | = browning on excised wound tissue; 2 = partial browning on ouler explant tissue;
3 = browning of the entire explant tissue; 4 = browning and necrosis.
'Callus: = (none), + (low) + + (medium); + + + (high).

shoots were treated as cuttings (5) and were
soaked in autoclaved 100 ppm [BA for 4 hr,
prior to transplanting to an autoclaved mix-
ture of | peat : | vermiculite. Although shoot
proliferation was limited to 3 new shoots at
most, the in vitro development of vegelative
buds in the axils of the leaves could increase
the propagation potential of this species.
Multiple bud development in the leaf axil
could have resulted from the early isolation
of the nodal tissue explant before Mower dif-
ferentiation, and in response to (he 3 auxins
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in combination with kinetin. After transplant-
ing and establishmen! under nonsierile con-
ditions, the cluster of shoots elongated and
developed (Fig. 2D).

Antioxidants used priar to in vitro culture
of 5. reginae and the addition of charcoal or
DTT to the culture medium have effectively
centrolled oxidative browning and stimulated
§. reginae shoot growth.
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Virification-Hyperhydrous shoat development, effects the survival and quality of several micropropagated plants
ex-vitro. The leaves which are the immediale organ to be affected, exhibit abnormal morphology and physiology. Leaf
malfunction is apparently a stress response to very tich media and high relative humidity. The understanding of the
underlying mechanism of vitrification and its control in vitro can contribute to a more efficient micropropagation. Yitrifica-
lion was found Lo be associated with elevated ethylene production which was related to hypolignification and poor cell wall
development. Liquid and low agar media induced callose formation along with reduced and disoriented cellulose biosynthe-
sis, manifested also in non-functioning guard cells. Malfunctioning stomata, in addition to defective cuticle contributed 10
increased transpiration and desiccation of in vilro formed leaves, The activity of various enzymes, associated with cell wall
synithesis, was low and total proteins in normal leaves was higher than in vitreous ones. Various measures were lound 1o
reduce vitrification; lowered malrix and water potential in the medium, reduction in RH, low NH,*. changes in Ca* * levels
and the removal of ethylene. These measures improved leal morphogenesis, survival and the quality of several micropre-
pagated plant species.

Key words: acclimatizaiion; agar; Ca**; cell wall; epicuticular waxes; ethylene; hyperhydration: lignification: micropropa-

gation: NH,.: peroxidases: relative humidily: stomata: vitreous leaves.

INTRODUCTION

Understanding the various faclors involved in the control of plant
growth in vitro can greatly improve the quatity of micropropagated
plants and preven! undesired shoot development known 1o impede
plant survival ex sitro.

Structural disorders in micropropagated planis are manifested by
anatomical, morphologic, and physiologic anomalies observed in
shoots cultured under conditions required for rapid bud prolifera-
tion and growth. The disorders are termed vitrification. translu-
cency, hyperhydration, succulency, and glassiness and refer mainly
to leaf appearance. Anomalous anatomy is manifested Lo a lesser
cxtent also in the stems and roots (10,16]. Complex, muliiple fac-
tors interrelated through various metabolic pathways in vitreous
leaves affect the twe major processes carried out by the leaves:
photosynthesis and gas exchange, These disorders, resulting from
the special requirements {or shoot proliferalion in vitro, cause shoot
malformation and as a consequence impede micropropagated plant
establishment ex vitro (33).

Shoor Anatomy and Morphology In Vitre

Although virrification is usually described by the glassy water-
soaked appearance of the leaves (Figs. 1 a and 2 a), various anatom-
ical and physiologic changes were reported to precede or occur

* Presented in the Sessionsin-Depth Transition of Planis From Culture to
Establishment In Vive,™ at the 41st Annual Meeting of the Tissue Culture
Association. Houston. Texas, June 10-13. 1990,
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concomitantly with malformed sheot development {22,36.53), The
hyperhydrous mesophyll in the leaves of several species consists of
a poorly developed palisade tissue and a spongy parenchyma with
extensive intereeliular air spaces (15.18.25,20.37).

Changes in the epidermis of vitreous feaves were observed both
in the cuticule and the guard cells. Reduced deposition of epicuticu-
lar waxes, bath in quantily and quality, was reported in cauliflower,
cabbage. crysanthemumn, carnation, raspberty, and apple and was
found 1o relate 10 the waler status of the cultures (5,14,17,42-
45.53}. In carnation, decreasing the relative humidity in the culture
vessel induced normal leaf development (Fig. 1 &} and an increase
in epicuticular wax formation (Table 1) (13.53).

Abnormal leaves [rom various species cullured under high rela-
tive humidity in vitro, had large malformed stomata (1,3,51) that
did not close in response to darkness, COy. abscisic acid {ABA),
hypertonic solution, or a water strezs (55). In carnation the ahnar.
mally large guard cells were rounded instead of eliptical (Fig. 1 c.d)
and had large pores, thin cell walls. and fewer chloroplasts (59).

Histochemical studies of guard cells from vilreous carnalion
leaves revealed lower levels of cutin, pectins, and cellulose
(1.26.31,57). Calloge deposits in guard cells from vitreous leaves
were reported in cherry and camation, and the cell walls lacked the
normal orientation of cellulose microfibrils 1ypical of guard cells
{1,34.55,57,59). In vitreous carnation leaves, Ziv et al. (59) have
shown that the defect in the gnard cells lay in the cell walls. The
failure of the cell walls to contraet in hypertonic colution was shown
to correlate with the abnormal erientation of cellulore microfibrils
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Fic. 1. Succulest carnation plant (@) culured on 0.8% agar medium and a normal plani {#) in an uncapped ube iransferred alter 14

days 1o a desiveant. Note upper nenmal leaves. An open stoma lrem a sacculent l=af {c) and 2 clused stoma from a nwrmal leaf (d) alier &
hin the dark (33.58.59).

and the high deposition of callose in the malfermed guard cells of
vitreous carnalion leaves {1,55,57).

Thin ¢ell walls, large intercellutar air spaces, and reduced vascu-
lar tissue were observed also in vitreous stems which were smaller
in diameter, lacked sclerenchymatous tissue, and the corlical and
pith cells were hyperhydrated (47,48). In vitreous carnalion planis
procambial strands were not ohserved. and the vascular hundles
lacked normal organization (29).

Modified Shoot Physiology

Melabolic and physiologic processes associated with photosynthe-
sis and transpiration are severely influenced by abnormal leaf mor-
phology . The culure environment can effect and lead to changes in
enzymatic aclivity, resulting in slicred plant metabolic processes.
Some of the responses often resemble plants under stress condi-
foms.

Leaf hyperhydration has been attributed to defective lignifica-
tion, reduced celluose synthesis, changes in cell wall extensibility.
and altered cell waler relations. These can lead to reduced cell
turgor pressure, changes in the water potential, and increased water
uptake and as a result, to tissue hyperhydration {16). Cultured
shoots or apices, once excised and planted in vitro, are exposed to
an aeralion stresa, either by being submerged in the liquid medium.
in the condensation water or by being exposed to high relative hu-
midity (90 to 100%) in the sealed cultures. These conditions, which
may be analogous to waterlogging, a siress known to cause exces-
sive C,H, evolution (52), may explain the high levels of ethylenc
evolution by vitreous plants (13,20,22,24,57). Hypolignification
was altributed to lower levels of phenols and the inadequate activity
of the enzyme hydroxy cinnamic CoA-ligase (39). Hypolignification
was also related to a decrease in phenylalanine ammonia lyase
{PAL) activity. Various inhibitors of ethylene synthesis did not pre-
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reporied 1o be associaled with abnormal morphogenesis in vitro
(53). These factors control the physical and chemical staie of the
medium and the culture atmosphere, mainly H,O vapor, CO,, and
C,H, levels.

Medis in general are either liquid or semisolid, the latter is
achieved by the addilicn of various concentrations of gelling agents,
the most cormman of which is agar (7,38). Agar conlributes 1o lhe
matrix potential, the relative humidity, and affects the availability of
water and dissolved substances from the medium in the sealed con-
tainers (7,9). Vitrification was observed in several species when the
shool system was cultured in liquid or low agar, semisolid medium
{53). Increasing the agar concentration reduced vitrifieation but
very often also lowered the propagation ratio {(9,20,49,58) because
it affected the availability of various components in the medium, in
particular eytokinins (7).

The relative humidity (RH), resulting from temperature gradients
in the container and the medium'’s water stalus, plays a major role in
vitrification (8). The differences appear early in ontogeny and are
nonreversible once initiated (58). Reduction of the RH in the cul-
ture atmosphere through use of desiccanis, increased wax deposi-
tion in carmation (33) and cabbage planms {45). Application of &
lanolin layer over the agar medium reduced the RH in the cultures
10 35%. causing shoot desiccation in chrysanthemums and increas-
g wax deposition in cabbage {50), In apple, exposure to low RH
improved plant survival ex vitro by improving normal leaf develop-
ment {5). According 1o Maene and Debergh (33) and Vanders-
chaeghe and Debergh (46), reduction in RH can be achieved by
placing the cultures on a cooled plate, which causes the water vapor
10 condense on the agar medium and thus reduce vitrification.

Varicus constituents in the medium in addition to gelling agents
regulate the water potential and may affect plant morphogenesis
{32.41 58). In African violets, increasing the agar concentration 1o
1.2% induced normal leaf development (Fig. 2 a. b). Overcoming
the effect of high agar levels on proliferation can be achieved by the
subculture from a preliferating {liquid) 10 a hardening (agar) me-
dium (Fig. 3) or by a two-phase culiure 1o which a hardening me-
dium is added after the proliferation slage (Ziv. unpuhlished). The
main problem is to control leaf development afler leal primordia or
new buds have formed, beeause once 1he leaves aitain even a mini-
mal size, the deformations are non-reversible (38).

Of the various minerals constituling the most commonly used
Murashige & Skoog medium, NH,* and Ca** were the 1we major
elements reported lo be involved in vitrification of several species.
Using media with lower levels of minerals. or only hatf of the MS
salts, improved camation and cucumber plant development
{56.,59). Reducing the level of NH,™ in the medium increased ligni-
fication and reduced viirification in willow. plum. and in cacti spe-
cies (2.6,2B). In camation. lowering the NH,™ to NO,- ratio im-
proved plant morphogenesis {37). In sour cherry. ne correlation
was found between Ca™* accunnubation and vilreous leaves, which
showed higher acid phosphatase activity (4). Elevaled Ca®™* was
found to reduce vitrificalion in woody species (27). There is how-
ever some conflicting evidence that elevated Ca*” may interfere
with lignification through activation of peroxidases and induction of
callose formation (16.21,23,57). Reducing Ca™* to 1 mM induced
an increase in chlorophyll and wax content in carnation leaves (Ta-
ble 1). Vitreous camation plants lost Ca™™ and Mg’ to the medium
while taking up K* from the liquid medium (23}, Vilrification was
atiributed by Kevers and Gaspar {25) 1o an vsmotic shock inthe
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Frie. 4. Effect of hardening carnation planis in vitro under 60% RH and
B0 or 160 uF - m™2-57! an leal wax content and sunvival ex vitro. Wax was
nol determined in desiceated plants cullured for 9 days under 160 uFE -
m * - 57! {after 13). Broken fine 80: sofid fine 160 gE-m %5 7.

liquid medium, through the effect of a direct contact between the
tissue and the components of either liquid or semisalid medium,

The most commaoniy used growth regulators are auxing and ¢ylo-
kinins supplied either singly or in various vombinations, depending
on the species and the type of explant. Some of the evidence pre-
sented on the effects of growth regulators on abnormal morphogen-
esis is [imited and contradictory. Leshem {30) supggesied 1that an
imbalance in auxin and evtokinin levels induced vitrification in car-
nation. whereas lowering the level of indole acetic acid (IAA) in
conifers reduced vilrification when coupled with reduced kine-
tin (12},

Reports on the involvement of cytokinins in vitrification indicate
that high levels of cytokinins in liquid, or semisolid inedia with 4
high water potential, induced abnormal shoot morphogenesis
(7.49). In ceveral species. reducing the cytokinin levels decreased
the extent of vitrification (12,16,31.61).

Eihylene is a growth regulator found to be involved in vitrification
because it was directly related to the physical and chemical condi-
tion in the cullure. Increased ethylene evolution under svarious cul-
wre conditions was reporied in several species. In carmation il
was mosl pronounced in tightly sealed liquid cultures {13,20.22,
24,35}

Ethylene accumulation was related 10 hypolignification and
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changes in cell wall elastic properties. These changes induced hy-
perhydration due 1o reduction in turgor pressure and an increase in
water uptake by the rissue {25,39),

Loosely capped cultures provide proper aeration and allow the
removal of C3H, and excess water vapor, conditions that were found
to decrease vitrification (13,35). As can be seen in Table 1, varicus
culiure factors improved chlorophyll and wax content in carnation
leaves. The level of agar in Uie medium, the RH, and the addition of
10™° M AOA induced the highest increase in the production of
chlorophyll and cuticalar wax.

The ¢arnation plant has been used for over 10 yr in our labora-
tory as an experimental plant system for studies on in vitre plant
development and hardening before transplanting and on the sur-
vival of the planis ex vitro. Carnation shoot apices culured as
previously described (13,58,59) were hardened in vitro for up to 9
days under 60% RH and two photon flux densities. As can be seen
in Fig. 4, hardening for 6 days under 160 uE « m™ » s 'induced
the highest level of waxes in the leaves, and 92% of the plants
survived transplanting. Hardening for 9 days caused severe plant
desicealion. Hardening under 80 uE + m™? - 57! induced a lower
wax content after 6 days under 60% RH, and plant sumvival de-
creased 1o about 70%. A further decrease in wax content and sur-
vival was observed after 9 days of hardening under these condi-
tions (13).

In conclusion, it is now clesr that abnormal morphogenesis in
vilro is a consequence of physiologic disorders brought abowut
through changes in various metabolic pathways {(16,53). These
physiologic disorders induce the development of abnormal plants
that cannol survive transplanting and require a gradual transition
stage. If acclimatization is carried oul in vitro, before transplanting.
the existing leaves that developed under such conditions will survive
ex vitro. The control of the physical state of the medium, the level of
minerals, growth regulators, and the composilion of the atmosphere
in the containers {35} can provide the necessary conditions for not-
mal leal development. An additional measure reported recently
{40.54,55.60) was the use of growth retardants, such as paclobu-
trazol and ancymidol, to harden leaves belore transplanting, Thus,
in vitro acclimatizarion of plants in stage [11 will improve plant sur-

vival and reduce the need for extended acclimatizaiion in vivo.
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Fis. 2. Vitreous Alrican violet plants cultured in liquid medium {a) and on 1.2% agar medium (b).
Fre. 3. Carnation plant cultured in liquid medium (succulent leaves) and transferred after 18 days to 1.2% agar medium (normal

leaves).

vent vitrificalion in carnation {24), with the exception of one culti-
var, " Ceris Royallete.”” Addition of 1073 M amino-oxyaceiic-acid
(A0A), an inhibitor of ethylens formation to the medium, decreased
leal hydralion and increased chlarophyll and wax levels in liquid-
culured plants {Table 1) (13).

The lower metabolic activity associated with photosynthesis and

TABLE 1

FHE EFFECT OF CLLTURE CONDITION ON CHLOROPHYLL
AND WAX CONTENT IN CARNATION LEAVES AFTER 4-6
WEEKS [N CULTURE (AFTER 13. 53. 58 ZIV. UNPUBLISHED)

Caslnsee Chloraphyli, War.

Conmdition upsmg FE* ma/eg F*
Basal medium® 021 +0.2 30 +06
1/2 M5 minerals 052+ 0.3 88 £09
NH 10 mM 087 + 0.9 124 £+ 1.1
Cat* 1.0 mM 0.64 £ 0.5 16l 1.2
Agar 1.2% 1290+ 1.4 8H6+19
ABA 10T M 0.46 £ 0.2 7.1+08
ADA 10 * M 1.13 = 1.3 I =Rt 1)
RH &60%% 097 = 1.1 Hoexlo

*FW = Fresh weight

® Carnation apices culiured on M3 0.8% agar medium {NH,* 20 mM
Ca** 3 mM, RH 1008) with 2.3 uM KIN and 2.7 gM NAA Al olher
teatnents are changes made in the basal mediun.

carbohydrate assimilation causes in vitro plants (0 become hetero-
trophic. Grout and Donkin (19) studied the photosynthetic appara-
tus and activity in cauliflower meristem cultures. Althéugh adequate
as far as the electron transport system, the leaves had lower chloro-
phyll and reduced ribulese bisphosphate carboxylase activity, re-
sulting in poor carbon assimilaiion,

Caleium is known to regulate polymenzation of wbulin in the
microtubuli and is associated with §-1,3-glucan synthase activity
and in promoling callose formation {11.21), It is possible that in
addition to the effect of Ca™ on the release from the cell walls of
peroxidases, enzymes thal were correlated with hypolignification
{22), Ca™™ availability caused microfibril disorientation and callose
deposition in the mesophyll as well as in the epidermal and guard
cells. In carnation the failure of the guard cells 10 close in response
10 ABA. was due 10 a deformed cell wall. Although the osmotie
potential of the guard cells increased in response 1o ABA, indicating
that the protoplast of the nonfunctional stomata responded to the
closing signal. the pore failed to close (59). Thus, hypolignification,
microfibril disorientation, and deposition of callose instead of cellu-
lose could have contributed to tissue hyperhydraiien, stomatal fail-
ure, and the phenomenon of vitrification.

The Control of Shaot Developrment by
LCultire Condition Manipulation

The culture environmenl, organic and inorganic components,
growih regulators, and light and temperaiure are the major factors
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