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Propositions

. Leaf area of in vitro propagated potato plantlets follows logistic growth in the
normalisation, transplant production and tuber production phases, indicating that
growth restrictions exist in all three phases. (This thesis)

. The status of potato plants at the end of the transplant production phase influences
performance of the plants in the tuber production phase. (This thesis)

. Transition of potato plants from in vitro to in vivo conditions during transplant
production promotes leaf growth. (This thesis)

. Biotechnology in general and tissue culture in particular will enhance horticulture
in Eritrea.

. Long-term food aid is adverse to Africa.

. Tissue culture techniques can promote reforestation programmes in Eritrea by rapid
multiplication of indigenous tree species that are difficult to regenerate.

. There is no future for aprification crops in The Netherlands; research on these
crops, however, should be stimulated in The Netherlands.

. The total is sometimes more, sometimes less than the sum of the components.
. Spate irrigation is a unique technology in some low rainfall areas of Eritrea. It has

allowed the nomads to become sedentary farmers in the marginal ecosystems of
Eritrea.

10. Those who do not remember the past are condemned to repeat it.

Propositions belonging to the PhD thesis of Tadesse Mehan,
Manipulating the physiological quality of irn vitro plantlets and transplants of potato.

Wageningen, 5 December 2000



ABSTRACT

Tadesse Mehari, 2000. Manipulating the physiological quality of in vitro plantlets and
transplants of potato. Doctoral thesis, Wageningen University and Rescarch Centre,
Wageningen, The Netherlands, 230 pp., English and Dutch summaries.

In vitro techniques have been introduced in potato seed production systems in recent years.
This research project aimed at studying the morphological and physiclogical changes in plants
and crops in the last three phases of a seed production system that included an in vitro
multiplication, an in vitro normalisation (growing cuttings to rooted plantlets), a transplant
production, and a tuber production (field) phase.

Leaf area was identified as an important plant parameter for plant growth in the
normalisation and transplant production phases, Explants and plantlets with larger initial icaf
area performed better than those with smaller initiat leaf area. /r vitro treatmenis mainly
affected leaf area of transplants through their effects on early above-ground leaf area. Leaf
area increase was better described by logistic than by exponential or expolinear curves in all
phases of growth, suggesting restriction of leaf area increase in all phases.

Low temperature decreased leaf and stem dry weights in all phases, and increased
tuber fresh and dry yields, average tuber weight, leaf/stem ratio, specific leaf area and harvest
index in the tuber production phase.

Growing in vitro plants at low normalisation temperatures increased leaf and total
plant dry weights early in the transplant production and tuber production phases. It resulted in
higher tuber vields, heavier individual tubers and higher harvest index.

Fertilising plants with higher nitrogen (40 versus 10 mg N per plant) during transplant
production resulted in plants with higher groundcover in the field. This led to higher
interception of solar radiation and higher tuber vield in one of the two experiments. Growing
plants at higher temperature (26/20 versus 12/18 °C) during transplant production increased
leaf area at the end of the transplant production phase. After transplanting to the field, it
resulted in crops with higher groundcover, which intercepted more incoming solar radiation.
Yicld tended to be higher, but differences could not be assessed as statistically significant. A
glasshouse experiment showed that high temperature during transplant production increased
leaf and stem dry weights in the tuber production phase, but reduced tuber dry weights and
harvest index when temperatures during tuber production were high. Thus, high temperature
during transplant production may favour haulm growth and light interception in the field, but
may also reduce dry matter partitioning to tubers.

Conditions in the tuber production phase were found to be of greater importance for
final yield than conditions and treatments in earlier phases.

Strategies to optimise the production and use of propagules and transplants should
focus on achieving leafy starting material, reducing stress during changes in environment and
optimising conditions during tuber production. Production of transplants should be adjusted to
the expected growth conditions in the tuber production phase.

Key words: Solanum tuberosum L., in vitro plantlet, seed production, normalisation,
transplant production, tuber production, acclimatisation, leaf area, groundcover, logistic
growth, temperature, nitrogen, dry matter production, specific leaf area, harvest index,
radiation interception, radiation use efficiency.



LIST OF ABBREVIATIONS

AIR
DAC
DAP
DAT
GC
HI
LA
LAI

REzzZ

RUE
SLA
T8
TP

Accumulated intercepted radiation (MJ m™)
Days after cutting (d)

Days after planting (d)

Days after transplanting (d)

Ground cover (mm?, cm’ or %)

Harvest index (g g™')

Leaf area (mm® or cm?)

Leaf arca index (m® m™)

Nitrogen

Normalisation phase

Relative humidity (%)

Relative increase in leaf area (increase/early leaf area)
Radiation use efficiency (g MT™)

Specific leaf area (cm® g™")

Tuber production (bulking) phase
Transplant production phase

Logistic curve parameters

zZ2Z0O0® >

I

Fitted minimum leaf area (mm®)

Initial relative rate of leaf area increase (day )

Fitted leaf area increment (mmz)

Fitted curve mid-point (days after cutting or (trans) planting)
Maximum rate of increase in leaf arca at M (mm” day™)



PREFACE

This thesis is a product of 4 years full-time PhD research work on potato tissue culture.
The project was financed by MHO/NUFFIC as part of the linkage programme between
the College of Agriculture and Aquatic Sciences (CAAS) of the University of Asmara,
Enitrea and several institutions in The Netherlands including the Department of Plant
Sciences, Wageningen University and Research (WUR), The Netherlands.

I sincerely hope that this thesis will, albeit modestly, contribute to the scientific
knowledge of in vitro propagated transplant crops which are widely used as starting
material in seed production systems in potatoes and many other crops. I would like to
take this opportunity to express my sincere gratitude to the following individuals and
institutions that directly or indirectly contributed to my work.

Special acknowledgement is due to the University of Asmara for granting me
the scholarship to pursue my full time PhD study in The Netherlands, and special
thanks go to WUR and especially to the Department of Plant Sciences for facilitating
my research work and study.

First and foremost, I would like to express my heart-felt gratitude to my advisor
Prof. Dr. Paul C. Struik for his day-to-day guidance, academic advice and for his
continuous interest. I am very grateful for his unreserved support, concern and
enthusiasm during the whole period of my work, which were encouraging, and for
sparing much of his precious time editing and improving the manuscript. These simple
words cannot, in any way, be adequate to explain the interest and enthusiasm of Paul.

I am deeply grateful to my co-advisor Dr. Willemien JM. Lommen for her
valuable guidance and continucus support both during my research work and in the
preparation of the manuscript. Her door was always open for me to discuss whatever
doubts I had in my mind.

I am greatly indebted to all the staff members of the Department of Plant
Sciences (WUR) for their encouragement, support and expert advice. I really felt at
home during my long stay in The Netherlands. Special thanks are due to Dr. E.
‘Westphal for his continuous moral support and to Dr. K. Scholte and Dr. J. Vos for
their academic advice.

1 am also grateful to all the staff members of UNIFARM, without the
continuous support and assistance of whom my research work would have been
practically impossible. Mr. Herman Masselink and all the UNIFARM staff deserve
special thanks. The TUPEA and Library staff at the Department of the Plant Sciences
also deserve special thanks for their unreserved assistance and co-operation.

The liaison officer of the linkage programme, Drs. Jan van den Hoogen and his
colleagues, Ms. Marianne Wijkniet, Ms. Barbara Rosematen and Mr. Peter Holen



deserve special thanks for their continuous encouragement and for the administrative
support they gave me to smoothly pursue my study.

My heart-felt thanks go to Ms. Gon Van Laar for her advice in the design of the
lay out of my thesis and for her editorial suggestions. Special thanks are due to all my
PhD colleagues in the department for their companionship and encouragement and
especially to my office-mates, Maja Slingerland, Nick den Hollander and Harm Smit
for their enthusiasm and support and, of course, also to Paula Westerman for her
relentless weekend catering services. My colleagues from the University of Asmara,
Woldeselassie Ogbazghi, Woldeamlak Araia and Mihreteab Tesfai also deserve
special thanks for their companionship and encouragement.

The continuous encouragement and support I received from my Eritrean friends
and their families in The Netherlands were actually my source of strength and helped
me to feel at home during my stay in The Netherlands. I am, therefore, greatly
indebted to the families of Negassi Sercke, Haile Habtagabir, Ali Salih, Samson Isack,
Kahsai Tedros, Alamin Abdela, Semere Ghirmatsion, Asrat Kifle and Samuel Tekle
and to my friends Solomon Ghebrekristos, Almaz Tesfai, Tekeste, Kibreab Woldeab,
Kiflom Tesfamariam, Mehari Beyene and Angessom Habtenas.

I would also like to thank the Eritrean Consulate staff in The Hague for their
unreserved encouragement and support.

Finally, I wish to express my everlasting sense of gratitude and love to my wife
and kids, for their understanding and patience all the way throughout my stay in The
Netherlands, I dedicate this thesis to them,

Tadesse Mehari



CONTENTS

10.

Preface

General introduction

Effects of in vitro treatments on leaf area growth of potato
transplants during acclimatisation

Characterisation of plant growth of ir vitro propagated potato

plantlets over threc phases of culture under different temperatures:

Leaf area and leaf number
Characterisation of plant growth of in vitro propagated potato

plantlets over three phases of culture under different temperatures:

Effects of leaf area of individual plants on parameters describing
individual leaf area increase

Characterisation of plant growth of in vitro propagated potato

plantlets over three phases of culture under different temperatures:

Correlations between parameters describing individual leaf area
ncrease

Characterisation of plant growth of in vitro propagated potato

plantlets over three phases of culture under different temperatures:

Dry matter production
Characterisation of plant growth of in vitro propagated potato

plantlets over three phases of culture under different temperatures:

Tuber number, tuber fresh yield and harvest index
Effects of nitrogen pre-treatment of transplants from in vitro

produced potato plantlets on transplant growth and yield in the field

Effects of temperature pre-treatment of transplants from in vitro

produced potato plantlets on transplant growth and yield in the field

General discussion

Summary
Samenvatting

Curriculum vitae

13

31

67

a5

111

135

151

173
197

213
221
230



CHAPTER 1

General introduction



General introduction

General introduction

The potato plant

Potato is a Solanaceous plant which was given the Latin name Solanum tuberosum
esculentumn by Bauhin in 1596, a name essentially retained in the binomial Solanum
tuberosum given by Linnaeus in his Species Plantarum in 1753, The potato originates
from the highlands of South America where it has been an important food crop for a
long time. It does not exist as a wild plant, other than as escapes and discards, and its
wild origin is obscured by millenma of cultivation before it was introduced to Europe
in the 16" century (Burton, 1989; Hawkes, 1990).

Potato is an annual plant about 30-100 c¢m tall and in general is vegetatively
propagated through tubers. Like other Solanaceous genera, it shows considerable
regenerative activity and produces three different types of stems — the leafy stems
(sprouts), the stolons and the tubers. All of these possess apical and axillary buds
which can potentially produce one of the above stems and it is this potential that can
be exploited in the vegetative propagation of potato (Lommen, 1995).

Potato is grown in more than 70% of the countries of the world, it is the most
important non-cereal world food crop and is next only to rice, wheat and com as a
major crop in terms of total production of fresh weight. In the past, most of the world
potato production was limited to the temperate regions in the industrialised countries.
However, during the last decades, potato production has been gradually shifting from
the industrialised to the developing countries and from the temperate to the tropical
and subtropical regions (Walker et al., 1999). China has the largest arca of potato,
followed by Russia, Poland and India (Struik & Wiersema, 1999; Walker ef al., 1999).

Potato seed tuber production

Various methods are utilised for the production of potato seed tubers. These include
seed tubers, plant regeneration from cell cultures such as protoplasts, callus etc. (Evans
et al., 1981), dissected meristems (Wang & Hu, 1980), stem and nodal cuttings
{(Goodwin et al., 1980; Bryan et al., 1981) and true potato seeds (TPS) (Umaerus,
1987). Next to the conventional seed production systems which utilise normal tubers,
methods using nodal cuttings are preferred for seed tuber production purposes, because
they conserve the genetic make-up of the parent plant since new plants are produced
from existing buds (Lommen, 1995).



Chapter 1

Conventional seed production

The conventional way of propagating potato involves the repeated multiplication of
potato seed tubers. In many countries, healthy prebasic seed is produced by clonal
selection, repeatedly propagating selected tubers which are pathogen-tfree and have the
desired phenotype (i.¢. ‘true to type’ plants). In areas where one crop of potato is
grown in one year, the multiplication rate is only 12-20 per year (Beukema & Van der
Zaag, 1990) as compared to 30 to 40 in wheat, 40 to 60 in barley and 150 to 240 in
maize (Van der Zaag, 1990). Therefore, several years of field multiplication are
required to produce the total quantity of potato seeds needed when starting from
limited stock. In commercial varieties 10-15 % of the total area must be used for seed
production (Struik & Wiersema, 1999),

From generation to generation the seed gradually degenerates mainly due to
infection by viruses, the rate of degeneration varying from region to region and from
cropping season to cropping season. In the high degeneration rate areas, seed that was
initially clean (¢ to 1% virus), after 1, 2 and 3 generations contains 10%, 45% and
100% virus, respectively (Beukema & Van der Zaag, 1990). Assuming that the seed
should contain no more than 15-20% virus (Beukema & Van der Zaag, 1990), the
clean seed introduced can only be multiplied once. This obviously limits potato seed
production, especially in the high degeneration areas.

The main disadvantages of the conventional potato seed production system are:
a) the slow and inflexible rate of muitiplication of field-grown potato plants and b} the
high risks of viral, bacterial and fungal infections with increasing numbers of field
multiplications (Haverkort e# al., 1991). These disadvantages are impediments to a
rapid introduction of new cultivars and to the production of high quality seed potatoes.

Production of in vitre plantlets

Several techniques have been developed over the past two to three decades to reduce
the number of field generations and consequently the problems associated with the
conventional seed production method. One of such techniques which is widely used in
several seed production systems is the tissue culture technique or micropropagation
(Hussey & Stacey, 1981). Tissue culture methods are nowadays widely employed to
produce large quantities of healthy and genetically uniform in vitro plantlets for seed
tuber production. As a tool for production of potato seeds, micropropagation has been
expanding rapidly in the recent past and almost all seed producing areas in North
America and Europe have either built one or modified the existing infrastructures to
accommodate this type of propagation (Jones, 1988). The reasons for this are obvious:
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a) large numbers of disease-free plants can be produced in a short period. Under
laboratory conditions, multiplication rates of 10 to 25 fold per 8 weeks (Goodwin ef
al., 1980) and 8 to 84 fold per 40 days (Marinus, 1983) are reported, b) losses due to
pests, discases etc. hardly occur, because production takes place under aseptic
conditions, ¢) multiplication can take place whole year round in a small, controlled
environment with easy storage of propagules (Struik & Lommen, 1990} and d)
multiplication rate is constant within a variety — enabling good planning of the work
(Marinus, 1985).

In vitro propagated plantlets are used as sources of starting material in several
types of seed production systems. The fastest seed production system with the highest
multiplication rate involves four phases (Fig. 1):

- Multiplication phase, where plantlets are propagated ir vitro by producing single
node cuttings;

- Normalisation phase, where single node cuttings develop into rooted in vitro
plantlets;

- Transplant production (acclimatisation) phase, where rooted plantlets are
acclimatised in a glasshouse; and

- Tuber production (field) phase, where transplants are grown in a field to produce
seed tubers.

This system is also used in this thesis, albeit slightly modified for experimental
purposes in some experiments.

This seed production system is very short, requiring only a few wecks between
nodal cuttings and the transplant, for it does not require additional steps of in vitro
tuber production, storage and/or pre-sprouting phases and it only involves one field
cycle. This short production cycle is not only a great advantage for experimental
purposes, but also when large quantities of large-sized seed tubers are needed for
commercial purposes.

Much attention has also been given to the use of in vifro plantlets for the
production of microtubers (in vitro tubers) or minitubers (tubers produced by in vitro
plants in soil) (Hussey & Stacey, 1984; Lommen & Struik, 1995; Gopal ef al., 1998),
but this remains out of the scope of the thesis.

The research project
Introduction

This rescarch project was funded by MHO/NUFFIC as part of the linkage programme
developed between the College of Agriculture and Agquatic Sciences (CAAS),
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University of Asmara (UQA), Eritrca and several institutions in The Netherlands,
including the Department of Plant Sciences, Wageningen University and Research
Centre (WUR). One of the main objectives of the linkage programme is to equip
Eritrea with the necessary scientific infrastructure, and to transfer the appropriate
knowledge and technology, to enable it to develop and modernise its agricultural
system and eventually attain food security and sustainability. Staff training was alse
one of the components of the linkage programme through which many CAAS staff
members were trained at different levels to acquire the necessary scientific knowledge
and expertise to enable them to tackle and solve problems related to agriculture
independently so as to develop and modernise the agricultural sector of the country.
The research project described in this thesis was partly the product of an analysis of
research needs by a team of scholars from the WUR and the UOA, on the basis of
these objectives (CAAS, 19906).

Although the majority of the farmers in Eritrea are subsistence farmers
practising rain-fed agriculture, Eritrea has a long tradition of imigated horticulture
which is currently gaining much attention to produce fruits and vegetables using water
that has been collected in newly built micro-dams throughout the country. Potato is
selected as one of the priority crops to secure food sufficiency in Eritrea (World Bank,
1994). However, despite ail the efforts made so far, potato production and yield remain
low. One of the main reasons for this is the absence of a certified seed production
system in the country. Poor quality, scarcity and high costs of potato seed tubers are
some of the main constraints of potato production in Eritrea. Thus, developing a seed
supply system that can ensure potato seed health and the availability of healthy seed
tubers whenever farmers require them, is an important sicp forward. This can be
achieved through micropropagation techniques where in vitro plantlets are multiplied
rapidly to produce potato seed fubers (Hussey & Stacey, 1981). It is essential to
identify and develop an appropriate seed production system that employs in vitre
techniques and that also pays special attention to the vicissitudes of the in vitre
plantlets after they leave the aseptic conditions.

Problem description

Plantlets are produced using various protocols in different laboratories (Goodwin &
Brown, 1980; Miller ef al., 1985; Seabrook, 1987, Mastenbroek & Eising, 1987; Sipos
et al., 1988; Cournac et al., 1991). Optimisation of conditions and techniques (Hussey
& Stacey, 1981; Marinus, 1983) in the phase of in vitre multiplication has led to
maximum numbers of nodal cuttings entering the nonnalisationtphase. This part of the
seed production system will therefore not receive further attention. Techniques and
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conditions during normalisation may affect plant survival and field establishment
when plants are directly planted to the field (Sipos et al., 1988). Many authors believe
that already at the end of the normalisation phase, the condition of the plantlets is
essential for further growth and performance (e.g. Marinus, 1985; Mastenbrock &
Fising, 1987; Kozai et al., 1988). However, only a limited number of reports exist in
which varying treatments in the normalisation phase (daminozide addition,
Mastenbroek & Eising, 1987; Sipos et al., 1988) or transplant production phase
(changing the container volume, Thomton & Knutson, 1986} are shown to affect final
tuber number or weight in the field. Unfortunately reported effects are generally not
explained or further analysed, and results are not always consistent.

There is lack of information on how treatments in early phases affect
(trans)plant growth, and on how the different end products lead to differences in
growth in the next phase. There is also a gap of knowledge as to how treatments in
previous phases influence growth of plantlets in subsequent phases and the final yield
in the field. This gap of knowledge makes it difficult to design suitable protocols and
to predict multiplication rates and final yield of seed tubers in the field.

Research objectives

The main objectives of this research project are to understand and analyse:

1. The important morphological and physiological changes that take place at the plant
and crop level in the normalisation, transplant production and tuber production
phases of the four-phase seed production system;

2. The way in which these changes are affected by different treatments during a
phase; and

3. The way changes in a certain phase are affected by different treatments in earlier
phases.

To realise these objectives, the following activities were conducted:

- Description of growth and development in different phases.

- Identification of relevant plant parameters that determine growth of the plantlets in

the various phases and finally affect seed tuber yield.

- Analysis of the influence of these parameters on growth and yield.

- Manipulation of in vitro plantlets and transplants using different treatments to

optimise plant growth in later stages and final yield.
The knowledge thus acquired will help to manipulate propagules at different
propagation stages in order to direct growth and development, and affect yield in the
last phase of the production system, the tuber production phase.
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Thesis structure

Effects of in vitro itreatments on leaf area growth of potato transplants during
transplant production arc examined in Chapter 2. This chapter further deals with the
importance of leaf area of in vitro propagated plantlets for further growth during
transplant production and the after-effects of in vitro treatments. It aims at establishing
the relationship between leaf area of in vitro propagated plantlets at the beginning of
the transplant production phase and leaf area of the plants at the end of this phase. It
also deals with the way this relationship is affected by different cultivars and
treatments in vitro and establishes the direction of the treatment effects in this
relationship.

The following five chapters deal with characterisation of plant growth over the
three phases — normalisation, transplant production and tuber production. In these
chapters growth and development of in vitro propagated plantlets are assessed over the
different growth phases in relation to time and temperature. The first chapter of these
five, Chapter 3, focuses on leaf growth and development and analyses the changes in
leaf area and leaf number that take place in the different phases of growth. Growth
curves are plotted to describe leaf area and leaf number increase in all three phases of
growth. Chapter 4 also deals with leaf arca development in the three phases. It relates
the parameters describing leaf area increase to the initial and final leaf area using
linear correlations, Chapter 5 assesses the mutual relationships among the curve
parameters themselves. Chapter 6 focuses on yield analysis and describes dry matter
production under different temperatures, and explains how temperature conditions
applied to the previous phases of growth affect dry matter production. The last chapter
in this series, Chapter 7, explains how yield determining parameters such as tuber
number, average tuber size, tuber fresh weight and harvest indices are affected by
temperature in the current and previous phases. ‘

Chapter 8 and 9 include investigations on the effects of pre-treatments during
transplant production on the performance and yield of the transplants in the field.
Chapter 8 deals with the effect of nitrogen pre-treatment and explains how pre-
treatment of in vitre propagated plantlets with different levels of nitrogen during
transpiant production affects growth of the transplants and yield in the field. Chapter 9
assesses the effects of temperature pre-treatment in the transplant production phase on
growth and performance of transplants and yield formation of the plants in the field.

The general discussion {Chapter 10) focuses on leaf number development over
time in the different phases of growth, on leaf area as an indicator of quality of
explants, plantlets and transplants and on the detailed analysis of leaf arca growth. It
also highlights how leaf area can be manipulated in the different production phases

9
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and explains the side effects of leaf area manipulation. The importance of the different
phases of growth for the seed production system is discussed. Finally, reflections are
made on the original objectives.
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2. Effects of in vitro treatments on leaf area growth of potato
transplants during acclimatisation

Abstract

The importance of leaf area of in vitro propagated potato (Solanum tuberosum L.) plantlets
for further growth during acclimatisation and the after-effects of in vitro treatments on
growth were examined. The in vitro treatments included different levels of alar, nitrogen or
mannitol or different temperatures during the last in vitro phase, the normalisation phase.
Leaf area or ground cover was recorded one day after planting to soil and at the end of the
first phase of ex vitro growth, the acclimatisation phase. Regression analysis showed that
leaf area of a transplant at the end of acclimatisation phase was positively influenced by leaf
area of the same plantlet at the beginning of the phase. The relative increase in leaf area
during acclimatisation (increase/early leaf area) was linearly related to the inverse of the
early leaf area, indicating almost comparable relative increases for plantlets having larger
early leaf areas, but more variable responses for plantlets having smaller early leaf areas. In
vitro treatments mainly affected leaf area of transplants through their effects on early leaf
area. Adding alar, reducing nitrogen and reducing temperature increased leaf area. Reducing
mannitol increased ground cover. A lower nitrogen concentration and higher temperature in
some cultivars had slight negative effects on the relative increase in leafl area after
acclimatisation. For nitrogen these negative effects were less significant than the positive
effects through early leaf area. Results stress the importance of manipulation of leaf area in
vitro to enhance plant performance in later stages of growth.

Key words: alar, in vitro plantlet, mannitol, nitrogen, normalisation, temperature.
Introduction

In vitro propagated potato {(Solanum tuberosum L)) plantlets are used as starting
material in various seed tuber production systems. Following the routine multiplication
of in vitro plantlets, nodal cuttings, for example, can be used to produce rooted
plantlets in virre during the normalisation phase. These rooted plantlets are
subsequently acclimatised ex vitro in a glasshouse to produce transplants in the
acclimatisation phase before they are transplanted to the field to produce seed tubers
(Marinus, 1983; Wattimena et af., 1983).

The status of the plantlet at the end of the in vitro phase is important as it may
affect further performance (Marinus, 1985; Mastenbroek & Eising, 1987; Kozai et al.,
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1988; Hagman, 1990), but the mechanisms of such effects are still unknown, Leaves
are the site of determinant physiological processes occurring in plantlets, including
photosynthesis and transpiration. We therefore surmise that the leaf area at the onset of
the acclimatisation phase is a good predictor of that status, whereas the rate of leaf
initiation and growth reflects the vigour of young plantlets. As long as a young,
vegetative plant is grown without inter-plant competition and free of stress, later leaf
area is related to early leaf area (Goudriaan & Van Laar, 1994). Transferring an in
vitro plantlet to ex vitro conditions, however, may be a traumatic event even when the
ex vitro environment is stress-free, due to the morphology and anatomy of the plantlets
{Grout, 1988; Sutter ef al., 1992).

Different experiments have shown that potato leaf area could be influenced by
different treatments. Adding alar (daminozide) in a low concentration to the in vitro
medium ofien leads to stronger plantlets with well-developed leaves (Marinus, 1985).
Alar basically results in plantlets with shorter internodes, with darker green leaves and
stems, and with shorter and more uniformly distributed roots (Sipos et al., 1988).
Reducing nitrogen content of a medium may increase leaf area and promote stem
elongation (Charles et al., 1992; Zarrabeitia et al., 1997) and may increase chlorophyll
content (Zarrabeitia et al., 1997). This is in contrast to the general effect of nitrogen on
normal potato crops. Higher temperatures in vifro basically increase the number of
stem internodes (Hussey & Stacey, 1981; Caligari & Powell, 1989). However, in
potato plantlets high temperature also develops a more normal habitus with leafy
shoots instead of a stoloniferous habitus with scale leaves (Hussey & Stacey, 1981).
High temperatures in normal potato plants reduce total leaf area (Ewing & Keller,
1982; Nagarajan & Bansal, 1990; Struik & Ewing, 1995). Mannitol addition to the in
vitro medium results in a significant decrease in dry matter accumulation (Lipavska &
Vreugdenhil, 1996), shoot growth (Siddiqui et af., 1996) and root development
(Harvey et al., 1994). Along with leaf characteristics, all these treatments also may
affect other plantlet characteristics relevant to further plant development.

More insight is, therefore, needed on how leaf area at the onset of the ex vitro
phase may affect leaf area at the end of the acclimatisation phase and on additional
cffects of in vitro treatments on growth during acclimatisation. Such information
would help to optimise techniques to manipulate plantlets in the normalisation phase to
improve their performance in the phases of acclimatisation and field growth.

The aim of the study was to establish the relationship between leaf area of in
vitro produced plantlets at the beginning of the acclimatisation phase and the leaf area
of the transplants at the end of this phase, and the effects of different treatments in
vitro on this relationship.
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Materials and methods
Routine micropropagation

In vitro potato plantlets of cultivars Gloria, Spunta and Elkana were routinely multi-
plied every 4-5 weeks by single-node cuttings using virus-free stock plantlets cultured
on a standard medivm containing basic MS salts (Murashige & Skoog, 1962) with
vitamins (2 mg 17 glycine, 100 mg 1" myo-inositol, 0.50 mg 1" nicotinic acid, 0.50 mg
1" pyridoxine HCI and 0.10 mg 1" thiamine HCI), 25 g I”' sucrose, 8 g I"' agar and
0.0133 g 1" alar-64% (daminozide). Viable nodes were cut from the plantlets,
discarding tops, and cultured in 25%150 mm culture tubes on 10 ml medium, one nodal
cutting per tube, The tubes were closed with polycarbonate caps, sealed with
houschold plastic foil, and placed at 23 °C and a photophase of 16 h supplied with
Philips TL 84 fluorescent tubes with a photosynthetic photon flux density of 30 umol

mZs™,

Normalisation phase

Single-node cuttings were grown to rooted plantlets during 21 days under the same
conditions as during routine multiplication, cxcept for the variations due to the
experimental treatments.

Experiment 1. Alar. Cuttings were grown in petridishes (8 per dish) on 20 ml of the
standard medium containing alar or without alar.

Experiment 2. Nitrogen. Cuttings were grown on standard medium with one of the
following three nitrogen levels: 0.84 (control), 1.42 and 2.00 g I' N. The control
contained 0.84 g "' N available in the form of KNO; (1.90 g I''} and NH,NO; (1.65 g
17" in the MS medium while an additional 0.58 or 1.16 g 1" N in the form of NH; NO,
was added to the two highest nitrogen levels.

Experiment 3. Temperature. Cuttings were grown on standard medium in petridishes
(& per dish) at 17, 20, 23 or 26 °C in separate growth cabinets.

Experiment 4. Mannirol. Cuttings of cultivar Spunta were grown in petridishes on
standard medium with either 0, 1 or 3% mannitol.
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Acclimatisation phase

Rooted plantiets were planted into small round pots (8.5 x 9.0 cm, w x d; Experiment
1) or transplant trays with cells (4.0 x 5.5 x 6.0 cm, w % | x d; other experiments)
containing potting soil. Approximately half of the stem was left above the soil. In
Experiment 1, only the largest plants available for each treatment were planted. Plants
were grown for 13 days each in a glasshouse (Experiments 1, 2, 3) or walk-in growth
chamber {(Experiment 4). Temperature and photoperiod conditions during acclima-
tisation were always within the range optimal for short-term vegetative shoot growth
in potato. However, the environmental condition of the glasshousc/growth chamber
depended on demands by other users and, thus, differed slightly among experiments.
Day/night temperatures were 20/8, 18/12, 18/12 and 20/14 °C and photophases were
12 h, 16 h, 14 h and 16 h in Experiments 1, 2, 3 and 4, respectively. Relative humidity
in all experiments ranged between 70 and 80%. Day light was supplemented by SON-
T buibs in the glasshouse, while light was supplied in the walk-in growth chamber by
SON-T and HPI-T lamps and fluorescent tubes with a light intensity of 385 pumol m >
s”'. We are convinced that the range of conditions does not affect the relationships
described in this paper, but absolute leaf growth rates during acclimatisation are not
comparable over experiments. Each plant received 10 ml of a low-concentrated Steiner
solution (Lommen & Struik, 1992} three times a week.

Experimental designs

In the acclimatisation phase, Experiment |1 was carried out in a completely randomised
design with 16 replications and comprised of 2 (alar treatments) % 3 (cultivars) x 16
(replications) = 96 individual plants. Experiment 2 was carried out in a randomised
block design in 16 blocks and each treatment was replicated three times within a
block. Thus the experiment contained 3 (nitrogen treatments) x 3 {cultivars) x 16
(replications) x 3 (individuals per treatment-cultivar combination per replication) =
432 plants. Experiment 3 was carried out in a split-plot design with 16 blocks in which
temperature treatments were randomised within cultivars in the main plots, Each
treatment was replicated twice within a block. Thus, there were 4 (temperature
treatments) x 3 (cultivars) x 16 (replications) x 2 (individuals per treatment-cultivar
combination per replication) = 384 plants in the experiment. Mannitol treatments in
Experiment 4 were randomised within 16 blocks and each treatment was replicated 4
times within a block. Thus, there were 3 (mannitol treatments) x 16 (replications) x 4
(individuals per treatment per replication) = 192 plants.
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Measurements and statistical methods

During transplant production, leaf area (LA) was estimated by measuring the area of
individual leaves of a plant using a transparent sheet with small (1x1 mm) and large
(5x5 mm) grids (for bigger leaves) at 1 and 13 days after planting (DAP). In the
mannitol experiment ground cover (GC), instead of LA, was estimated at 1 and 13
DAP using a miniature ground cover measuring device. The two methods are basically
similar and equally accurate but they result in different variables. The measurement on
Day 1 yielded the ‘early leaf area’, whereas the measurement on Day 13 gave the ‘late
leaf area’.

Data were subjected to analysis of variance (ANOVA) using Genstat 5 release
3.22 (1995) and differences between treatments were analysed by LSD tests at P<().03,
The relative increase in LA or GC (RI) was calculated as the increase in LA or GC
between 1 and 13 DAP, divided by the LA or GC at 1 DAP. Simple regression
analyses were carried out for data on individual plants to establish the relationship
between early LA and late LA or Rl, and to determine the contributions of early LA to
the variance in late LA, Multiple regression analyses were used to assess the combined
contributions of early LA or GC and experimental factors to the variance in late LA or
GC and to assess whether in vitro treatments, cultivars and their interaction affected
late LA at the end of transplant production only through their effects on early LA or
whether other effects were involved as well. Intercepts and regression coefficients of
fitted lines were compared using the t-test.

Results
Effects of in vitro treatments on leaf area in the acclimatisation phase

Adding alar to the normalisation medium led to a significantly higher LA of the
plantlets in all three cultivars one day afier plantlets were transferred to the glasshouse
{1 DAP) and at the end of the acclimatisation phase (13 DAP) (Table 1). The cultivar
effect was significant at 1 DAP but not at 13 DAP. There was no significant
interaction between cultivars and treatments at either date.

Leaf area decreased with increasing nitrogen conceniration in the normalisation
medium for all three cultivars at the beginning (1 DAP) and at the end (13 DAP) of the
acclimatisation phase. The largest contrast, however, existed between the lowest (0.84
g 1"y and the two highest (1.42 and 2.00 g I'") nitrogen treatments (Table 1). A
significant interaction at both 1 and 13 DAP indicated that cultivar Elkana suffered
much more from increasing levels of nitrogen in the medium than Spunta and Gloria.
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Table 1. Leaf area (Experiments 1, 2 and 3) or ground cover (GC) (Experiment 4)
(mm?) of in vitro derived potato plantlets of three cultivars at 1 and 13 DAP, as
affected by various pre-treatments during normalisation.

1 DAP 13 DAP

Gloria  Spunta Elkana Gloria Spunta  Elkana
Experiment 1
With Alar 79.4 84.7 953 2072 2400 2141
Without Alar 35.6 49.1 57.8 1528 1356 1572
LSD (5%) 10.5/12.8 272°
Experiment 2
084gl'N 303 512 793 371 526 998
142gI'N 209 420 47.2 250 483 559
200g1'N 214 39.6 394 217 362 514
LSD (5%) 93 131
Experiment 3
17°C 40.6 733 56.7 867 1736 1595
20°C 438 52.8 45.8 897 1073 968
23°C 339 39.8 355 557 751 768
26°C 222 313 32.5 338 598 661
LSD (5%) 10.5 270
Experiment 4
0% mannitol 373 2477
1% mannitol 28.5 1965
3% mannitol 10.0 1160
LSD (5%) 5.3 263

* first LSD for comparing treatment means, second one for comparing cultivar means
® LSD for comparing treatment means

A higher temperature during normalisation resulted in transplants with smaller
LA in all cultivars at 1 and 13 DAP (Table 1). A significant interaction between
cultivars and temperature treatments at 1 and 13 DAP indicated there was no
difference in LA in Gloria between 17 °C and 20 °C at both dates, whereas for Spunta
and Elkana differences between these two temperatures were large and LAs were
lower with increasing temperature over the entire range investigated (Table 1).

Increasing mannitol concentration to the normalisation medium resulted in a
significant decrease in GC of the transplants both at 1 and 13 DAP (Table 1).
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Effects of early leaf area on growth during acclimatisation

When data on individual plants for all treatments and cultivars were combined for each
experiment, those plants with higher LAs at the end of the acclimatisation phase
already had higher LAs at the beginning of the phase, over the whole range tested (Fig.
1). Regression analysis indicated that a positive relationship existed between the early
LA at 1 DAP and late LA at 13 DAP in the acclimatisation phase in all experiments.
Linear, 2™ order polynomial, logistic or sigmoid and exponential fits all were highly
significant (Table 2). Differences in coefficients of determination (R”) were small.
This suggests that the increase in LA or GC with time for individual plants was
different for plants having different early LA or GCs. R’-values were only slightly
higher when early A was combined with experimental factors in the regression model
than when early LA alone is taken.

Fig. 2 shows the relation between the relative increase (RI) in LA or GC (i.e.
the increase in LA or GC over the acclimatisation phase, divided by the early LA or
GC) and the early LA or GC for different plants. Simple regression analysis over all
data points, fitting the RI (y) to the inverse of the early LA or GC (1/x), showed higher
Rls for plants with the smaller early LA or GCs in the experiments in which alar,
nitrogen and manmnitol were varied in the in vitre medium, and smaller Rls for plants
with small early LAs when temperature was varied (Table 3).

After-effects of n vitro treatments on LA or GC increase during acclimatisation’

If treatments in the normalisation phase have after-effects on the RI during
acclimatisation, they affect the relation between early LA or GC and RI. Multiple
regression analysis was carried out to check this. The proportion of the variance
accounted for by adding the variables of pre-treatment with alar or mannitol to the
regression model] (data not shown) was not significantly improved. This suggests that
alar and mannitol only affected late LA or GC through their effect on early LA or GC
in these experiments, In the other experiments, adding cultivar, pre-treatment and their
interaction to the model significantly improved the percentage variance accounted for
(data not shown). This implies that the effects of these pre-treatments on the relation
between early LA and RI existed, but depended on the cultivar.

Separate fits for individual nitrogen treatments within a cultivar (Table 4)
showed no differences between fitted curves in cvs Gloria and Elkana. Only in cv.
Spunta was there a lower constant for the lowest nitrogen level compared to the
intermediate nitrogen level, implying a lower RI at the higher early LAs. Also a high
regression coefficient was found in this cultivar for the lowest nitrogen pre-treatment
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Table 3. Fitted line and coefficient of determination (R?) of the relation between the
relative increase (RI)* in LA during acclimatisation (y) and the early LA after planting
to soil (x), for individual transplants, produced under different conditions in vitro in
four experiments. All fitted constants and regression coefficients and all R* values are
significant at P<(.001.

Experiment n Fitted line R?

1. Alar 96 y=15.75+744.2x1/x 0.405
2. Nitrogen 432 y= 8.93+50.04x1/x 0.113
3. Temperature 384 y =24.73-187.0x1/x 0.105
4. Mannitol 192 vy =34.62+952.2x1/x 0.543

* RI: increase in LA/GC between 1 and 13 DAP, divided by the early LA/GC at | DAP,

level (Table 4), implying a sharp decrease with increasing early LAs.

The pre-culture temperature treatments in the normalisation phase showed no
differences in RI in cv. Elkana (Table 4). There was only a small effect of the
temperature in the other cultivars. In those temperature treatments where there were
differences (17 °C versus higher temperatures in ¢v. Gloria, and 20 °C versus 23 °C in
cv. Spunta) they indicated a lower RI at higher early LAs when the temperatures were
lower. Estimates for regression coefficients in this experiment often were negative,
especially at higher temperatures, suggesting RI increased with increasing early LA
(Table 4). However, estimates were generally not significantly different from zero in
Spunta or Elkana. When differences between regression coefficients within one
cultivar were significant (17 °C versus higher temperatures in cv. Gloria, 17 and 20 °C
versus 23 °C, and 20 °C versus 26 °C in c¢v. Spunta and 17 °C versus 20 or 26 °C in
cv. Elkana), coefficients were higher at the lower temperatures, indicating a sharper
decrease or less strong increase with increasing early LA.

Discuassion

Leaf area at the beginning of the acclimatisation phase was found to be an important
characteristic for achieving a high leaf area at the end of this phase (Fig. 1), accounting
for about 50% in the alar and for more than 60% in the nitrogen and temperature
experiments to the percentage variance in late LA (Table 2). For the characteristic
ground cover, assessed in the mannitol experiment, the percentage accounted for was
lower, but still highly significant. The relationship between the early and late leaf area
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parameters was satisfactorily described by a linear curve in the alar, nitrogen and
temperature experiments and by a 2™ order polynomial curve in the mannitol experi-'
ment (Table 2).

The RI (relative increase in LA or GC) during acclimatisation also depended on
the early LA or GC. The best fit was for a linear relation between RI and the inverse of
the carly LA or GC (Table 3). The relationships indicate almost comparable Rls for
plantlets with intermediate to large carly LAs in the range investigated (Fig. 2).
Plantlets with smaller LA or GC had higher (Experiments 1, 2, 4) or lower (Experi-
ment 3) RIs (Fig. 2, Table 3). Higher RIs under our experimental conditions are likely
for plantlets suffering less from transplant shocks, or having more leaves in the
expansion phase. Smaller plantlets will have fewer and less developed leaves and thus
will show higher Rls than larger plantlets, However, the high varation among plantlets
with small early LAs and the variable response over experiments (Fig. 2), even for
control treatments (Table 3), suggest that these small LA plantlets also can be less
vigorous. This may be because of more damage during handling, or of incomplete
development or of high shoot:root ratios at transplanting.

In vitro treatments affected LA or GC at the end of the acclimatisation phase
mainly through their effects on LA or GC at the beginning of the phase (Fig. 1, Table
2). Adding alar increased early LA of transplants, which is consistent with the findings
of Marinus (1985). The higher early LA resulted in a concomitant increase in late LA
at the end of acclimatisation phase (Table 1, Fig. 1). Alar affected late LA only
through its effects on early LA and had no after-effects on LA increase during
acclimatisation.

As was also reported by Charles et al. (1992) and Zarrabeitia ef af. (1997), LA
of plantlets increased with decreasing nitrogen concentration in the in vitro medium,
leading to plantlets with higher above-ground LAs at the beginning of acclimatisation
(Table 1), which also lead to higher LAs at the end of acclimatisation (Fig. 1, Table 2).
In addition to the large positive effect of low nitrogen concentration on early and late
LA, there was a small negative after-effect on the RI in ¢v. Spunta (Table 4}. This may
have been caused by the low nitrogen concentrations in the leaves of plantlets grown
on the low nitrogen level, leading to lower relative leaf expansion rates.

The decrease in LA with increasing temperature during normalisation {Table 1)
is consistent with literature on potato cultivation under controlled conditions (Struik &
Ewing, 1995), but not with the observation from Hussey & Stacey (1981) on more
leafy shoots being formed at higher temperatures. Increased temperature during
normalisation reduced late leaf area at the end of acclimatisation through lowering
earty above ground leaf area (Fig. 1, Table 2). Also negative effects were observed on
RI for some combinations of cultivar and temperature (Table 4). This is likely due to
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the reduced leaf primordia size and subsequent leaf expansion. Also enhanced
senescence of older leaves was observed at higher temperatures.

Mannitol addition i vitro decreased the early GC after planting to soil (Table
1), which is consistent with the negative effects of mannitol reported for dry matter
accumulation and shoot growth (Lipavska & Vreugdenhil, 1996; Siddiqui ef al., 1996).
There was no after-effect of mannitol on RI. Mannitol, therefore, reduced late LA of
potato plantlets at the end of the acclimatisation period only through its effects on
early LA.

Implications

The results stress the importance of a high early LA for achicving potato plantlets with
high LA at the end of the acclimatisation phase. The early LA can be increased by
specific treatments in vitro, but probably also by shallower planting or using older
plants for transplanting. Still unknown is whether treatments in vifro aiming at high
LA may have long-term after-effects in later growth stages. Results of experiments to
test this will be reported in the near future.
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