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Summary

Identification of factors limiting fruit set in tomato (Solanum lycopersicum L.) with

the aim of genetic improvement of heat tolerance

The aim of this work was the evaluation of different heat tolerant tomato genotypes
regarding their response to heat stress under both, controlled greenhouse conditions and

greenhouses typically used in Thailand.

After four weeks of exposure to day/ night temperatures of 34/ 30 °C under controlled
conditions plants stopped generative and vegetative growth entirely regardless their

level of tolerance to heat stress.

In subsequent experiments with temperatures reduced to 32/ 28 °C eleven tomato
genotypes, including three wild species, showed genotypic variation in their fruit
numbers, their percentage of fertilized fruits and fruits with colloidal tissue, and their
pollen release though only the differences regarding their colloidal tissues and pollen

amounts were statistically significant.

At temperatures of 32/ 28 °C (day/ night) the wild species did not flourish at all. The
highest pollen release was observed in CLN1621L while CL5915 had the highest
percentage of fruits containing colloidal tissue. Both are heat tolerant lines provided by
the AVRDC. The duration of heat exposure exerted a significant negative influence on
the pollen release. The pollen amount did not correlate with the fruit numbers or the

percentage of fertilized fruits.

Under semi humid tropic climate conditions of Central Thailand the flower and fruit
numbers, the number of flowers and fruits per inflorescence, the percentages of set
fruits and parthenocarpic fruits, the percentage of viable pollen, and the pollen amount
varied considerably between 16 different genotypes. The pollen viability was highest in
CLN1621L and the pollen amount in CL5915. The highest fruit set was found in
Pannovy accompanied by the highest percentage of parthenocarpic fruits. The pollen
viability was not correlated with the numbers and percentages of parthenocarpic fruits

but a decreased pollen amount correlated with increased parthenocarpy.

With regard to enhance the growth conditions for tomato different greenhouse set-ups
with intend of passive cooling of inside temperatures were evaluated. The mulch color
could be proved to enhance the pollen viability, plant height, flourishing and reduction
of parthenocarpy. Almost no influence of the NIR-shading paint or reduced mesh sizes

of the GH sidewalls on these traits was observed. Solely the percentage of cracked fruits



was increased in GHs coated with the NIR-shading paint compared to GHs with NIR-

transmissive roof cover.

The response of a subset of Solanum pennellii introgression lines to heat stress was
investigated. The number of flowers and fruits per inflorescence, the percentages of
parthenocarpic fruits, and the fruit set differed significantly between the genotypes
evaluated. The highest number of flowers per inflorescence was observed in the lines 2-
2 and 3-4 indicating genes involved in the flower development on chromosomes two
and three. The highest number of fruits per inflorescence was observed in lines 1-3,
3-1 and 12-3 and the highest fruit set was achieved by line 1-3 accompanied by 100 %
parthenocarpic fruits pointing at genes involved in fruit development on chromosomes
one, three, and twelve. The lowest percentage of parthenocarpic fruits was found in ILs
2-4 and 5-4 which were both characterized by an average fruit set around the mean
value for this parameter. Genes influencing fertilization advantageous might be assumed

on chromosomes two and five.

A segregating F, population from a heat sensitive and heat tolerant parent was produced
and phenotypically evaluated under heat stress for the numbers of inflorescences,
flowers, fruits, the percentages of fruit set and fertilized fruits, the pollen amount, and
pollen viability. These traits revealed to be highly variable and to segregate

transgressive.

First amplified fragment length polymorphism (AFLP) analyses of the F, have been
conducted and the population is now ready for marker analyses aiming at the
identification of quantitative trait loci (QTLs) for heat tolerance. Nevertheless, the best
performing genotypes of the segregating F»-population can already be used for further

breeding programs to improve heat tolerance in tomato.

Keywords: tomato, heat stress, pollen



Kurzfassung

Identifikation von Ursachen flr den verringerten Fruchtansatz bei Tomate
(Solanum lycopersicum L.) unter Hitzestress mit dem Ziel einer Verbesserung der

Hitzetoleranz

Das Ziel der vorliegenden Arbeit war die Untersuchung der Reaktion verschiedener
hitzetoleranter Genotypen im Hinblick auf Hitzestress. Die Versuche wurden sowohl
unter kontrollierten Bedingungen in Klimakammern und Glasgewédchshdusern in
Hannover als auch in Gewéachshéusern in Thailand, die eine fiir diese Gegend typische

Folienkonstruktion aufwiesen, durchgefiihrt.

Im Rahmen der Untersuchungen in Hannover konnte gezeigt werden, dass
Temperaturen von 34/ 30 °C in den Klimakammern nach vier Wochen so starke Effekte
auf vegetatives und generatives Wachstum hatten, dass die Pflanzen unabhéingig von

threm Hitzetoleranzlevel das Wachstum vollstindig einstellten.

Nach Absenken der Temperaturen auf 32/ 28 °C in weiteren Versuchen wiesen elf
verschiedene Genotypen, darunter drei Wildarten, starke genotypische Variation
hinsichtlich der untersuchten Merkmale Fruchtanzahl, Anteil befruchteter Friichte und
Friichte, deren Plazentagewebe degradiert wurde, sowie der entlassenen Pollenmenge
auf. Dabei waren nur die Anzahl Friichte, die degradiertes Plazentagewebe enthielten,

und die Pollenmenge statistisch signifikant unterschiedlich.

Die Wildarten konnten unter den gegebenen Bedingungen nicht zum Blithen gebracht
werden. Die hochsten Pollenmengen wurden von CLN1621L ausgeschiittet und die
grofte Anzahl Friichte mit degradiertem Plazentagewebe bildete CL5915. Beide Linien
stammem vom AVRDC. Die Dauer des Hitzeeinflusses zeigte einen signifikanten
Einfluss auf die Pollenschiittung und diese nahm mit der Versuchsdauer ab, um im
weiteren Versuchsverlauf wieder anzusteigen. Die Pollenmenge korrelierte nicht mit der

Anzahl und dem prozentualen Anteil fertiler Friichte.

In einem Gewéchshausexperiment in Thailand wurden 16 Genotypen angebaut, die
anhand ihrer Beschreibungen als hitzetolerant einzustufen waren. In Untersuchungen
der Bliiten- und Fruchtanzahl, der Bliiten und Friichte pro Infloreszens, der Anteile
angesetzter Friichte und parthenokarper Friichte sowie vitaler Pollen und der
Pollenmenge wurde grofle genotypische Variation zwischen den Genotypen festgestellt.
Die hochste Anzahl vitaler Pollen bildete CLN1621L und die grofite Pollenmenge

wurde von CL5915 ausgeschiittet. Den hochsten Fruchtansatz zeigte Pannovy,



einhergehend mit 100 %iger Parthenokarpie. Im Gegensatz zu der Pollenvitalitét, die
weder mit der Anzahl noch dem Anteil parthenokarper Friichte korrelierte, war die
Pollenmenge mit der Anzahl und dem prozentualen Anteil parthenokarper Friichte

negativ korreliert.

Mit dem Ziel die Wachstumsbedingungen fiir Tomate in den Gewédchshdusern durch
passive Kiihlung zu verbessern, wurden die Einfliisse unterschiedlicher
Gewidchshauskonstruktionen auf verschiedene Wachstumsparameter untersucht.
Lediglich die Farbe des Bodenbelages beeinflusste die Pollenvitalitit, das
Pflanzenwachstum, den Bliitezeitpunkt und die Parthenokarpie. Die Reduktion von
naher Infrarotstrahlung (NIR) und Maschenweite der Gewichshauswinde beeinflussten
die untersuchten Parameter kaum. Lediglich der Anteil geplatzter Friichte war in
Gewichshdusern mit NIR-reflektierenden Déchern erhdht im Vergleich zu

Gewéchshdusern mit NIR-durchlissiger Bedachungsfolie.

Ein weiterer Ansatz war die Untersuchung von Solanum pennellii Introgressionslinien
unter Hitzestressbedingungen. Die grofite Anzahl Bliiten pro Infloreszens bildeten die
Linien 2-2 und 3-4, was auf Gene auf den Chromosomen zwei und drei hindeutet, die
unter Hitzestress die Bliitenbildung positiv beeinflussen. Die grofite Anzahl Friichte pro
Infloreszens wurden von den Linien 1-3, 3-1 und 12-3 gebildet und der hochste
Fruchtansatz in Liniel-3 beobachtet, begleitet von 100 %iger Parthenokarpie. Diese
Ergebnisse deuten auf mogliche Gene auf den Chromosomen eins, drei und zwolf hin,
die die Fruchtentwicklung positiv beeinflussen. Den geringsten Anteil parthenokarper
Friichte wiesen die Linien 2-4 und 5-4 auf, deren Werte fiir den Fruchtansatz in der
GroBenordnung des Mittels lagen. Dies deutet darauf hin, dass sich auf den
Chromosomen zwei und fiinf Gene mit positivem Einfluss auf die Befruchtung

befinden.

Es wurde eine spaltende F, Population aus einer Kreuzung eines hitzesensitiven und
eines hitzetoleranten Elters erstellt und unter Hitzestress untersucht. Die untersuchten
Merkmale waren die Anzahl Infloreszenzen, Bliiten und Friichte, der Fruchtansatz und
der Anteil fertiler Friichte, sowie die Pollenmenge und Pollenvitalitit. Innerhalb der
Population wurde fiir alle untersuchten Merkmale eine kontinuierliche Variation
beobachtet. Erste AFLP (amplified fragment length polymorphism) Analysen wurden
durchgefiihrt als Grundlage fiir eine Identifizierung von QTL (quantitative trait loci) fiir
Hitzetoleranz. Unabhédngig davon konnen die Genotypen der Population, die ihren

hitzetoleranten Elter in der Auspridgung der untersuchten Merkmale iibertreffen, bereits



jetzt in Zuchtprogrammen zur Verbesserung der Hitzetoleranz von Tomate eingesetzt

werden.

Schlagworter: Tomate, Hitzestrel3, Pollen
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Introduction

1 Introduction
1.1 Tomato

The tomato (Solanum lycopersicum L.) — originated in middle- and southern America
with distributions of its wild relatives from Chile to Venezuela (Warnock, 1991) — is an
annual plant and belongs to the solanaceae family. By now it is agreed on Solanum
lycopersicum var. cerasiforme as the most likely ancestor of the tomato cultivars grown
today (Costa et al., 2005). Its worldwide distribution started in the 16™ century primarily
to Europe and around 100 years later the tomato reached Asia (Costa et al., 2005).

In the 19" century the tomato started its triumphal course and today it is the most
important and valuable vegetable cultivated all over the world, in the open and under
protective cover (Scholberg et al., 2000). In 2006, the worldwide production mounted
up to 125,543,475.30 tons (FAOSTAT, © FAO Statistics Division 2007, 04.02.2008)

whereof 6,699,000 tons were produced in Asia.

1.2 Heat stress

According to Wahid et al. (2007b) heat stress is defined as the rise in temperature
beyond a threshold level for a period of time sufficient to cause irreversible damage to
plant growth and development while a transient elevation in temperature, usually 10-15
°C above ambient, is considered heat shock. However, heat stress is a complex function
of intensity (temperature in degrees), duration, and rate of increase in temperature. The
extent to which it occurs in specific climatic zones depends on the probability and

period of high temperatures occurring during the day and/or the night.

Transitory or constantly high temperatures cause various morphological, physiological
and biochemical changes in plants affecting plant growth and development and lead to
profit cuts (Wahid et al., 2007b). For instance, heat stress influences seed germination
negatively (Camejo et al., 2005), has adverse impacts of photosynthesis (Karim et al.,
1997; Zhang et al., 2005), respiration (Stone, 2001), water relations (Morales et al.,
2003) and membrane stability (Camejo et al., 2005). Moreover, modulations of
hormone levels (Maestri et al., 2002), primary and secondary metabolites (Rivero et al.,
2001), as well as enhanced expressions of heat shock related proteins (Feder et al.,
1999; Schoeffl et al., 1999) and production of reactive oxygen species (Havaux 1998;

Sairam et al., 2004) were found as plant reactions to elevated temperatures.
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Heat stress affects plants throughout their ontogeny and the responses of several species
to temperatures above optimum were investigated in many crops revealing that the
sensitivity to heat stress of different plant species is varying tremendously depending on
the stage of plant development. In rice, for example, the vegetative growth increased
with increasing temperatures (28 to 34 °C, (Baker et al., 1992)) but the grain yield was
reduced. The higher biomass accumulation might be advantagous for leafy crop
production but production of grains and fruit crops are negatively affected (Wahid et al.,
2007b). Reduced plant growth and fruit set in tomato under heat stress are shown in

Figure 1.

Figure 1: The heat tolerant variety FMTT260 grown in a greenhouse in Thailand during
the dry season. Plant growth and fruit set were reduced, plants showed severe physical
disorders, e.g. involute leaves and uneven ripening of the fruits.

1.3 Heat stress in tomato

Although tomatoes are adapted to various climates, their growth and development is
rather sensitive to environmental stresses including heat (Foolad, 2005). Under tropical
and subtropical climates heat stress is a severe constriction for tomato crop production

(Kleinhenz et al., 2006) since it is leading to poor fruit set and consequently low yields.

Various experiments on heat stress in tomato have been conducted already and most of
them under short time heat shock treatments. Heat shock means a short time exposure of

plants to temperatures significantly above the threshold of plant growth. Heat shock
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experiments were conducted by Iwahori (1965), Rudich et al. (1977), and Camejo et al.
(2005) amongst others.

From the later 1990ies experiments focused more on moderately elevated temperatures
(Peet et al., 1997; Peet et al., 1998a; Sato et al., 2000; Sato et al., 2002) with regard to

discussions on global warming.

Several traits shown to be affected by high temperatures were reported to be correlated
with reduced fruit set in tomato. For instance, changes in the carbohydrate supply of
different plant organs (Atherton et al., 1986), hormonal imbalances (Kuo et al., 1984),
and malfunctions of reproductive organs (Charles et al., 1972; Dane et al., 1991; Peet et

al., 1996).

The flower development was shown to be exceptionally sensitive at three different
stages. High temperature is most deleterious when flowers are first visible and
sensitivity continues for 10-15 days. Reproductive phases most sensitive to high
temperature are gametogenesis (8—9 days before anthesis) and fertilization (1-3 days

after anthesis, Foolad, 2005).

During reproduction, a short period of heat stress can cause a significantly increased
abortion of floral buds and of opened flowers but great variations in sensitivity within

and among plant species were reported (Guilioni et al., 1997; Young et al., 2004).

Impairment of pollen and anther development by elevated temperatures is another
important factor contributing to decreased fruit set under high temperatures (Peet et al.,

1998; Sato et al., 2006).

Both, male and female gametophytes were shown to be sensitive to high temperature
but responses varied with genotypes. In general, ovules were less heat sensitive than

pollen (Peet and Willits, 1998).

Nevertheless, most researchers found that poor fruit set is not only caused by a single
factor (Rudich et al., 1977; Kuo et al., 1979). Though poor fruit set at high temperature
cannot be explained by only one single factor, decreases in pollen germination and/or
pollen tube growth are among the factors most commonly reported (Wahid et al.,
2007b). In tomato, reproductive processes adversely affected by high temperature
included meiosis in both, male and female organs (Kinet et al., 1997), pollen
germination and pollen tube growth (Weaver and Timm, 1989), ovule viability (Kinet et
al., 1997), stigmatic and style positions (Charles et al., 1972; El-Ahmadi et al., 1979),

number of pollen grains retained by the stigma, fertilization and post-fertilization
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processes, growth of the endosperm, pre-embryo and fertilized embryo (Kinet et al.,
1997; Peet et al., 1998b). Also, the most noticeable effect of high temperatures on
reproductive processes in tomato is the production of an exserted style, a stigma
elongated beyond the anther cone, which may prevent self-pollination (Rick et al.,

1969).

Heat tolerance is generally defined as the ability of plants to grow and produce
economic yield under high temperatures (Foolad, 2005). The great variation in
sensitivity within and among plant species and in responses to heat stress indicates the
genetic variability concerning this trait. But in some plant species, for example soybeans
and tomatoes, limited genetic variations exist within the cultivated species necessitating

identification and use of wild accessions (Foolad, 2005).

Genetic variation in tomato genotypes regarding its heat tolerance was already reported
under field conditions (Dane et al., 1991). Therefore, in the current study the response to
heat stress of Solanum lycopersicum, three wild relatives (S. pennellii, S. habrochaites,
and S. pimpinellifolium), and S. pennellii introgression lines were investigated in climate
chambers and under greenhouse conditions in the tropics. The main focus was laid on

traits related to fruit set, especially on pollen characteristics.

Phenotypic data of a segregating population grown under heat stress were used for the
combination with data obtained by molecular marker analyses. Both are necessary for
linkage mapping and QTL mapping. Since they allow a quick scan of the whole genome
for polymorphisms without the need of prior sequence information AFLP analyses (Vos
et al., 1995) were chosen for marker analyses. This method generates large numbers of

bands which are highly reproducible.

Since the development of a suitable greenhouse design for tomato production in the
tropics was one of the major objectives of the ‘Protected Cultivation Project’, the
program in whose framework this study was accomplished, the influence of different
cooling methods introduced in the crop production in the lower latitudes on traits related

to fruit set was evaluated in this study.
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2 Materials and methods

2.1

Table 1: Accessions, scientific names, origins and classification of heat tolerance of the
tomato lines and wild species used for the experiments

Plant material

Accession Species Origin Heat tolerance
ChiaTai Solanum lycopersicum L. local variety, unknown
Thailand
CL5915- S. lycopersicum L. AVRDC yes
93D4-1-0-3
CLN1621L  S. lycopersicum L. AVRDC yes
CLN2001A  S. lycopersicum L. AVRDC yes
CLN2418A  S. lycopersicum L. AVRDC yes
Donna091 S. lycopersicum L. local variety  unknown
FMTT260 S. lycopersicum L. AVRDC yes
FMTT269 S. lycopersicum L. AVRDC yes
HT7 S. lycopersicum L. Vietnamese  yes
variety
LA2661 S. lycopersicum L. cv. Nagcarlang ~ TGRC yes
LA2662 S. lycopersicum L. cv. Saladette TGRC yes
LA3120 S. lycopersicum L. cv. Malintka-101 TGRC yes
LA3320 S. lycopersicum L. cv. Hotset TGRC yes
LAO0716 S. pennellii L. TGRC unknown
LA1589 S. pimpinellifolium L. TGRC unknown
LA1777 S. habrochaites S. Knapp& D. M. TGRC unknown
Spooner (form. L. hirsutum Dunal)
Pannovy S. lycopersicum L. Syngenta no
Sida013 S. lycopersicum L. local variety  unknown
Valentine S. lycopersicum L. local variety  unknown

AVRDC= The Asian Vegetable Research and Development Center, Shanhua, Taiwan,
TGRC= The C.M. Rick Tomato Genetics Resource Center, Davis, California, USA,
Syngenta= Syngenta Seeds GmbH, Kleve, Germany)
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Table 2: Accession numbers and names of the Solanum pennellii introgression lines
supplied from the TGRC (The C.M. Rick Tomato Genetics Resource Center) used in
the experiments

LA4028 IL1-1 LA4047 1IL3-5 LA4062 IL6-3 LA4084 IL9-3

LA4031 IL1-2 LA4048 IL4-1 LA4063 IL6-4 LA4087 IL10-1
LA4032 1IL1-3 LA4050 IL4-2 LA4064 IL7-1 LA4089 IL10-2
LA4033 IL1-4 LA4051 IL4-3 LA4065 IL7-2 LA4091 IL10-3
LA4037 1L2-2 LA4053 IL4-4 LA4066 IL7-3 LA4092 IL11-1
LA4038 1IL2-3 LA4054 IL5-1 LA4067 IL7-4 LA4093 IL11-2
LA4039 1L2-4 LA4055 IL5-2 LA4069 IL7-5 LA4094 IL11-3
LA4040 IL2-5 LA4056 IL5-3 LA4071 IL8-1 LA4095 IL11-4
LA4041 IL2-6 LA4057 IL5-4 LA4074 1IL8-2 LA4097 IL12-1
LA4043 IL3-1 LA4058 IL5-5 LA4076 IL8-3 LA4099 1L12-2
LA4044 1L3-2 LA4059 IL6-1 LA4078 IL9-1 LA4100 IL12-3
LA4046 IL3-4 LA4060 IL6-2 LA4081 IL9-2 LA4102 IL12-4

2.2 Growth conditions

Hannover

Plants were either sown in rock wool (Grodan BV, KD Roermond, The Netherlands) or
in tray substrate (Klasmann-Deilmann GmbH, Geeste-Grof3 Hesepe, Germany) at pH
5.5 (CaCly, v/v 1:2.5): nitrogen (180 mg N L), phosphorus (210 mg P,Os L),
potassium (240 mg K,0 L), and magnesium (120 mg Mg L™). Soil cultured seedlings
were transplanted in black 5 liter pots filled with Potgrond P substrate (Klasmann-
Deilmann GmbH, Geeste-Gro3 Hesepe, Germany), at pH 5.5 (CaCl,, v/v 1:2.5):
nitrogen (210 mg N L), phosphorus (240 mg P,0s5 L), potassium (270 mg K,O L™),
and magnesium (120 mg Mg L") and nurtured at 24/ 20 °C.

Fertigation was accomplished with flory™ 2 mega (Euflor GmbH, Miinchen, Germany)

with every irrigation at a concentration of 1.5 %o. Concentrations of the nutrients are

listed in the appendix.

The insecticide Plenum® 50 WG (Syngenta Agro GmbH, Maintal, Germany) was

applied at a concentration of 0.02 % against whiteflies.
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Indeterminate growing plants were pruned once or twice weekly while determinate
growing plants remained unpruned. All plants were grown on strings to ensure stability
and laid down according to necessity. After the first harvest, senescent leaves were

removed regularly up to the first fruit-carrying truss.

Thailand

Seeds were sown in peat moss and kept in an evaporative cooled nursery for two weeks
prior to transplanting. After nurturing seedlings were transplanted in white 10 L
planting pots filled with a locally purchased substrate (Dinwondeekankasat, Ayutthaya,
Thailand). The inorganic portion consisted of 30 % sand, 39 % silt, and 31 % clay, the

proportion of organic matter was 28 % and pH was 5.3.

The insecticides Abamectin™ (1.5 ml L), Spinosad™ (1.5 ml L"), and
Cypermethrin™ (2 ml L") were alternately sprayed on a weekly basis and the fungicide

Mancozeb™ (4 ml L) was applied once before the start of flourishing.

Fertigation was done automatically by single dripper irrigation. The nutrient

composition of the fertigation solution is listed in the appendix.

Indeterminate growing plants were pruned twice weekly while no pruning took place in
determinate growing varieties. In order to ensure stability, all plants were grown using a
high wire growing system as described in detail by (Kleinhenz et al., 2006). Plants were
laid down according to necessity. After the first harvest, senescent leaves were removed

regularly up to the first fruit-carrying truss.

2.3 Greenhouse and climate chamber facilities

Climate chambers (CCs)

Experiments conducted in climate chambers (CC) of the Department of Horticulture in

Hannover, Germany, were run under controlled conditions of temperature, air humidity

and light. The size of the CC was 320 % 250 cm (L x W).

The temperature regime was 34/ 30 °C (heat stress) and 24/ 20 °C (optimum
temperatures) day/ night lasting for 14 and 10 hours (h), respectively. In the morning
and the evening sunrise and sunset were imitated by lighten up and dim down the lamps
slowly for one hour, respectively. The regular daytime light intensity was 700 uE m™s™

and targeted relative humidity (RH) was 60 %.
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Greenhouse cabinets (GCs)

The size of the GCs at the Department of Horticulture in Hannover, Germany, was 3 X 3
x25m (L xWxH)or 8 %12 x4 m (L x W x H). The temperature regime was 32/ 28
°C (heat stress) and 24/ 20 °C (optimum temperature) during day/ night, respectively.
Artificial light (sodium discharge lamps) illuminated the cabinets in early morning

hours and late afternoon resulting in 16 h lasting days.

Greenhouses (GHs)

The GHs at the experimental facilities of the ‘Protected cultivation project’ were
situated on the campus of the Asian Institute of Technology (AIT), Klong Luang,
Pathum Thani, Central Thailand (14° 04’ N, 100° 37 E, altitude 2.3 m). GHs of two
different sizes were used for the experiments. The dimensions of the big GHs were 10 x
20 x 6.4 m (L x W x H). The roof and the lower parts of the sidewalls were mounted
with an 200 um UV-absorbing polyethylene (PE) film (Wepelen™, anti-dust, anti-fog
FVG, Dernbach, Germany) up to a height of 50 cm while the remaining part of the
sidewalls as well as the roof vent (height: 0.8 m) were clad with 50mesh insect-proof

net (BioNet, Klayman Meteor Ltd, Petach-Tikva, Israel).

The size of the small GHs was 6.0 x 3.0 x 3.2 m, (L x W x H). The sidewalls of these
GHs were clad with 40mesh net (Econet M, Ab Ludvig Svensson, Kinna, Sweden) and

the aforementioned Wepelen™ PE-film was used as roof cover.

All GH floors were covered with a bi-colored (black/ white) plastic mulch (Silo plus™,
FVG, Dernbach, Germany).

For some experiments the roof plastics were coated with a near infrared (NIR) reflecting
pigment paint (Reduheat, Mardenkro, The Netherlands, mixing ratio 1:2.5 pigment to

water).

One GH was entirely clad with PE film and equipped with an evaporative (‘fan and
pad’) cooling system (FAP). Beside the FAP-GH all big greenhouses were operated
with combination of natural and mechanical ventilation. The latter provided by two
exhaust fans (& 1 m, capacity: 550 m’ min™') which were switched on automatically
whenever inside air temperatures exceeded 32 °C. The small GHs were ventilated

naturally.
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2.4 Evaluation of phenotypic traits

Inflorescences, flowers and fruits were counted from bottom to top and from the stem to
the tip of the inflorescence and fruits scored set when they reached a diameter of at least

0.5 cm.
Only flowers developed and opened completely were recorded.

The height of the indeterminate growing plants was measured from the surface of the
substrate in the pot to the shoot tip. Of the determinate growing plants, always the
longest shoot combination of the first stem and the diverging stems was measured.

The pollen of single flowers were collected into reaction tubes (Sarstedt, Niimbrecht,
Germany) by shaking their pedicel with an electrical toothbrush (Oral-B, Braun GmbH,
Kronberg, Germany) and counted via transmitted-light microscopy (Axiovision40,
Zeiss, Gottingen, Germany) with tenfold magnification by using of a Fuchs-Rosenthal
counting chamber (Carl Roth GmbH + Co. KG, Karlsruhe, Germany).

For testing the pollen viability the staining procedure according to Heslop-Harrison et

al. (1984) using FDA was applied.

2.5 Chemicals

Pollen staining solutions

FDA staining

For the stock solution, 2 mg FDA (Fluorescein diacetate [3',6'-Bis(acetyloxy)-spiro
isobenxofuran-1(3H),9'-9H  xanthen-3-one 3,6-Diacetoxyfluoran], Sigma-Aldrich
Chemie GmbH, Miinchen, Germany) were solved in 1 ml acetone. The stock solution
was mixed with a 10 % (w/ v) sucrose solution.

Aniline blue staining

The fixer consisted of ethanol (96 %) and lactic acid (90 %) at a ratio of 2:1.

The aniline blue staining solution was prepared in DI (deionized water) with 1.36 mM
aniline blue and 36.16 mM K3;PO, x H,O and exposed to natural light until the color

changed from blue to yellow but at least for 24 hours.
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MTT staining

The MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide, Sigma-

Aldrich Chemie GmbH, Miinchen, Germany) staining solution consisted of 1 % (w/ v)

MTT in a 5 % (w/ v) sucrose solution according to Rodriguez-Riano et al. (2000).

Pollen growth media

Table 3: Components and their concentrations in the liquid pollen growth media used in
the experiments. The names of the media (except ‘sucrose + boric acid’) are according

to their publishing authors

Medium Brewbaker | Heslop- | Poulton | sucrose +
and Kwack | Harrison boric acid

Components Concentration [mM]

sucrose 0.292 0.351 0.409 0.292

H;BO; 1.617 1.000 1.617 1.617

Ca(NOs), x 4 H,O 1.828 1.000 1.828

MgSO4 x 7 HO 1.662 1.662

KNO; 0.989 0.989

2.6 Histological techniques

The fixer for histological investigations of flowers — AFE — consisted of Ethanol (96

%), formaldehyde, and acetic acid in the ratio of 18:1:1.

The infiltration for the embedding took place in the infiltration solutions for 16 hours

according to a modified Kulzer protocol (Technovit 7100, 01/ 04, Table 4 to Table 11).
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Table 4: Composition of the pre-infiltration solution used before embedding gynoecia
and androecia in synthetic resin. (All ingredients except ethanol were supplied by
Heraeus Kulzer GmbH, Werheim/Ts., Germany.)

Pre-infiltration solution

Technovit7100 Stock solution

96 % undenaturated ethanol

ratio 1:1

Table 5: Composition of the infiltration solution used before embedding the gynoecia
and androecia in synthetic resin. (All ingredients were supplied by Heraeus Kulzer
GmbH, Werheim/Ts., Germany.)

Infiltration solution

100 ml Technovit7100 Stock solution
1 g Harterl

Table 6: Composition of the embedding synthetic solution used for embedding the
gynoecia and androecia. (All ingredients were supplied by Heraeus Kulzer GmbH,
Werheim/Ts., Germany.)

Embedding synthetic

15 ml infiltration solution

1 ml Harter2

Table 7: Composition of the synthetic resin solution used for attaching the grips on the
blocks. (All ingredients were supplied by Heraeus Kulzer GmbH, Werheim/Ts.,
Germany.)

Synthetic resin

Technovit3040 powder

Technovit3040 solution
ratio 3:1

Grips attached with the blocks were clamped in the rotary microtome (Reichert-Jung,

now: Leica Biosystems Nussloch GmbH, Nussloch, Germany) and the cuttings were
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done with tempered blades (HistoknifeH, Heraeus Kulzer GmbH, Werheim/Ts.,
Germany).

Cuttings of the anthers were stained with methylene blue or hematoxilin and cuttings of
ovaries with methylene blue, hematoxylin according to Delafield (Gerlach, 1984), or
with Periodic acid-Schiff stain (PAS, Feder et al., 1968). For staining substances and the
preparation of the staining solutions see Table 8.

Flowers at early stages were covered with Entellan® (Merck KGaA, Darmstadt,

Germany).

Table 8: Components of staining solutions used for the staining procedures of the
microtome cuttings of androecia and gynoecia, their preparation and concentrations.
Substances labeled with =~ were supplied by Carl Roth GmbH + Co. KG, Karlsruhe,
Germany, and labeled with © by Sigma-Aldrich Chemie GmbH, Miinchen, Germany.

Components Preparation concentration [mM]

methylene blue . solved in DI 15.63

staining solution

hematoxylin solution pure

according to Delafield”

dimedone” solved in DI, stirred for 5 hrs, 35.67
filtrated

periodic acid” solved in DI 43.87

potassium solved in DI 19.12

metabisulfite”

pararosalinin mixed with potassium 95.95

(in IN HCI)" metabisulfite, placed dark for

24 hrs, mixed with 0.5 g
active carbon, agitated for 2
min, and filtrated

2.7 Microscopical techniques

Two different microscopes were used: Axiovision40 and Axiovision20 (both Zeiss
GmbH, Goéttingen, Germany) both with UV light illumination accomplished by high-

pressure mercury lamps HBO5S0W (Osram, Miinchen, Germany).

Pictures were taken by a preinstalled digital camera (PowerShot A70, Canon

Deutschland GmbH, Krefeld, Germany).
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FDA stained pollen were evaluated under the microscope using the filter set 09 (Zeiss

GmbH, Gottingen, Germany) with excitation at 450- 490 nm and emission at 515 nm.

Aniline blue stained samples were evaluated using the filter set 02 (Zeiss, Gottingen,

Germany) with excitation at 365 nm and emission at 420 nm.

2.8 Flow cytometry

For the evaluation of pollen viability a flow cytometer EPICS XL-MCL (Beckman
Coulter GmbH, Krefeld, Germany) was used. Every sample was investigated for 180
seconds. Results measured with the flow cytometer were displayed using the computer

SYSTEM II™ software (Beckman Coulter, Inc., Florida, USA).

2.9 DNA extraction

Dried leaf material was ground in 2 ml reaction tubes (Eppendorf AG, Hamburg,
Germany). DNA was extracted according to a protocol of Engel (personal
communication, 2005, for details see appendix). 10 mg of ground material were mixed
with 400 pl extraction buffer and mixed thoroughly. The samples were incubated in a
water bath at 65 °C for 30 min. 500 pl chloroform were added, mixed, and spun down
for 5 min at 13,000 rpm in a micro centrifuge (5415D, Eppendorf, Hamburg, Germany).
The supernatant was transferred to a new tube and mixed with 600 ul CTAB buffer.
After swaying the solution, it was incubated for 15 min at room temperature and swayed
again subsequently. The mixture was spun down at 13,000 rpm for 15 min. After
centrifugation and pellet agglutination the supernatant was discarded and the pellet was
dried. The pellets were dissolved in 600 pl TE high salt. 800 pl ice-cold ethanol were
added and mixed. After centrifugation at 13,000 rpm for 5 min, the pellet was dried. For
storage, the DNA was dissolved in 200 pl TE 01. The DNA solution was stored at -4

°C. For compositions and concentrations of the used buffers, see appendix.

2.10 DNA quantification

10 pl of DNA solution were mixed with 1 pl Orange G loading buffer (AppliChem
GmbH, Darmstadt, Germany) and applied on a 1 % agarose gel (PEQLAB
Biotechnologie GmbH, Erlangen, Germany) with 0.01 % ethidium bromide (Carl Roth
GmbH + Co. KG, Karlsruhe, Germany). A-DNA was applied on the gel in different

concentrations ranging from 10 ng to 100 ng. The A-DNA at different concentrations
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served as a standard to generate the calibration curve. The DNA quantity of the samples
was compared to the curve. The electrophoresis was run at 80 V for approx. 30 min. A
Gel iX Imager with a 312 nm UV light emitting table was used to visualize the ethidium
bromide labeled DNA. A picture of the agarose gel was taken with the preinstalled
camera (both Intas Science Imaging Instruments GmbH, Gottingen, Germany). The
DNA amounts of the samples were determined using the Gel-Pro Analyzer (version

4.5.00.0, Media Cybernetics, Inc., Bethesda, USA).

2.11 AFLP Analyses

AFLP analyses were done according the protocols of von Malek et al. (2000) (further on
referred to as protocol 1) and Truong (2007) (further on referred to as protocol 2) with

small modifications. The latter one is appended.

Restriction

DNA was restricted using different enzyme combinations. Two restriction enzymes
were used simultaneously: HindlIII or its homolog Trul, rare cutting restriction enzymes
with six bp recognition sites, and Msel, a frequent cutting restriction enzyme with a four
bp recognition site. The recognition sites are A|JAGCTT for HindIIl/ Trul and T|TAA
for Msel.

The second enzyme combination consisted of ECORI (recognition site GJAATTC) and
Msel. The enzymes and buffers were provided by New England Biolabs, Ipswich, Great

Britain.

The restrictions took place at 37 °C and their correctness was controlled on 1 % agarose

gels. Entirely digested samples showed a smear of 100- 1000 bp length.

A mixture containing two restriction enzymes (ECORI and Msel) was used to digest a
total amount of 200 ng DNA (Table 9). The restriction reaction was incubated overnight
at 37 °C in an incubator or for four hours in a heating block. 10 pl of the digested
product were load on 1 % agarose gel with 10 pl of a 100 bp ladder. The digestion
products of EcORI/ Msel were incubated at 70 °C for 15 min to stop the enzyme

reaction
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Table 9: Components, concentrations and volumes used for the restriction cocktail
according to protocol 2

Component Concentration Volume
[ul/ tube]

DNA 10 ng/ pl 20.0

H,O 9.8

10 x buffer 2 (BioLabs) 3.0

EcoRI (BioLabs) 20 U/ ul 0.8

Msel (BioLabs) 10 U/ pl 1.2

10 x BSA (BioLabs) 0.2

Total 35.0

Ligation

10 pl of a adaptor containing cocktail (Table 10) were added to 20 pl of the restricted
DNA and incubated overnight at 16 ‘C or over weekend at 12 "C or in the thermocycler
for 4 hrs at 37 °C. The ligase and its corresponding buffer were provided by Fermentas

GmbH, St. Leon-Rot, Germany.

Table 10: Components, concentrations and volumes used for the ligation cocktail
according to protocol 2

Component Concentration  Volume
[unl/ tube]
H;0 6.6
10 x ligation buffer 1.0
EcoRI adaptor (MWG) 5uM 1.0
Msel adaptor (MWG) 50 uM 1.0
T4 DNA ligase 400 U/ ul 0.4
Total 10.0

The ligation product was spun down and diluted 1:10 in DI. Samples were stored at

-20 °C.
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Pre-selective amplification

5 wul of the digested and ligated product were mixed with a cocktail (Table 11)

containing two pre-selective primers without selective nucleotide extension at their

ends. A PCR was conducted using the thermocycler TGradient (Whatman Biometra

GmbH, Gottingen, Germany). The PCR conditions are listed in Table 12.

The pre-amplification products were loaded on a 1 % agarose gel to test the reaction. In

case of a successful reaction a smear of 50 to 500 bp was clearly visible.

Table 11: Components, concentrations and volumes used for the pre-amplification

cocktail according to protocol 2

Component Concentration ~ Volume
[nl/ tube]
H,O 9.6
10x Williams buffer 2.0
EcoRI primer (Eco+0, MWG) 10 uM 0.6
Msel primer (Mse+0, MWG) 10 uM 0.6
dNTPs 2 mM 2.0
Taq polymerase (Firepol) 50U/l 0.2
aliquot of digested and ligated DNA 5.0
Total 20.0

Table 12: PCR conditions for the pre-amplification according protocol 2

Step Time [sec] Temperature [°C]
Denaturation 30 94
Annealing 30 56
Extension 60 72

28 cycles

Pre-amplified products were diluted 1:20 and were stored at -20 °C (diluted reaction

products could be stored at 4 °C for daily use).
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Selective amplification

The pre-amplified DNA products were mixed with the amplification cocktail (Table 13)

and another PCR conducted under conditions as listed in Table 14.

Table 13: Components, concentrations and volumes used for the amplification cocktail
according to protocol 2

Component Concentration ~ Volume
[ul/ tube]
H,O 4.78
10 x Williams buffer 1.00
Eco-IRD700 primer * (MWG) 0.5 uM 0.75
Msel primer (MWG) 8.52 uM 0.43
dNTPs 2 mM 1.00
Taq polymerase (Firepol) 50U/ ul 0.05
aliquot of pre-amplified DNA 2.50
diluted 1:30
Total 10.0

The cocktail contained two selective primers with three nucleotide extensions each. The

final product was diluted 1:4 with the AFLP loading buffer (see appendix).

Table 14: PCR conditions for the selective amplification according to protocol 2

Step Time [sec] Temperature [°C]
Denaturation 30 94
Annealing 30 65
Extension 60 72
1 cycle
Denaturation 30 94

65
Annealing 30 (-0.7 °C in every cycle)
Extension 60 72
12 cycles
Denaturation 30 94
Annealing 30 56
Extension 60 72

28 cycles
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Polyacrylamide gel electrophoresis (PAGE)

For the gel electrophoreses 25 cm long and 0.25 mm thick 7 to 9.85 % denaturing
polyacrylamide gels were prepared. 8.4 g Urea (Diaminomethanal, USB Corporation,
Cleveland, Ohio, USA) were mixed with 10.24 ml DI and 4 ml acrylamide/ bis- solution
(Rotiphorese® NF-acrylamide/bis-Losung 40 % (19:1), Carl Roth GmbH + Co. KG,
Karlsruhe, Germany) was added. 2 ml Longrun TBE (composition see appendix) were
added and stirred thoroughly until the Urea was dissolved entirely. 140 pl ammonium
persulfate (APS, Sigma-Aldrich Chemie GmbH, Miinchen, Germany) and 20 pl
TEMED (Tetramethylethylenediamine, AppliChem GmbH, Darmstadt, Germany) were
added under continued stirring. The solution was poured quickly between two glass
plates avoiding the formation of air bubbles. After polymerization 0.8 pl of the final
amplification products samples mixed with the loading buffer at a ratio of 1:3 were
loaded on the gel. The gels were run on a DNA Analyzer (Gene readir4200, LI-COR
Biosciences GmbH, Bad Homburg, Germany) using the software Liquor eSeq (version

2.0.38, LI-COR Corporate Offices, Nebraska, USA).

2.12 Data analyses

In experiments with more than two plants per genotype, analyses of variances
(ANOVA) were conducted for all traits investigated per plant ensuring no
misinterpretation of the results evoked by inhomogeneous plant material. Where no

differences between plants of one genotype were found the data were pooled.

For all experiments multi-factorial ANOV As were calculated depending on the number
of factors. SAS’s Version 9.1 (SAS’S, 2005, SAS’S Institute Inc., Cary N.C., USA) was
used for all statistical analyses. Except where explicitly indicated otherwise, a

significance level of a= 0.05 was used for all comparisons of means.

For all experiments in which inflorescences, flowers, and fruits were counted these
factors were assumed independent from each other. The data were considered for

statistical analyses when n> 3.

Fruit set was calculated as the quotient of the flower number and fruit number. The
percentage of fertilized fruits was calculated as the proportion of seeded fruits and total

fruit number.
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In experiments with genotypes of different growth habits (determinate/ indeterminate)
the weekly increment of the plant height was used for the analyses since the total plant

height always differed significantly between these two groups.

Means of data sets with inhomogeneous or homogeneous sample sizes were compared
using the Student Newman Keuls (SNK) test or the Tukey test, respectively. Data sets

with high sample sizes were additionally adjusted according to Bonferroni.

In those cases where the pollen amount was not normal distributed the data were
logarithmized before analyzed regarding to Sachs (1993). After analysis, the data were

retransformed back to their original scale.

To analyze the percentage data of pollen viability the data set was transformed using an
arcos sinus transformation. Pollen viability data were considered for analyses when at

least 100 pollen grains per flower and sample could be evaluated.

3 Results
3.1 Highest applicable temperature for heat stress experiments

The experiment was performed to detect the highest temperature applicable for
conducting investigations of heat stress in tomato. The temperature should be high
enough to induce heat stress symptoms within the plants but must not exceed a limit
beyond which retarded plant growth or inhibition of all physiological processes are
caused. Seeds of FMTT260 and Pannovy were sown in rock wool (Grodan BV, KD
Roermond, The Netherlands) in calendar week (cw) 50 in 2004. After three weeks
(cw1/2005) of nurture at optimum temperatures, thirty-two plants were transplanted into
two climate chambers (CCs) resulting in a plant density of approx. four plants m™. Eight
plants of both hybrids were placed randomly in metal tubs (87 x 120 cm) on four tables
(Figure 2). The metal tubs had an incline to support the runoff of the leachate. This
solution was collected in a central tank, pumped back to the metal tubs, and dispersed to
the single plants by dripping irrigation.

After four weeks of heat treatment (34/ 30 °C) the plants had developed several physical
disorders. While leaves of plants grown under optimal temperature (24/ 20 °C) were
faintly involute, leaves developed under heat stress were characterized by extremely

erected and severely involute leaf blades (Figure 3, Figure 4a). Flowers developed under
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heat stress of both varieties showed severe abnormalities, e.g. loss of the reproductive
organs and stigma exsertion (Figure4b and c). Under heat stress, several flowers
dropped before they opened or they withered after opening without reaching the
anthesis stage. Even under optimal temperatures buds and flowers of the hybrid
Pannovy were characterized by elongated stigmata protruding over the anthers (Figure

5) while no such symptoms were observed in FMTT260.

Under optimum temperatures all four experimental plants of Pannovy and one plant of
FMTT260 started flowering in cw4/2005 at the age of six weeks. The remaining plants
of FMTT260 started flourishing in c¢w5/2005. The first fruit set was observed in
cw5/2005 in all plants of Pannovy and in one of FMTT260.

Figure 2: Construction of the climate chambers used and distribution of the tomato
plants of the varieties FMTT260 and Pannovy on the transplanting day. Four plants per
mat and eight plants per table (completely randomized) were grown on rock wool,
fertigation was done automatically.

Under heat stress, three plants of Pannovy and one of FMTT260 started flowering in
cw4/2005 and the remaining four plants one week later. The first fruit set was observed
in cw5/2005 in two plants of Pannovy, followed by three plants of FMTT260 in

cw6/2005. Within the course of the experiment plants of Pannovy developed around
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seven and five, those of FMTT260 five and four inflorescences at optimum

temperatures and under heat stress, respectively.

After 4 weeks, no vital inflorescences were developed in the heat treatment anymore

and the experiment had to be ceased.

Figure 3: Tomato plants (Pannovy and FMTT260) grown under heat stress (34/ 30 °C,
night/ day, a) or under optimum temperature (24/ 20 °C, b) conditions for 4 weeks in
climate chambers at Hannover University.

Figure 4: Heat stress symptoms of tomato plants grown at 34/ 30 °C (day/ night) (in
climate chambers at Hannover University): a) Involute and stiff leaves, b) flowers
without any reproductive organ and c) stigma exsertion
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Figure 5: Flower bud of variety Pannovy developed under optimum temperatures (24/
20 °C) in a climate chamber at Hannover University. The stigma protrudes the petals,
sepals and anthers.

The influence of temperature and variety on the average number of inflorescences,
flowers, and fruits (Table 15) counted from cw5/2005 to cw8/2005 from four plants per
genotype were highly significant.

The numbers of inflorescences, flowers and fruits were reduced under heat stress and

Pannovy always performed better compared to FMTT260.

The sum of inflorescences and flowers were more severely decreased in Pannovy

compared to FMTT260.

No significant effect of temperature was observed regarding fruit set, but, however,
Pannovy had a higher percentage of set fruits than FMTT260 regardless the temperature
treatment. The fruit set was calculated as the quotient of the number of fruits developed

from the flowers per inflorescence.

Table 15: Average number of inflorescences (Infav), flowers (Flav) and fruits (Frav)
and percentage of set fruits (Frset) of heat tolerant (FMTT260, ‘FMTT’) and heat
sensitive (Pannovy, ‘Pa’) tomato hybrids under optimum temperatures (24/ 20 °C,
‘optimum’) heat stress (34/ 30 °C, ‘stress’). Different letters within columns indicate
significant differences. The two factors did not interact.

Treatment Infav Flav Frav Frset [%]
Pa/ optimum 6.75a 55.75a 39.50 a 7140 a
FMTT/ optimum 5.00 b 38.50b 24.00 b 62.60 b
Pa/ stress 4.50c¢ 3425¢ 28.50 ¢ 84.70 a

FMTTY/ stress 3.75d 29.00d 16.00d 56.30 b
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The pollen amount released from the anthers (herein further referred to as pollen
amount) and pollen viability were analyzed once a week from four plants of each

variety.

To evaluate their viability pollen were stained with the FDA solution consisting of the
stock solution dispersed in 10 % sucrose solution at a ratio of 1:25. At this
concentration a permanent turbidity of the final staining solution occurred. 300 pl of the
staining solution were added to the pollen and mixed thoroughly. 20 pl of the pollen
suspension were placed on a microscope slide after five minutes incubation time at
room temperature. Pictures of at least 100 pollen grains were taken by the preinstalled
digital camera to avoid fading of the stain by the UV light while classifying. Viable
pollen fluoresced bright under UV-light while non-viable pollen did not fluoresced and
therefore only their silhouettes were visible. Some pollen showed a green color but did
not glow brightly (Figure 6). The latter were rated in a third group (degraded pollen).
The pictures were analyzed at the computer using an image editing software

(Axiovision AC, V 4.2.0.0, Carl Zeiss GmbH, Gottingen, Germany).

L non-viable
. degraded

. ¥/

viable

Figure 6: Pollen stained with FDA and excited with UV light glow with different
intensity depending on their viability. Viable pollen fluoresce brightly, degraded pollen
less bright and non-viable pollen do not glow and often appear misshaped. The picture
was taken under the microscope with 100fold magnification and the filter set 09 (Zeiss
GmbH, Géttingen, Germany).
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To evaluate the pollen amount flowers were shaken for exactly 5 seconds with an
electric toothbrush. The samples were dispersed with 300 pl staining solution and

thoroughly mixed just before counting using a Fuchs-Rosenthal counting chamber.

The pollen amount was significantly reduced in the heat treatment (Figure 7) while the
variety did not influence the pollen release (Figure 7). Therefore, and since no
significant interaction between the factors were found, the data were pooled and the
means across varieties were used for statistical analyses. Since the number of pollen
released under heat stress was too low, no comparison of pollen viability between the

temperature treatments was done.

Under optimum temperatures, no differences between the varieties regarding their

pollen viability were found (Figure 8).
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Figure 7: Pollen amounts of the tomato hybrids FMTT260 (heat tolerant) and Pannovy
(heat sensitive) under optimal temperature (24/ 20 °C, day/ night) or heat stress
conditions (34/ 30 °C). Means with different letters are significantly different (SNK test,
a< 0.05, optimum: n= 197; heat stress: n= 62).
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Figure 8: Percentages of viable, degraded and non-viable pollen of the two tomato
hybrids FMTT260 (heat tolerant) and Pannovy (heat sensitive) grown in climate
chambers under optimum temperatures (24/ 20°C, day/night). Error bars indicate the
standard deviation.

3.2  Verification of the integrity of the gynoecium

To check the integrity of the gynoecium four plants of each variety grown under heat
stress were pollinated with pollen of plants of the same variety produced under optimum
temperatures. Gynoecia unaffected by heat had to be able to develop into fruits after

pollination with pollen developed under optimum temperatures supposed to be intact.

Pollen developed under 24/ 20 °C were harvested immediately after anthesis and
transferred with a soft brush to stigmata of flowers grown under 34/ 30 °C just after
anthesis. Four other plants grown under heat stress were shaken regularly to assure self
pollination and comparability. The fruit set was checked once a week and the seed set

was checked once by cutting the fruits at the ending of the experiment.

In both genotypes, the percentage of fertilized fruits could be increased after hand
pollination with pollen produced under optimum temperatures. The percentages (% of
total amount of evaluated fruits) of fertilized fruits without additional pollinating
(naturally fertilized fruits) were 11 % in FMTT260 and 0 % in Pannovy. After hand
pollination, the percentage of fertilized fruits was increased by up to 45 % in FMTT260
and by 5 % in Pannovy (Figure 10). Though differences between the treatments were

clearly visible they were statistically not significant.
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Figure 9: Percentage of fertilized fruits per plant of the two tomato varieties FMTT260
(heat tolerant) and Pannovy (heat sensitive) grown in climate chambers under heat stress
(34/ 30°C, day/ night). Flowers were pollinated either by natural fertilization with
pollen produced under heat stress or by hand-pollination with pollen produced under
optimum temperatures (24/ 20 °C, day/ night). Means with different letters are
significantly different between cultivars and pollination treatments (Tukey test, o <
0.05, n= 14).

3.3 Histological investigations of androecia and gynoecia grown

under heat stress

This experiment was conducted within the framework of the Diploma thesis by Urban
(2006) to define the point of time when the pollen development got interrupted or when

the pollen lose their functional capability.

Additionally, the gynoecia of flowers grown under two different temperature treatments
(heat stress/ optimum temperatures) were histologically investigated to verify the

integrity of the gynoecia grown under heat stress.

The varieties Pannovy (heat sensitive) and FMTT260 (heat tolerant) and line CL5915
(heat tolerant) were used for this experiment. Four plants each of every genotype were
grown in two GCs under optimum temperatures and heat stress, respectively. In total,
five sets of plants were sown with a time offset of two weeks and shifted into climate
chambers around 10 days before the start of flowering resulting in plant densities

between 1.3 and 2.7 plants m™.
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Buds and flowers in all developmental stages were collected for the histological
investigations. The sepals and petals were removed and the remains of the flowers fixed
with AFE for a minimum of 24 hours. Small buds were fixed completely to avoid

damaging due to preparation.

For embedding the samples had to be dehydrated and de-aerated. They were placed in
alcohol of afferent concentrations (70 %, 90%, 100% denatured alcohol, and 100 %
pure alcohol) for two hours each. To facilitate the de-aeration the samples were put
under vacuum until no bubbles ascended from the tissue anymore. Successive, the
samples were stored in pre-infiltration solution (Table 4) for two hours. Infiltration took

place in the infiltration solution (Table 4) for 16 hours.

For the embedding in Glycidyl methacrylate (GMA) the liquid methacrylate
(embedding synthetic, Table 4) was filled into the gaps of the Teflon form until they
were filled completely. The samples were placed upright or across in the middle of the
cavity. Polymerization happened at 40 °C in a drying cabinet for 12 hours. The resulting

blocks could be stored in closed boxes in the fridge for several weeks.

Grips were attached with a rapidly desiccating resin (Table 4) and cuttings were
performed with tempered blades in the rotary microtome. Every third cutting each of 7
um thickness was used for evaluation. While cutting, the thin layers got compressed and
had to be relaxed in a warm water bath. After recreation, they were placed on

microscope slides and dried at room temperature.

Cuttings of the anthers were stained with methylene blue or with hematoxylin. Ovaries
were stained with methylene blue, hematoxylin according to Delafield (Gerlach, 1984),

or with Periodic acid-Schiff stain (PAS, Feder et al., 1968).

The staining with methylene blue was done for 20 sec and samples rinsed with DI

afterwards.

For the hematoxilin staining the samples were incubated in the staining solution for two
to three minutes and rinsed with DI. To obtain a good contrast the pH of the sorrel

samples had to be increased by rinsing with tap water. The color changed to violet-blue.

For PAS, the samples were laid in dimedone solution for 16 to 24 hours. They were
rinsed thoroughly in DI for six times, five minutes each. The samples were transferred
into periodic acid for ten minutes and rinsed ten times with DI afterwards, three minutes

each. Samples were stained in Schiff-reagent until they changed their color to red
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followed by five stages of a rinsing program by 0.5 % sodium disulfide. In a final step
the samples were rinsed by DI for five times. Every wash step lasted three minutes. An
Axioskop20 (Zeiss, Gottingen, Germany) microscope was used. Pictures were taken

with the preinstalled camera.

The characteristics of the pollen in anthers shortly before or at the time of anthesis
differed between the temperature treatments. The pollen developed under optimum
temperature were round and could be stained evenly independent of the stain used

(Figure 10).

Figure 10: Sections of anthers developed under optimum temperatures stained either
with methylene blue (a) or hematoxylin according to Delafield (Gerlach, 1984, b). Both
figures show longitudinal sections in 50fold (a) and 100fold (b) magnification by light
microscopy.

The pollen of Pannovy and FMTT260 developed under heat stress looked different:
some were round and stained evenly but most looked collapsed and rejected the stain
while most of the pollen of the heat tolerant line CL5915 looked round in both

temperature treatments.

Although the number of pollen was not systematically quantified, it appeared that
Pannovy and FMTT260 produced less pollen under heat stress compared to optimum

temperatures.

All anther specific tissues looked normal and the opening process of the stomia was
performed in all genotypes and under both temperature treatments (Figure 11). Only the

aperture of the stomia was reduced in Pannovy and FMTT260 under heat stress.
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Figure 11: Cross section of an anther of Pannovy developed under heat stress (32/ 28
°C). The tissue was stained with methylene blue and the picture taken by light
microscopy with 50fold magnification. The arrow depicts the opened stomium.

To detect the point in time when pollen were damaged during their development, buds
and flowers of different developmental stages were investigated. In both temperature
treatments, buds of eight different developmental stadia were found: the prothallium,
sporogenic cells, meiotic stadium, tetrad stadium, single microspores, pollen and closed
septa, pollen and opened septa, and pollen and opened stomia. The later stages of the
pollen cell wall development and the mitosis could not be found with these methods. In
the early stages, no differences could be found. In the prothallium stage, the septa of the
anthers were developed completely. The sporogenic cells of the genotypes did not differ
and the anther wall tissues existed. Meiosis was found in all treatments and it proceeded
normally. Tetrads were built and their tissues were developed normally. From the
tetrads, free microspores were released and they did not differ between the treatments.
The tapetum was developed completely. The single anther tissues were developed
without disruption and at the right point of time degraded if necessary. Visible

differences were only observed in completely developed pollen.
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To evaluate the integrity of the gynoecia further on several staining methods were used
to assure the visualization of possibly existent differences in the tissue development

between ovaries grown under optimum and elevated temperatures.

No differences in the evaluated ovaries of the different genotypes could be found in the
two temperature treatments with different staining methods. The tissues at different
developmental stages of the ovaries did not show any variation between the two

temperature treatments or the varieties used (Figure 12).

Figure 12: Cross cuttings of ovaries of variety FMTT 260 developed under optimum
temperatures (24/ 18 °C, a) and heat stress (32/ 28 °C, b). The cuttings were stained
with methylene blue and pictures were taken by light microscopy with 100fold
magnification. Es= embryo sack, la= outer integument, li= inner integument, Sa= ovule,
Pl= placenta

3.4  Response of different tomato species and genotypes to heat

stress in climate chambers

The experiment was conducted to investigate the heat tolerance within tomato lines
known or suspected to be heat tolerant and three wild species. This experiment was
undertaken in a CC under heat stress (32/ 28 °C). The seeds were sown in cw4/2005 and
two plants of each genotype were transferred to the climate chamber in cw6/2005.
Plants were irrigated according to physiological plant stage and necessity. Chemical

treatment for plant protection was carried out twice during the experiment.

The number of flowers and fruits were evaluated twice a week beginning in cw12/2005.
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The seed set and the production of the colloidal tissue was examined once after the
harvest in cw15/2005. In this experiment, the shaking times of the pedicels were raised
to ten seconds to qualify the pollen release. The pollen collection, counting, and staining

were conducted once a week starting from cw12/2005 to cw15/2005.

Under heat stress conditions, the wild species LA0716 (S. pennellii L.), LA1777 (S.
habrochaites S. Knapp& D. M. Spooner), and LA1589 (S. pimpinellifolium L.) did not

form any flowers.

The plants of LA2661 developed flower buds but none of them opened and they
shriveled before the flowers opened. Some of the flowers of the lines CL5915, LA2662,
and FMTT260 showed the same malfunction.

In CL5915 and LA3120, flowers were malformed: The petals were reflexed and the

anthers not connate.

Stigma exsertion was observed in CLN1621L, LA3120, LA3320, LA2662 and CL5915.
In CL5915, the stigmata protrude the sepals and petals in the bud stage already. This
was caused by obviously curtate sepals and petals. Since no comparisons with flowers
developed under optimum temperatures were possible the reason — elongated stigmata
or curtate sepals — for the different stigma levels with regard to the anther cones could

not be detected in the other lines.
After 9 weeks, only CLN1621L kept on flowering.

In general, the two plants of the line CLN2001A developed very inhomogeneous. While
one of the plants had low numbers of opened flowers, no fruit set at all, normal
developed sepals but short petals, anthers and stigmata the second showed vigorous

flourishing, fruit set and no stigma exsertion.

LA3320 and LA3120 showed non fruit set and set of a single fruit, respectively. One
fruit of LA2662 and two fruits of CLN2418A showed symptoms of blossom end-rot
(BER).

The pollen amount did not correlate with the number of fruits (r*= 0.29; p= 0.58) or the
percentage of fertilized fruits (r*= 0.47; p= 0.35).

The genotypes differed in the number of fruits, the percentages of fertilized fruits, and
fruits containing degraded placenta tissue (colloidal tissue, Table 16), whereof,
however, only the difference in fruits containing colloidal tissue was statistically

significant.



Results 32

The percentages of fertilized fruits and fruits with colloidal tissue correlated (r*= 0.84;

p=0.0375).

Table 16: Average number of fruits per inflorescence (Frav Inf"), sum of fruits per plant
(Frsum), and percentages of fertilized fruits (Frset) and fruits with colloidal tissue
(Frplac) of heat tolerant tomato genotypes from AVRDC (all accession names starting
with CL of CLN) and TGRC (accession LA2662) grown under heat stress (32/ 28 °C)
for 10 weeks in a climate chamber at Hannover University. Different letters within
columns indicate significant differences between genotypes (SNK test, a < 0.05, n= 24)

Genotype Frav Inf" Frsum Frset [%] Frplac [%]
CLN1621L 1.8a 9a 80.0 a 80.0 a
CLN2001A 23a 7a 91.7a 833 a
CLN2418A 23a 7a 44.4 a 88.9 a
CL5915 1.5a 12 a 66.7 a 95.8a
FMTT260 25a S5a 0.0a 0.0b
LA2662 13a 4a 333a 33.3ab

Only nine varieties developed any pollen and were thus applicable for investigations.
The differences between the genotypes were found to be highly significant (Table 17).
The pollen release of line CLN1621L was highest amongst other lines from the

AVRDC. Significant differences were found between these lines.

The pollen release was very low and none of the varieties had pollen shed high enough

to conduct the staining procedure.
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Table 17: Average number of pollen per flower of different heat tolerant tomato
genotypes grown under heat stress for 10 weeks measured during the experiment
(average of four weeks). Different letters within columns indicate significant differences
between genotypes (SNK test, o < 0.05, n= 165)

Genotype Average number of pollen
CLN1621L 44439 a
CLN2001A 576.2 ab
CLN2418A 1051.5 ab
CL5915 81.9 bc
FMTT260 129 c¢

LA2662 80 ¢

LA3320 157.2 bc
LA3120 61.2 bc
LA2661 45.6 bc

The pollen release was significantly different at different sampling dates (Table 18). It
diminished during the experimental course from cw12/2005 to cw14/2005 and started to

increase subsequently. However, this trend was not significant (Table 18).

Table 18: Average number of pollen per flower per week of different heat tolerant
tomato genotypes grown under heat stress for 10 weeks (calendar weeks [cw]) measured
during the experiment (average of nine genotypes). Different letters within columns
indicate significant differences between sampling dates (SNK test, a < 0.05, n=165)

Sampling date [cw] Average number of pollen

12 1200.16

13 116.08 b
14 19.45 ¢
15 59.74 bc

The pollen amount declined from cwl2 to cwl4 in all varieties by more than 95 %

except in the line CLN2001A (60 %,Table 19).
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Table 19: Maximum reduction of the pollen amount per flower in nine heat tolerant
genotypes grown under heat stress (32/ 28 °C) in a climate chamber for ten weeks

Genotypes Reduction of pollen amount [%]
CLN1621L 96.81

CLN2001A 60.27

CLN2418A 99.95

CL5915 100.00

FMTT260 97.08

LA2661 99.56

LA2662 99.24

LA3120 99.82

LA3320 99.45

3.5  Comparisons of different methods to evaluate pollen viability

and pollen tube growth (in vivo and in vitro)

Evaluation of different pollen growth media and their comparison to FDA staining

Since not only pollen viability but pollen tube growth is important for a successful
fertilization, different liquid pollen growth media were used to score the percentage of
pollen germination in vitro: the growth medium according to Brewbaker et al. (1963)
(herein after referred to as ‘B&K’), the B&K medium modified by Poulton et al. (2001)

(‘P’) and a mixture of sucrose solution and boric acid.

Pollen of single flowers developed under optimum temperatures of different genotypes
were harvested immediately after anthesis and 2-3 days after anthesis. They were mixed
with 300 pl of one of the growth media. A drop of these pollen-suspensions was
transferred to a microscope slide, covered with a cover slip, and the pollen tube growth
checked visually under the microscope after laps of time of 0.5, 1, 2 and 4 hours. Pollen
tubes were rated as developed when they reached at least the length of the pollen grain

diameter.

The experiment was repeated with the B&K medium and the P medium. Additionally
the pollen tube growth in the B&K medium modified by Heslop-Harrison (1984)

(herein after referred to as ‘HH’)was investigated.
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Pollen drenched with the B&K medium did not form any pollen tubes within the first
two hours regardless the age of the flower. After three hours, the pollen sampled from
flowers just after anthesis showed some pollen tubes. When pollen were incubated with
the P medium growth of pollen tubes became visible after 0.5 hours already. During the
course of the experiment, the tubes kept on growing whereas no new tubes could be
found after the experiment was ceased. When pollen of three flowers were immersed in
sucrose/ boric acid solution only pollen from one flower which was 2-3 days old
developed pollen tubes after 1.5 hours but no further growth was observed afterwards.
Pollen from the other two flowers did not develop pollen tubes at all. The pollen grains
looked shriveled and sere after four hours of treatment. Because of the insufficient
number of developed pollen tubes no meaningful statistical analysis could be

accomplished.

In the repetition, pollen of three flowers treated with the B&K and HH media formed
pollen tubes after 0.5 hours already. Only for a single pollen grain incubated with the P
medium a pollen tube became visible. After 1.5 hours, the number of pollen with tubes
of these samples increased in the B&K and HH medium. Additionally, tubes from
pollen grains of another flower started growing. No differences between the B&K and

HH media were visible.

After three hours, pollen from five out of six flowers mixed with the B&K medium
developed pollen tubes while this was true only for pollen from four and three flowers
mixed with the HH and P medium, respectively. In contrast to the B&K and HH media
where the number of tubes increased slightly over time, no further pollen tube growth
was observed in the P medium. The pollen tube growth in the HH medium was not

sufficient for statistical analysis.

In the third experiment only pollen from three just opened flowers of different
genotypes were examined. Pollen were harvested and mixed with 300 ul B&K or P
medium, respectively. Additionally the complete anthers of three flowers of two
different genotypes have been ground with 300 pl growth media.

The 3factorial ANOVA did not reveal any effect of the factors genotype, medium type
or experimental duration (Table 20 to 22). The percentage of germinated pollen grains
ranged from 0 % to 43 % in the P medium and from 2 % to around 71 % in the B&K

medium regardless the different genotypes and the laps of time. Since no significant
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differences between individual experiments were found the data of all experiments were

pooled.

Table 20: Average percentages of germinated pollen of three different tomato varieties
(Pannovy, Typhoon, Hillmar Hellfrucht [‘HiHe’]). Means within columns followed by
the same letter are not significantly different between varieties (SNK test, o< 0.05, n=
54)

Variety  Germinated pollen [%]

Pannovy 29.96 a
Typhoon 26.82 a
HiHe 1395 a

Table 21: Average percentages of germinated tomato pollen grown on two different
growth media ((Brewbaker et al., 1963)‘B&K’(Poulton et al., 2001), ‘P’). Means within
columns followed by the same letter are not significantly different between pollen
growth media (SNK test, a < 0.05, n= 54)

Medium Germinated pollen [%]

B&K 2224 a
P 22.88 a

Table 22: Average percentages of germinated tomato pollen grown on growth media for
1, 2 or 4 hours (h). Means within columns followed by the same letter are not
significantly different between growth durations (SNK test, a < 0.05, n= 54).

Growth duration [h] Germinated pollen [%]

1 26.56 a
2585 a
4 2427 a

Furthermore a comparison between pollen germinated in the P medium and the pollen
viability obtained by FDA staining was done. Pollen were harvested immediately after
anthesis and divided into two subsamples of similar pollen quantity. One half was
drenched with 300 pl of the P medium and the pollen tube growth evaluated after one
hour. The second half was stained with FDA and evaluated under UV light.
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While the mean percentage of pollen germination in the growth media was 6 %, the
mean of the pollen viability evaluated via FDA was 58 % and the data did not correlate

(°=0.22, p= 0.4643).

Aniline blue staining versus FDA staining

For the evaluation of the pollen tube growth in vivo gynoecia were stained with aniline
blue. Aniline blue binds to the glucose units building the callose polymer, a structural
component of cell walls of pollen tubes. Since the style tissue does not contain callose
aniline blue differentiates well between these two structures. The following results were

obtained in the context of a Bachelor thesis (Schmidt, 2007).

Flowers were pollinated by hand and harvested after 24 hours. The sepals, petals and
anthers were removed from the flowers and the gynoecia were entirely covered with a

fixer in a glass tube for 24 hours.

The fixer was removed by washing with DI and the plant tissue was macerated in 1 M
sodium hydroxide at 60 °C for 45 min. After removing the sodium hydroxide solution
with DI the samples were stained with the aniline blue solution for 15 min. The
gynoecium was transferred to a microscope slide and covered with glycerin and a cover
slip to avoid early desiccation. The preparation was squeezed cautiously under the cover
glass. Leaked glycerin was carefully removed with a tissue. The total number of pollen
and the pollen tubes in the style which were grown into the ovules were rated visually

under the microscope.

As displayed in Figure 13 the amount of pollen on the stigmatic surface was very high
and it was impossible to rate the number of pollen precisely and to follow the single
pollen tubes through the style tissue down to the ovules. The pollen tubes grew bundled
in the style channel before they separated again in the ovary sac. Since the vascular
bundles showed the same coloration than the pollen tubes it was difficult to distinguish

between these structures.

Therefore, a quantitative analysis of the observations was impossible and the
interpretation could be done on a qualitative basis only. The comparison of the FDA
staining method and the aniline blue staining method showed a correlation: the higher
the percentage of viable pollen (estimated by FDA staining) the more pollen tubes were

found to grow through the style (estimated by aniline blue staining). Contrarily, the
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more non-viable pollen were found via FDA staining the less pollen tubes could be

detected via aniline blue staining.

The numbers of pollen tubes growing from the style into the ovaries and entering the

ovules were estimated of approximately five to twenty.

Figure 13: A gynoecium (50fold magnification) of a tomato flower stained with aniline
blue: the stigma (red on the left side) and the attached style down to the ovary
containing many ovules (brown round shaped on the right side). The pollen grains are
visible as small blue-green dots on the stigma and the pollen tubes as thin blue-green
lines through the style. (The picture is composed of several individual photographs
mounted using an image processing software)

MTT staining versus FDA staining

For the reduction of costs and technical equipment a method was tested for which no
UV-light for the determination of pollen viability is required. Yellow tetrazolium
bromide (MTT) gets reduced to purple formazan in the mitochondria of living cells
(Figure 14). This reduction takes place only when mitochondrial reductase enzymes are

active, and therefore conversion can be directly related to the number of viable (living)

cells.
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Figure 14: Pollen stained with MTT in different extensities depending on their viability.
Viable pollen appear dark violet, degraded pollen less dark and non-viable pollen do not
stain at all. The picture was taken under the microscope with 100fold magnification.



Results

In order to asses the applicability of the staining method using MTT instead of FDA
pair wise regressions with each one of the three classes of viable, slightly degraded, and
non-viable pollen stained with either of the two staining methods were conducted

(Figure 15 to 17).

Pollen of single flowers were harvested immediately after anthesis and the samples were
divided into two subsamples of similar pollen amounts. One half each was stained with

FDA or MTT. Both procedures were undertaken as contemporary as possible.

Pollen were placed on a microscope slide with a pipette tip and a single drop of staining
solution was added. The color of at least 100 pollen grains was rated after five minutes
incubation time at room temperature. Pollen were rated as viable or dead when showing
dark violet or no or coloration, respectively. Degraded pollen showed a bright violet

coloration.

The Pearson correlation coefficients (r) were 0.76 (p< 0.001), 0.60 (p< 0.001), and 0.84
(p< 0.001) for the classes viable pollen, degraded pollen, and non-viable pollen,
respectively. The coefficients of determination (r*) for these classes were 0.87 (p<

0.001), 0.77 (p< 0.001), and 0.92 (p< 0.001).
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Figure 15: Correlation between the percentages of pollen rated as viable stained either
using the FDA or the MTT method (1= 0.87, p< 0.001, n= 38).
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Figure 16: Correlation between the percentages of pollen rated as degraded stained
either using the FDA or the MTT method (r*= 0.77, p< 0.001, n= 38).
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Figure 17: Correlation between the percentages of pollen rated as non-viable stained
either using the FDA or the MTT method (1= 0.92, p< 0.001, n= 38).
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3.6 Pollen storage

Since the number of pollen samples harvested per sampling date was too high for
immediate processing but comparability had to be assured, a series of experiments was
conducted to develop an applicable procedure for the storage of pollen samples. This
storage possibility was of particular importance for experiments with more than 20
samples per harvesting date because the pollen counting and staining procedures were

laborious and not to handle on a single day.

Pollen of the line CL5915 grown at different times under diverse conditions were
harvested and stored under different conditions. Pollen of five individual flowers of
different plants were harvested at the same time and each sample was divided. One half
each was investigated immediately (day0) and the second half stored for diverse laps of
time. The change of the pollen viability of each sample was measured using the sample
investigated immediately as 100 % standard. The stored samples were cooled down to 4
°C and stored in the staining solution at room temperature, respectively. After 1, 3, 9,
and 38 days (d), their viability was determined via FDA staining. The experiment was

repeated four times.

Duration of the pollen storage significantly influenced the viability of the pollen. The
results for day 1 and 3 did not differ but a significant loss of viability was found after
9 d of storage at 4 °C (Figure 18). The increment of degraded and non-viable pollen was
not significantly influenced by the storage duration (degraded pollen: p= 0.06; non-
viable pollen: p=0.25).

Samples stored in the staining solution showed a loss of viability of 100 % after one day

already. Therefore, no sufficient statistical analysis was possible.
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Figure 18: Changes in the average proportion of viable pollen of the tomato line
CL5915, sampled in different greenhouses at different times and stored at 4 °C for
different time spans. Means with different letters are significantly different (Tukey test,
a< 0.05, n=16).

3.7 Genetic variability in heat tolerant tomato lines under

greenhouse conditions in Thailand

The genetic variability of 16 known or supposed to be heat tolerant tomato lines was
evaluated in a GH situated in Thailand during the rainy season from August to

September 2005 under natural light conditions.

The irrigation frequency depended on solar radiation integral and the duration of the
dripper intervals were regularly adjusted according to the plant age. The air temperature
and relative humidity inside and outside the GHs were monitored continuously with the
aid of aspirated psychrometers (sensors: sheathed type K [NiCr-Ni] thermocouples,
diameter 0.5 mm) (BGT, Hannover, Germany). Every 15 sec data were measured,
transferred to a purpose-build data-logging system (BGT, Hannover, Germany), and
stored as mean values every 5 min. All sensors were calibrated before the experiment

started.

Five plants of the genotypes 1- 16 (80 plants in total) listed in Table 23 were
transplanted from the evaporative cooled nursery to the experimental GH two weeks
after sowing in cw30/2005. Additional 144 plants of different introgression lines (ILs)
and 136 plants of the hybrid FMTT260 were added to fill in the gaps and secure a
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consistent plant density. Plants were placed in six rows each with 60 plants per row. The
plants were completely randomized within the four central rows. The gaps were filled
with FMTT260. Five plants of FMTT260 in the middle rows were randomly chosen as
experimental plants and labeled. The side rows consisted of FMTT260 plants only.
Plants of indeterminate cultivars were cultivated with one shoot and pruning was done
twice a week. In case of determinate genotypes no pruning was done. Senescent leaves
were removed regularly up to the first fruit-carrying truss and plants were laid down

according to necessity.

Table 23: 16 genotypes known or suspected to be heat tolerant used for the screening of
heat tolerance under Thailand greenhouse conditions. All genotypes were grown in the
rainy season in 2005 for 10 weeks

Number Variety/ line

ChiaTai
CL5915
CLNI1621L
CLN2001A
CLN2418A
Donna091
FMTT260
FMTT269
HT7
LA2661
LA2662
LA3120
LA3320
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Pannovy
Sida013

Valentine
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The collection of all plant related data was restricted to the plants of the four central
rows in order to eliminate any possible interferences resulting from the plant’s position
close to the sidewalls. The evaluation of the seed set was recorded once at the end of the

experiment by cutting the fruits. The data collection was commenced in cw32/2005.
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The weekly increase in plant height and the maximum plant height did not significantly
differ within one line or between different lines of one growth habit (determinate/
indeterminate). In general, the weekly increase of the height of determinate growing
genotypes was less than that of indeterminate growing plants and ranged from 17
centimeters in line LA2662 to 40 centimeters in variety Pannovy resulting in 78 and 156

cm total plant heights for the respective cultivars at the end of the experiment.

The number of flowers, the total number of fruits, and the number of parthenocarpic

fruits per inflorescence differed significantly between the lines/ varieties (Table 24).

The lowest total number of flowers and number of flowers per inflorescence were
observed in Pannovy while the highest total number of flowers was found in Valentine.
The number of flowers per inflorescence was highest in FMTT269 (Table 24). In
general, higher numbers of flowers were observed in determinate growing cultivars as

compared to indeterminate growing types.

The lowest amount of fruits and number of fruits per inflorescences were observed in
LA3120 and the highest values were reached by Donna and LA2662. The lowest fruit
set was found in LA3120 and the highest in Pannovy (Table 24).

A difference of fruit set between plants depending to their position in the GH was
detectable. Plants close to the entrance- and therefore close to the fans- and at the
opposite end of the GH showed a higher fruit set compared to plants placed in the center
of the GH. The lowest sum of parthenocarpic fruits were obtained by LA3120 and the
highest by Donna, while the lowest and highest number of parthenocarpic fruits per
inflorescence were found in CLN2001A and LA2662, respectively (Table 24).

The genotypes differed significantly in their pollen viability: The highest percentage of
viable pollen and lowest percentage of non-viable pollen were produced by CLN1621L,
the lowest number of viable pollen and highest number of non-viable pollen by
FMTT260. The number of slightly degraded pollen did not significantly differ between
the varieties (Table 24).



Table 24: Average weekly height increase (growth, [cm week™']), sum of flowers (Flsum), average (Flav Inf') and maximum (Flmax Inf")
number of flowers per inflorescence, sum of fruits (Frsum), average (Frav Inf ") and maximum (Frmax Inf") number of fruits per inflorescence,
average percentages of parthenocarpic fruits (Frparth), viable pollen (Poll), pollen amount per flower (Poll FI'") and set fruits (Frset) of 16 tomato
genotypes known or supposed to be heat tolerant evaluated in greenhouses in the rainy season 2005 in Central Thailand. Means within columns
followed by the same letter are not significantly different between genotypes (SNK test, a< 0.05, n= 54)

Genotype Growth |  Flsum Flav Flmax Frav Frsum | Frmax | Frparth Poll Poll Frset
Inf" Inf" Inf" Inf" [%] [%] FI'! [%]
ChiaTai 285 a| 2434 a | 88 cd| 33 ab| 1.3 cde | 362 a 13 a (1994 a . 1.0 ef 14.8 ¢
CL5915 219 a| 2325 a | 96 ¢cb| 30 ab| 1.3 cde | 324 a 15 a |36.4 ef |37.1 ab | 18745.7 a 13.0 cd
CLNI1621L |34.1 a| 2731 a | 79 ed| 25 ab| 2.2 ab 753 a 18 a |63.1 cd|40.7 a 3426.3 abc |29.1 b
CLN2001A |21.8 a| 2726 a I1 b 39 a 1.1 def | 291 a 11 a [29.7 f .. 9858.9 ab 10.6 cd
CLN2418A [34.1 a| 1336 ab| 8.9 cd| 31 ab| 09 ef 134 a 11 a |50.2 de 8 abc| 359.7 abede |12.2 cd
Donna 341 a| 2692 a | 63 f 24 b | 2.0 be 837 a 21 a |89.6 a | 164 abc| 1052.4 abcd |26.6 b
FMTT260 |38.9 a 554 b | 9.7 bc| 28 ab| 2.4 ab 135 a 12 a |71.7 bc| 2.4 be 484.0 abede |31.9 b
FMTT269 |36.6 a 801 b 12 a 25 ab| 1.7 bed | 118 a 19 a |58.6 cd 11.0 def |159 ¢
HT7 263 a 885 b | 6.6 ef | 22 b | 2.1 be 278 a 20 a [96.5 a . 3.8 ef 288 b
LA2661 28.1 a| 2352 a | 59 f 34 ab| 2.0 be 781 a 24 a |95.6 a 7.2 abc 30.4 cdef |305 b
LA2662 17.1 a 788 b | 9.7 bc| 23 ab| 2.8 a 230 a 15 a |73.0 be 11.3 def |25.1 b
LA3120 209 a| 2609 a | 7.9 de| 25 ab| 0.1 ¢ 45 a 6 a |85.0 ab 5.6 ef 14 e
LA3320 248 a| 2795 a | 82 cd| 25 ab| 09 ef 306 a 13 a |98.7 a .. 0.8 ef 7.5 cde
Pannovy 399 a 511 b | 5.7 f 14 b | 22 ab 195 a 12 a |98.2 a 0.8 ¢ 232.5 abcde |39.1 a
Sida 30.1 a| 2829 a | 92 cd| 31 ab| 0.7 efg | 227 a 14 a |85.0 ab| 5.7 ab 79.7 bedef | 7.4 cde
Valentine |31.1 a| 3033 a | 7.9 de| 30 ab| 04 fg 158 a 8 a [50.2 de| 9.0 abc| 2268.6 abc 5.2 de
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In pair wise comparisons, the lines CL5915, CLN2001A, and CLN1621L supplied by
the AVRDC performed better compared to the standard variety FMTT260 (Table 25).

Only in line CL5915 a significantly higher mean number of viable pollen in a pair wise

comparison with the negative control Pannovy was found though all lines showed

positive mean differences (Table 26).

Table 25: Differences in average pollen amounts between heat tolerant lines supplied by
the AVRDC, Taiwan, and variety FMTT260 (AVRDC, Taiwan). Significant differences
are labeled with *** and not significant differences with n.s.

Genotype

Differences between means

CL5915 FMTT260
CLN2001A FMTT260
CLNI621L FMTT260
CLN2418A FMTT260
Pannovy FMTT260

3.66
3.01
1.96
-0.30
-0.73

skksk

koksk

n.s.

n.s.

n.s.

Table 26: Differences in average pollen amounts between heat tolerant lines supplied by
the AVRDC, Taiwan, and with the negative control Pannovy (Syngenta Seeds,
Germany) evaluated in a greenhouse in the rainy season 2005 in Central Thailand.
Significant differences are labeled with *** and not significant differences with n.s.

Genotype Differences between means
CL5915 Pannovy 4.39 *#x
CLN2001A  Pannovy 3.75 n.s.
CLNI1621L  Pannovy 2.69 n.s.
CLN2418A  Pannovy 0.73 n.s.
FMTT260 Pannovy 0.44 n.s.

The pollen viability of different lines reacted differently in the same time period. While
the pollen viability increased in line CLN2418A, Donna and CLN2001A within the first

two weeks it decreased in line CLN1621L or remained equal in line CL5915 and variety

FMTT260 (Figure 19 to 24). Likewise, in later periods the pollen viability of the

different lines did not react equally.
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No correlation between the development of the pollen viability (Figure 19 to 24) and the
development of an individual external factor such as relative air humidity, air or soil
temperature (Figure 25 and 26) was observable.

Percentages of viable pollen of the CLN1621L were most stable and ranged from 60 to
70 % within the duration of the experiment. Results in cw36/2005 (sampling date
05.09.2005) were an exception. In this week, in all genotypes a severe drop of the
percentage of viable pollen was observed (Figure 19 to 24). The percentages decreased
to zero when they showed any vital pollen before except in lines CLN2001L and
CLN1621L. The total loss of pollen viability in line CLN2001L was found one week
earlier (sampling date 31.8.2005, Figure 23) while the pollen viability of line
CLN1621L did not drop to less than 16 % (Figure 24).

—o—viable —— degraded —e— non-viable
100 - CLN2418A

= 80 -
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Figure 19: Development of the percentages of viable pollen, degraded pollen, and non-
viable pollen for line CLN2418A during the course of a greenhouse experiment in
Central Thailand in the rainy season 2005.
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Figure 20: Development of the percentages of viable pollen, degraded pollen, and non-
viable pollen for line CL5915 during the course of a greenhouse experiment in Central

Thailand in the rainy season 2005.
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Figure 21: Development of the percentages of viable pollen, degraded pollen, and non-
viable pollen for line Donna during the course of a greenhouse experiment in Central

Thailand in the rainy season 2005.
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Figure 22: Development of the percentages of viable pollen, degraded pollen, and non-
viable pollen for line FMTT260 during the course of a greenhouse experiment in
Central Thailand in the rainy season 2005.
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Figure 23: Development of the percentages of viable pollen, degraded pollen, and non-
viable pollen for line CLN2001A during the course of a greenhouse experiment in

Central Thailand in the rainy season 2005.
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Figure 24: Development of the percentages of viable pollen, degraded pollen, and non-
viable pollen for line CLN1621L during the course of a greenhouse experiment in
Central Thailand in the rainy season 2005.

Figure 25 and 26 show the profiles of relative air humidity, air temperature, and
substrate temperature for the duration of the experiment. The curve progressions of
substrate and air temperature showed similar patterns. With increasing air temperature
the substrate temperature increased as well though the differences between both were
more pronounced in the beginning of the experiment. From 26.08.2005 to the end of the

experiment the values were almost similar.

One day before the pollen viability broke down (04.09.2005) the air humidity reached
96 % which was the highest value in the experimental progress so far (Figure 25) but it
reached the same value again on 09.09.2005 and 14.09.2005 with no subsequent break
down in pollen viability. At the same day the air temperature was also very high (31 °C)
but it reached the same temperatures two times before on 03.08.2005 and 26.08.2005
with no subsequently complete loss of pollen viability. The substrate temperature in
contrast reached its maximum temperature the first and only time during the experiment

and exceeded 32 °C (Figure 26) on 04.09.2005.
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Figure 25: Profile of the relative air humidity inside the experimental greenhouse in
Central Thailand during the rainy season 2005.
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Figure 26: Profiles of air and substrate temperatures inside the experimental greenhouse
in Central Thailand during the rainy season 2005.

The fruit set correlated with the sum of flowers and with the number of flowers per

inflorescence at significance levels of 0.05 and 0.1, respectively (Table 27).

Both, the pollen amount and the pollen viability did not correlate with the sum of fruits
or the number of fruits per inflorescence (Table 27). Neither correlated the percentage
of viable pollen with the percentage of parthenocarpic fruits. But the pollen amount per
flower correlated with the mean number of parthenocarpic fruits and the percentage of

parthenocarpic fruits (Table 27).
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Table 27: The Pearson correlation coefficients and significances for the traits flowers
(Flav Inf"), fruits (Frav Inf") and parthenocarpic fruits per inflorescence (Fr parth Inf™),
sum of flowers (Flsum) and fruits (Frsum), percentages of parthenocarpic fruits (Fr
parth), fruit set (Frset), and viable pollen (Poll), and the pollen amount per flower (Poll
FI™"). Significances at levels of 0.05 are indicated by **, at levels of 0.1 are indicated by
* and not significant results are depicted by n.s.

Flav | Frav | Flsum | Frsum |Frparth | Frparth| Frset | Poll Poll
Inf' | Inf’ Inf' | [%] | [%] | [%] FI'!
Flav 0.11 0.44
Inf" n.s. *
Frav 0.10 0.02
Inf" n.s. n.s.
0.13 0.59 0.19
Flsum o
n.s. n.s.
0.45 0.20
Frsum
n.s. n.s.
Frparth 0.32 0.70
Inf" n.s. ok
Frparth 0.53 0.73
[%] n.s. ok
Frset
[“o]
Poll
[“o]
Poll
FI'!
3.8 Introgression lines

48 S. pennellii introgression lines sown in ¢w24/2005 and transplanted to the GH in
cw27/2005 were investigated under GH growth conditions in Thailand in the rainy
season to evaluate their response on heat stress. The plant data were evaluated 5 times

from cw30/2005 to cw36/2005 for all plants.
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From the 48 introgression lines only 37 could be evaluated while the other eleven lines
had to be removed from the GH because of virus infections. The remaining lines
differed significantly regarding all traits evaluated: the number of inflorescences, the
number of flowers, fruits, and parthenocarpic fruits per inflorescence, the percentages of

parthenocarpic fruits and fruit set (Table 28).

The number of inflorescences ranged from 4 in line 5-4 to 91 in line 10-1. These two

lines were significantly worse or better, respectively, as compared to all other lines.

The mean of flowers per inflorescence varied from 2 in line 3-1 to 12 in line 2-2. These
two lines performed significantly worse or better, respectively, compared to the other

lines.

The mean number of fruits per inflorescence reached from 0.1 in line 3-5 and 5-4,
respectively, to 3.1 in line 3-1. The lines 3-1, 1-3, and 12-3 did not differ from each

other but from all other lines.

The percentage of parthenocarpic fruits ranged from 20 % in line 2-4 to 100 % in 13
different lines. The lines 2-4 and 5-4 did not differ significantly from each other. Their
percentage of parthenocarpic fruits was 20 and 25 %. The next better performing line

was line 2-3 with a percentage of 41 %.
The fruit set ranged from 21 % in line 8-1 to 72 % in line 1-3. For this parameter, no
single line performed best or worst.

The weekly increment of the plant height ranged from 2.7 cm in line 5-5 to 45 cm in
line 6-3 but did not differ significantly. Only line 2-5 showed a determinate growth

within the experimental duration.
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Table 28: Average number of flowers (Flav Inf') and fruits per inflorescence (Frav
Inf"), percentage of parthenocarpic fruits (Frparth) and set fruits (Frset) of 37 tomato
introgression lines grown in a greenhouse during the rainy season 2005 in Central
Thailand. Different letters within columns indicate significant differences between
genotypes (SNK test, a< 0.05, for flowers and fruits per inflorescence: n= 5273; for
percentages of parthenocarpic fruits and fruit set: n= 1810).

Genotype Flav Inf" Frav Inf" Frparth [%] Frset [%]
IL1-3 5.56 hijk 294 a 100.00 a 72.48 a
IL1-4 6.96 cdefghi 1.05 bcde 96.88 a 46.08 bcdefg
1L.2-2 11.82 a 1.22 bede 100.00 a 33.00 cdefg
IL2-3 6.64 efghij 0.60 bcde 40.71 ¢ 35.57 cdefg
1L.2-4 7.70 bedefgh 0.88 bcde 20.42 d 48.68 abcdef
IL2-5 8.58 bcdef 193 b 05.88 a 40.11 cdefg
IL2-6 5.52 hijk 1.73 bed 100.00 a 60.04 abc
IL3-1 9.16 bc 3.10 a 100.00 a 49.44 abcdef
1L3-2 6.22 ghijk 0.37 de 100.00 a 41.48 cdefg
1L3-4 11.47 a 1.73 bed 100.00 a 36.92 cdefg
IL3-5 4.61 jk 0.15 e 100.00 a 33.00 cdefg
1L4-3 6.93 cdefghi 0.86 bcde 87.82 ab 38.54 cdefg
1L4-4 7.94 bcedefg 1.94 b 96.67 a 51.03 abcde
IL5-1 6.15 ghijk 1.12 bede 100.00 a 41.63 cdefg
IL5-2 8.88 bcde 0.78 bcde 97.00 a 35.72 cdefg
IL5-3 9.74 b 0.56 bcde 100.00 a 46.73 bcedefg
1L5-4 2.30 1 0.40 de 25.00 d 48.61 abcdef
IL5-5 9.59 b 0.86 bcde 79.43 b 22.51 fg
1L6-4 6.17 ghijk 0.36 de 100.00 a 39.46 cdefg
IL7-1 6.84 defghi 1.59 bed 98.00 a 50.53 abcde
IL7-2 8.95 bed 1.34 bede 96.96 a 37.39 cdefg
IL8-1 8.22 bcdefg 0.58 bcde 100.00 a 20.66 g
IL8-2 7.10 cdefghi 1.01 bcde 97.21 a 47.67 abcdefg
1L9-1 439 k 1.38 bcede 100.00 a 67.69 ab
1L9-2 9.79 b 1.83 bc 100.00 a 40.34 cdefg
1L9-3 7.72 bedefgh 0.55 bcde 80.23 b 26.93 efg
IL10-1 5.27 ik 0.80 bcde 100.00 a 52.27 abcde
1L10-2 9.18 bc 1.34 bede 100.00 a 22.16 fg
IL10-3 7.96 bcedefg 1.11 bede 100.00 a 47.80 abcdefg
IL11-1 6.64 efghij 0.51 cde 100.00 a 37.40 cdefg
IL11-2 6.37 fghijk 0.42 de 100.00 a 42.56 bcdefg
IL11-3 9.15 be 1.05 bcde 98.04 a 34.81 cdefg
IL11-4 973 b 1.11 bede 100.00 a 28.83 defg
IL12-1 7.75 bcdefgh 1.38 bcde 99.71 a 45.71 bedefg
1L12-2 6.42 fghijk 1.75 bed 100.00 a 55.70 abcd
IL12-3 7.21 cdefghi 2.90 a 99.61 a 53.74 abcde
1L12-4 7.88 bedefg 0.62 bcde 100.00 a 33.71 cdefg
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3.9 Plant response to different greenhouse set-ups

A major objective of the ‘Protected Cultivation Project’” was the development of suitable
GH cooling methods to improve crop performance, tomato fruit yield and quality under
tropical climate conditions. Therefore, various experiments were conducted in which
different mesh sizes, roof covers, and active cooling methods were compared regarding
their influence on the micro-climatically conditions inside the GHs and their impact on

plant growth and pollen performance.

At three dates in July 2005 pollen samples were taken from three plants per GH in order
to figure out whether or not the differential micro climate would exert an influence on
pollen viability and amount. The roof plastics of two of the GHs were additionally
coated with a NIR-reflecting pigment. The GH floors were covered with the bicolored
(black/ white) plastic mulch. In two GHs, the white, in the other two the black side of
the mulch was turned upside, resulting in four combinations of GH properties (Table

29).

Table 29: The four different greenhouse set-ups with different roof covers and ground
mulch colors used to investigate the influence of NIR-shading paint and different mulch
colors on plant growth, pollen amount, and pollen viability

Set-up Mulch color  Roof cover
‘wref’ white NIR-reflecting
‘bref’ black NIR-reflecting
‘wtrans’ white NIR-transmissive
‘btrans’ black NIR-transmissive

In this experiment with different roof covers (NIR-reflecting or NIR-transmissive) and
ground mulches (black and white surface upside), a significant influence of the mulch
color and the NIR reflecting pigment on the plant height was found (Table 30). At the

sampling date plants in ‘bref” had grown tallest while those in ‘wtrans’ were shortest.

The pollen viability was significantly higher in houses with white covered grounds
while the roof properties did not influence the pollen viability (Table 30) and the pollen
amount did not differ between any of the roof-groundcover-combinations (Table 30).

However, the trend showed a higher pollen amount in ‘btrans’.
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Table 30: Averages of final plant height, pollen viability (Poll) and pollen amount (Poll
FI'") of the tomato variety FMTT260 grown in greenhouses with four different set-ups
in the rainy season 2005 in Central Thailand. The set-ups differed in their mulch color
(black [‘b’] or white [‘W’] and their roof properties (NIR-transmissive [‘trans’] or
coated with NIR-shading paint [‘ref’]). Different letters within columns indicate
significant differences between set-ups (pollen viability/ amount: SNK test, a< 0.05, n=
22; plant height: Tukey test, a< 0.05, n=12)

Set-up Plant height [cm] Poll [%] Poll FI'!
‘bref’ 147.18 a 3.13 a 54,851.71 a
‘wref’ 142.64 b 2848 b 55,330.30 a
‘btrans’ 127.00 ¢ 459 a 83,724.35 a
‘wtrans’ 121.22 d 2426 b 53,021.77 a

Based on the results of these preliminary investigations the influence of the NIR-
reflecting pigment in combination with different ground mulch colors was investigated
in a further experiment during the dry season from cw52/2005 to cw19/2006. Sampling
of vegetative plant growth was commenced once a week from cw1/2006. Pollen were
harvested twice a week and counted. The viability was evaluated by staining with MTT.

The collection of pollen data commenced in cw5/2006.

The pollen viability was significantly influence by the roof cover (Table 31). The
percentage of viable pollen was significantly lower in the houses with NIR-reflecting
roofs compared to houses with NIR-transmissive roofs. No influence of the mulch color

on pollen viability could be observed.

The percentage of viable pollen declined during the experiment but not continuously. It
increased and decreased in a weekly rhythm with lower increases leading to lower
percentages of viable pollen at the end of the experiment (Figure 27) remaining finally
at a level of around 20 % from cwl12 until the end of the experiment in cwl6. The
percentages of viable pollen decreased significantly in week seven. In week eight, the
value rose significantly then dropped again in week nine. Another significant decline

was found from week ten to twelve.

No significant influence of the different roof covers or mulch colors on the pollen
amount was detectable (Table 31) though a clear tendency to higher pollen amounts was

observable in houses with black ground mulch.
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The pollen amount declined during the experiment but not continuously. It increased
significantly for two weeks to its maximum in cw7 and decreased afterwards to less
than 1000 per flower in cwl4. From cwl4 to cwl5 the pollen amount doubled to drop
again afterwards to almost zero (Table 32). While in ‘bref’, ‘btrans’, and ‘wtrans’ a
slight increase in the pollen amount was observable in week ten, a clear enhancement

was found in ‘wref” one week earlier.

Table 31: Average proportion of viable pollen (Poll) and pollen amount per flower (Poll
FI') of tomato variety FMTT260 grown in greenhouses with different set-ups during
the dry season 2006 in Central Thailand. The set-ups differed in their mulch color
(black [‘b’] or white [‘W’] and their roof properties (NIR-transmissive [‘trans’] or
coated with NIR-shading paint [‘ref’]). Different letters within columns indicate
significant differences between the set-ups (SNK test, a< 0.05, pollen viability: n= 350;
pollen amount: n= 359)

Set-up Poll [%] Poll FI"

‘bref’ 29.01 a 6,279.72 a
‘wref’ 29.34 a 4,245.61 a
‘btrans’ 31.85 b 9,076.95 a
-wtrans’ 31.54 b 5,727.17 a

Table 32: Average percentage of viable pollen (Poll) and pollen amount per flower (Poll
FI') of tomato variety FMTT260 averaged across four greenhouse set-ups in the dry
season 2006 in Central Thailand. Different letters within columns indicate significant
differences between sampling dates (calendar weeks, [cw]) (SNK test, a< 0.05, pollen
viability: n= 350, pollen amount: n= 359)

Sampling date [cw] Poll [%] Poll FI'!
5 5291 a 21,816.64 b
6 55.86 a 34,207.50 b
7 26.23 cod 70,003.75 a
8 38.70 b 25,402.20 b
9 27.96 cd 16,802.40 b
10 32.61 be 13,935.46 b
12 2047 d 2,293.77 ¢
13 2224 cod 1,782.58 «cd
14 22.11 cod 835.84 de
15 20.84 d 1,529.47 «cd

16 18.67 d 454.07 e
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Figure 27: Development of the viability of pollen sampled from tomato plants (variety
FMTT260) for 12 weeks (calendar week [cw] 5 tol6) during the dry season 2006 in
Central Thailand. Values are means across four different greenhouse set-ups. Means
with different letters are significantly different between sampling dates (SNK test, o<

0.05, n= 350).

The number of flowers per inflorescence decreased significantly with plant age (Table
33) whereas the number of inflorescences did not differ significantly between the
treatments (Table 34).

From the fourth inflorescence, the number of developed flowers per inflorescence sank

continuously. The number of flowers per inflorescence ranged from eight to nineteen.
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Table 33: Average number of flowers per inflorescence of inflorescences of different
age (1= first developed inflorescence) of the tomato cultivar FMTT260 during the dry
season 2006 in Central Thailand. Values are means across four different greenhouse set-
ups. Means followed by different letters are significantly different (SNK test, a< 0.05,
n=571)

Inflorescence Flowers per

number inflorescence
1 10.21 bed
2 15.71 ab
3 14.95 abc
4 1898 a
5 15.38 ab
6 15.43 ab
7 13.64 abcd
8 11.62 bed
9 10.15 bed
10 9.00 bed
11 8.64 bed
12 8.13 cd
13 8.04 cd
14 7.21 d
15 6.50 d
16 7.86 cd
17 7.00 d

The height of the first fruit-carrying truss was significantly lower in the GHs with white
mulch as compared to those with black mulch (Table 34). At o< 0.1 level, the
percentage of parthenocarpic fruits was significantly reduced in houses with white

ground cover.

The time span until the first flowers opened was reduced in houses with black ground
mulch by around 2 days (Table 34) compared to the houses with white ground mulch.

The roof pigment did not influence the time span.

The time which flowers needed to fully open and to subsequently develop into ripe
fruits was neither affected by whether or not the roof plastics were coated with the NIR-
reflective pigment paint or by the color of the mulch used to cover the GH floor (Table
34).



Results 60

Table 34: Average number of inflorescences, height of the first fruit carrying truss, time
needed for the first flower to fully open, percentage of parthenocarpic fruits, and
ripening time of the first fruits of tomato plants (variety FMTT260) grown in
greenhouses with four different set-ups during the dry season 2006 in Central Thailand.
Different lower or upper case letters within rows indicate significant differences at a<
0.05 or 0< 0.1 level, respectively (SNK test)

Mulch color White White Black Black
Roof'is NIR- transmissive  reflective transmissive  reflective
No of inflorescences n=41 14.17 a 13.36 a 14.17 a 1492 a

Height of first fruit-
carrying truss [cm]

Time needed for the first
flower to fully open [days]

n=48 50.00 a 46.75 a 5442 b 5225 b

n=48 27.00 a 26.00 a 24.00 b 25.00 b

Proportion of

parthenocarpic fruits [%] n=111 51.18 A 53.11 A 5149 B 63.00 B

Time until first ripe fruits

n=41 3792 a 38.25 a 3833 a 40.18 a
occurred [days]

The longitudinal growth of the plants grown above black mulch was accelerated from
the beginning (Figure 28). Differences in plant height were at significance level a< 0.1
in cwl and cwl18 and a< 0.05 level in the meanwhile. Again, the roof cover did not

exert any effect.

In the second half of the experiment with start of the hot-dry season (cw12) the effects
of the different GH set-ups on plant growth became more pronounced resulting in
bigger differences between the houses. The maximal differences between the two
houses ‘bref” and ‘wref” are shown in Figure 29. Stronger effects resulted in a steeper
slope of the curve from cw9 onwards, implying that the effectiveness of the white
mulch increased with ongoing trial duration (coinciding with increasing global radiation

intensity and hence air temperatures).
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Figure 28: Average plant heights of tomato plants (variety FMTT260) grown in
greenhouses (GHs) with different set-ups (bref: black ground mulch/ NIR-reflecting
roof cover; wref: white ground mulch/ NIR-reflecting roof cover; btrans: black ground
mulch/ NIR-transmissive roof cover; wtrans: white ground mulch/ NIR-transmissive
roof cover) during the dry season 2006 in Central Thailand. From calendar week 2 to 17
the differences between GHs with white and black mulches were significant (SNK test,

< 0.05, n=216).
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Figure 29: Difference in plant heights of tomato plants (variety FMTT260) grown in
greenhouses (GHs) either equipped with black or white mulch (both GHs had NIR-
reflecting roof covers) during the dry season 2006 in Central Thailand. The values
differed significantly throughout the experimental duration (SNK test, a< 0.05, n=108)

No significant differences between the different greenhouses were found regarding the
mean numbers of fruits per harvest, total number of harvested fruits, and the number of

marketable fruits (Table 35). However, the highest number of fruits was harvested in
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‘btrans’ and ranged from 614 in ‘bref” to 711 in ‘btrans’ (Table 35). The number of non-
marketable fruits was higher in the GHs with black mulch than in GHs with white

mulch.

The percentage of marketable fruits was significantly higher in the GHs with white
mulch compared to those with black ground cover while the roof did not influence this
trait. Consequentially, the percentage of parthenocarpic fruits was higher in the GHs

with black ground cover than with white mulch.

Table 35: Average number of fruits, sum of fruits, marketable and non-marketable fruits
per inflorescence, and percentages of marketable and parthenocarpic fruits of variety
FMTT260 in greenhouses with four different set-ups evaluated in the dry season 2006
in Central Thailand. Different lower or upper case letters within rows indicate
significant differences at a< 0.05 or a< 0.1 level, respectively (SNK test, number of
fruits, mean number of marketable and non-marketable fruits, percentages of marketable
fruits, and percentages of parthenocarpic fruits: n= 778; the sum of fruits: n=48)

Mulch color Black White Black White

Roof is NIR- reflective reflective transmissive transmissive
Fruits per inflorescence 3.18 a 327 a 3.65 a 334 a
Sum of fruits 614.00 a 647.00 a 711.00 a 641.00 a
Marketable fruits per inflorescence 1.64 a 1.86 a 191 a 1.95 a
Non-marketable fruits per inflorescence 1.54 a 1.40 b 1.74 a 1.39 b
Marketable fruits [%] 5227 a 5828 b 5355 a 60.75 b
Parthenocarpic fruits [%] 10.77 A 5.10 B 7.66 A 800 B

From cwll onwards, the number of parthenocarpic fruits increased steadily until the
end of the experiment (Figure 30). During the last three weeks of the experiment (cw16
to cw18) the proportion of parthenocarpic fruits increased significantly from one week

to the next.
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Figure 30: Proportion of parthenocarpic fruits harvested from tomato plants (variety
FMTT260) grown in greenhouses during the dry season 2006 in Central Thailand.
Values are means across 4 different greenhouse set-ups. Different letters above the
columns indicate significant differences between harvesting dates (SNK test, a< 0.05,

n=111)

The total yield did not differ significantly in the GHs with different set-ups (Table 36).
However, the percentage of marketable yield was higher in GHs with white ground
mulch compared to GHs with black ground mulch (Table 36).

Neither the mean weight per fruit of marketable or non-marketable fruits differed
significantly (Table 36).

Likewise, the fractions misshaped fruits and fruits infected with BER did not differ
significantly (Table 36).

Nevertheless, the percentage of cracked fruits was significantly higher in houses with
NIR-reflecting pigments on the roofs (Table 36).

The percentages of marketable yield and non-marketable yield were significantly higher

in GHs with white and black white ground mulch, respectively (Table 36).
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Table 36: Total yield (Ytot), marketable yield (Ymark), marketable yield per fruit
(Ymark fr''"), percentages of the marketable (Frmark) and non-marketable yield (Frnon),
misshaped fruits (FrMis), fruits infected with blossom end rot (BER) (FrBER) and
cracked fruits (FrCr) of variety FMTT260 grown in greenhouses with four different set-
ups evaluated in the dry season 2006 in Thailand. The set-ups differed in their mulch
color (black [‘b’] or white [‘Ww’] and their roof properties (NIR-transmissive [‘trans’] or
coated with NIR-shading paint [‘ref’]). Different letters within a column indicate
significant differences between the GH set-ups (SNK test, a< 0.05, total yield/
marketable yield/ marketable yield per fruit n= 912; percentages marketable/ non-
marketable yield: n= 778; percentages misshaped fruits/ fruits infected with BER/
cracked: n=506)

Set-up | Ytot | Ymark | Ymark fr' | Frmark | Frnon | FrMis | FrBER | FrCr
[kg] | [kg] | [kg/fruit] [“o] [“o] [70] [70] [“o]

,oref?  10.22 a| 0.12 a 0.05 a | 56.20 a|43.87 a|56.44 a |33.14 a|l1.25 a
;wref> 10.25 a| 0.14 a 0.06 a | 61.40 b|38.74 b|5535 a |21.44 a|23.86 a

,btrans’ {0.26 a| 0.14 a 0.05 a | 57.13 a|43.15 a|51.95 a |30.03 a|17.94 b

,wtrans’ [0.24 a| 0.15 a 0.06 a | 63.99 b|36.07 b|59.36 a [34.15 a| 7.16 b

The total yield differed significantly at different times of harvest. The temporal
development of the total yield during the course of the experiment was rather
ambiguous: yield peaks and depressions followed each other in a biweekly or weekly
rhythm in the first 4 harvesting weeks and in the last six weeks, respectively (Figure

31).
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Figure 31: Total yield [kg] harvested from tomato plants (variety FMTT260) grown in
greenhouses during the dry season 2006 in Central Thailand. Values are means across 4
different greenhouse set-ups. Different letters above the data points indicate significant
differences between harvesting dates (SNK-Test, o < 0.05, n=912).

For further investigations an experiment was conducted from cw32/2005 to cw38/2005
in order to evaluate the influence of different cooling methods with special emphasis on
pollen viability and pollen amount. Therefore, each three plants of the cultivars 2-10
(listed in Table 23) were transplanted in three different GH types. Two of the GHs were
clad with 72mesh nets on the sidewalls while one was clad with 50mesh nets. The roof
of one of the houses with 72mesh clad sidewalls was additionally coated with the NIR-
reflecting pigment. Furthermore, three plants of the hybrid FMTT260 were planted in an
additional GH equipped with an evaporative (‘fan and pad’) cooling system (FAP).

In all greenhouses the floor was covered with the white surface of the PE-mulch upside.
Neither the mesh sizes of the sidewalls nor the NIR-reflecting pigment or the cooling
system affected the pollen viability (Table 37) of variety FMTT260. Nevertheless, the

highest pollen viability was measured in the house with 72mesh sidewall nets and the

NIR-transmissive roof cover.

The highest pollen amount was harvested in the fan-and-pad cooled GH (FAP) and the
lowest in the GH with 72mesh sidewall nets and NIR-reflecting roof cover (Table 37).
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Table 37: Average proportion of viable pollen (Poll) and pollen amount per flower (Poll
FI'") (variety FMTT260) grown in four greenhouses with different set-ups in the rainy
season in Thailand in 2005. The greenhouses differed in the mesh sizes of the sidewalls
(72mesh [°72’] or 50mesh [’50’]), the roof properties (coated with NIR-reflecting
pigment [‘ref’] or NIR-transmissive [ ‘trans’], and the cooling system (natural or fan and
pad cooling system [FAP]). Different letters within columns indicate significant
differences between the set-ups (SNK-Test, a< 0.05, for the pollen viability: n= 13; for
the pollen amount: n= 64)

GH set-up Poll [%] Poll FI"
“72/ref’ 873 a 63.31 a
“72/trans’ 12.65 a 280.72 ab
‘50/trans’ 6.10 a 692.40 ab
FAP 0.00 a 499429 b

The genotype (Table 38) as well as the sampling date (Table 39) affected the pollen
amount of nine genotypes measured in GHs with different set-ups (50/ 72mesh size
sidewalls, NIR-reflecting/ -transmissive roof) in the rainy season 2005. The five lines
provided by the AVRDC performed best and showed the highest pollen release. The
highest pollen amount per flower was obtained in CL5915 with around 18,747. The

lowest pollen amount was found in LA3320 with only one pollen grain.

Table 38: Pollen amount per flower (Poll FI'") of nine tomato genotypes grown in the
rainy season in Thailand in 2005 averaged across three GHs with different set-ups.
Different letters within columns indicate significant differences between the genotypes
(SNK-Test, 0< 0.05, n=186)

Genotype Poll FI'!

CL5915 18,747.42 a
CLN2001A 9,860.50 ab
CLNI1621L 3,426.63 ab
CLN2418A 359.70 be
FMTT260 298.24 bc
LA2661 31.46 cd
LA2662 10.33 de

LA3320 0.78 ¢
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Table 39: Pollen amount per flower (Poll FI'") of tomato plants grown in the rainy
season in Thailand in 2005 averaged across nine genotypes and GHs with three different
set-ups measured at different sampling times (calendar weeks [cw]). Different letters
within columns indicate significant differences between the sampling time (SNK-Test,
a< 0.05, n=186)

Sampling time [cw] Poll FI'!

32 2,172.52 a
33 63.69 b
34 667.37 ab
35 2,138.28 a
36 36.37 b
37 4773 b
38 358.64 ab

The different set-ups did not influence the pollen amount. However, the pollen release

was highest in GH ‘72/ref” and lowest in GH ‘50/trans’ (Table 40).

Table 40: Pollen amount per flower (Poll FI') of tomato plants grown in three
greenhouses with different set-ups in the rainy season in Thailand in 2005 averaged
across nine different genotypes and seven weeks. The greenhouses differed in the mesh
sizes of the sidewalls (72mesh [‘72°] or 50mesh [’50°]) and the roof properties (coated
with NIR-reflecting pigment [‘ref’] or NIR-transmissive [‘trans’] Different letters
within columns indicate significant differences between the set-ups (SNK-Test, a< 0.05,
n=186)

Set-up Poll FI'!

“72/trans’ 238.32 a
‘50/trans’ 189.31 a
“T2/ref’ 598.64 a

The pollen amount increased and decreased in a (bi-) weekly rhythm (Figure 32). A
sudden break down was found in cw33 (Figure 32). After a significant reduction in
cw33 it increased again almost reaching the prior value and dropped again in cw36. In
the two following weeks the pollen amount tended to increase though the trend was not

significant (Figure 32).
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Figure 32: The development of the pollen amount averaged across nine different lines/
varieties and three different greenhouse set-ups (72mesh/ NIR-reflecting roof, 72mesh/
NIR-transmissive roof, 50mesh/ NIR-reflecting roof) grown in Thailand in the rainy
season 2005 evaluated in seven weeks (calendar week (cw) 32 to 38). Means with
different letters are significantly different between the calendar weeks (SNK-Test, a<
0.05, n=186).

Only five out of nine lines had pollen shed high enough to conduct the staining
procedure to assess the pollen viability.

The genotype but not the GH set-ups or the sampling dates affected the pollen viability
(Table 41 to 44).

The highest proportion of viable pollen was performed in line CLN1621L and was
significantly higher compared to FMTT260 (Table 41).

Table 41: Proportion of viable pollen (Poll) of five genotypes evaluated in three
greenhouses with different set-ups in the rainy season in Thailand in 2005. Different
letters within columns indicate significant differences between the genotypes (SNK-
Test, 0< 0.05, n=47)

Genotype Poll [%]

CLNI1621L 4223 a
CLN2001A  30.98 ab
CL5915 30.77 ab
CLN2418A  26.46 ab
FMTT260 897 b
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Consistently, the percentage of viable pollen tended to be lower in the GH clad with
72mesh sidewalls and NIR-transmissive roof (21 %) than in the other two GHs (Table
42).

Table 42: Proportion of viable pollen (Poll) of tomato plants grown in three greenhouses
with different set-ups in the rainy season in Thailand in 2005 averaged across five
different genotypes. The greenhouses differed in the mesh sizes of the sidewalls
(72mesh [*72’] or 50mesh [’50°]) and the roof properties (coated with NIR-reflecting
pigment [‘ref’] or NIR-transmissive [‘trans’] Different letters within columns indicate
significant differences between the set-ups (SNK-Test, a< 0.05, n=47)

Set-up Poll [%]
“72/trans’ 20.65 a
‘50/trans’ 2796 a
“72/ref’ 2771 a

Table 43: Proportion of viable pollen (Poll) of tomato plants grown in the rainy season
in Thailand in 2005 measured at different sampling times (calendar weeks [cw])
averaged across five genotypes and GHs with three different set-ups. The same letters
within columns indicate no significant differences between the sampling time (SNK-
Test, 0< 0.05, n=47)

Sampling time [cw] Poll [%]

32 29.86 a
33 3496 a
34 2352 a
35 2475 a
36 2098 a
37 29.87 a
38 21.51 a

3.10 Affirmation of heat stress as reason for reduced plant vitality

An experiment was conducted to prove heat stress as the reason for diminished plant
vitality. A selection of genotypes grown under greenhouse conditions in Thailand before
was chosen and grown under optimum temperatures of 24/ 20 °C (day/ night). Three

plants each of the genotypes Hillmar Hellfrucht, CLN2001A, CLN2418A, FMTT260,
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Pannovy, CL5915, and CLN1621L were transplanted in a GC in Hannover with a plant
density of approx. 2.3 plants m™.

The seeds were sown in cw20/2006 in tray substrate and transplanted in 10 L plastic
pots in Potgrond P substrate after two weeks. In cw23/2006, the plants were placed in
the GC with controlled temperatures. The indeterminate growing genotypes Hillmar
Hellfrucht, CLN2001A, CLN2418A, FMTT260 and Pannovy were pruned weekly
while the two remaining varieties with determinate growth habit remained unpruned.
Plant height was measured once a week and the pollen amount was determined

biweekly starting from cw24/2006 until cw31/2006.

Neither the pollen amount nor the weekly height increase differed significantly between

the genotypes.

The number of pollen per flower ranged from 61,828,131 in line CLN1621L to
95,266,317 in the hybrid FMTT260 (Table 44).

Table 44: Pollen amount per flower (Poll FI™") of five heat tolerant genotypes (supplied
by the AVRDC, Taiwan) and the negative control Pannovy (supplied by Syngenta
Seeds, Germany) grown under optimum temperatures (24/ 20 °C) in a greenhouse
cabinet at Hannover University. Same letters within columns indicate no differences
between the genotypes (SNK-Test, a< 0.05, n=178)

Genotype Poll FI!

CL5915 130,444.99 a
CLNI621L  103,046.88 a
CLN2001 144,941.90 a
CLN2418 147,549.25 a
FMTT260 158,777.20 a
Pannovy 142,031.25 a

The weekly height increase of determinate (Table 45) or indeterminate growing
genotypes (Table 46) did not differ significantly. The weekly increment ranged from 19

to 29 cm in indeterminate and from 12 to 13 cm in determinate growing genotypes.
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Table 45: Weekly height increment (Incr) of three determinate growing heat tolerant
genotypes (supplied by the AVRDC, Taiwan) grown under optimum temperatures (24/
20 °C) in a greenhouse cabinet at Hannover University. Same letters within columns
indicate no differences between the genotypes (SNK-Test, a< 0.05, n= 15)

Genotype Incr [cm]
CL5915 13.20 a
CLN1621L 12.53 a
CLN2001A 12.00 a

Table 46: Weekly height increment (Incr) of four indeterminate growing genotypes.
Two heat tolerant lines (supplied by the AVRDC, Taiwan, labeled by *), the heat
sensitive hybrid Pannovy (supplied by Syngenta Seeds, Germany), and the heat
sensitive line Hillmar Hellfrucht (supplied by Hild Samen GmbH, Marbach, Germany)
grown under optimum temperatures (24/ 20 °C) in a greenhouse cabinet at Hannover
University. Same letters within columns indicate no differences between the genotypes
(SNK-Test, 0< 0.05, n=20)

Genotype Incr [cm]
CLN2418A* 19.27 a
FMTT260* 29.00 a
Pannovy 2490 a

Hillmar Hellfrucht 24.53 a

No differences of the height of the first developed inflorescences in determinate and
indeterminate genotypes were found. Within the determinate lines (Table 47) the height
of the first inflorescence ranged from 17 to 26 cm while it was between 32 and 52 cm in

indeterminate growing lines (Table 48).

Table 47: Height of the first developed inflorescence of three determinate growing heat
tolerant genotypes (supplied by the AVRDC, Taiwan) grown under optimum
temperatures (24/ 20 °C) in a greenhouse cabinet at Hannover University. Same letters
within columns indicate no differences between the genotypes (SNK-Test, a< 0.05, n=

9).

Genotype Height [cm]
CLN1621L 26.00 a
CL5915 25.67 a

CLN2001A 17.33 a
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Table 48: Height of the first developed inflorescence of four indeterminate growing
genotypes. Two heat tolerant lines (supplied by the AVRDC, Taiwan, labeled by "), the
heat sensitive hybrid Pannovy (supplied by Syngenta Seeds, Germany), and the heat
sensitive line Hillmar Hellfrucht (supplied by Hild Samen GmbH, Marbach, Germany)
grown under optimum temperatures (24/ 20 °C) in a greenhouse cabinet at Hannover
University. Same letters within columns indicate no differences between the genotypes
(SNK-Test, 0< 0.05, n=12)

Genotype Height [cm]
FMTT260* 51.67 a
Pannovy 47.67 a
CLN2418A* 36.67 a
Hillmar Hellfrucht 3233 a

3.11 Phenotypic evaluation of a segregating F, population for

mapping QTLs for heat tolerance

Based on the results achieved from the experiments in Thailand the line CLN1621L was
chosen as the heat tolerant parent for a cross with the heat sensitive hybrid Pannovy.
The emanated F; seed was sown and grown under optimum conditions and plants were
allowed to self fertilize. Single inflorescences were covered with porous plastic bags
(Baumann Saatzuchtbedarf, Waldenburg, Germany). The holes in the plastic film of
those bags were small enough to avoid pollen egression but big enough to ensure gas
exchange. The size of the plastic bags did not constrain the development of the flowers
inside. Immediately when the flowers were sere the bags were removed to alleviate fruit
development. When the fruits were overripe they were harvested and cut, and the seed
of all fruits of a single plant with as less surrounding colloidal tissue as possible were
put in small metal boxes. Inside these boxes the seeds were submerged and kept for two
to three days. When the remaining colloidal tissue was detached from the seeds the
solution was rinsed with water and the seeds transferred to paper tissues and separated
from each other for drying.

The achieved segregating F, population was sown in cw24/2006. In cw28/2006 174 F,
plants plus two plants of the F, generation (propagated vegetatively) and both parents,
were transplanted into a GC with 8 x 12 x 4 m (Figure 33) with 32/ 28 °C day/ night

temperatures, resulting in a plant density of approx. 1.8 plants m™. The temperature was
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measured with a data logging system storing mean data every 12 minutes. Insect pests
were controlled once a week. Spraying of fungicides was done according to necessity
prior to flowering. Fertigation was done manually in different intervals depending on

plant age.

. e

Figure 33: A section of the segregating F, population in the greenhouse cabinet just
after transplanting. Plants were grown on strings for stabilization at 32/ 28 °C day/ night
temperatures for 12 weeks.

The pollen parameters were rated twice weekly and the vegetative data — number of

inflorescences, flowers and fruits per inflorescence — weekly starting from cw29/2007.

Pollen of single flowers of all flourishing plants were collected into 5 ml PE tubes
(length: 75 mm, diameter: 12 mm). These tubes were closed tightly with a buckler
(Sarstedt, Niimbrecht, Germany). The pollen were mixed with 500 pl FDA staining
solution. After five minutes incubation time, pollen were evaluated with the aid of a

flow cytometer.

Flow cytometers are able to analyze several thousand particles every second and can
actively separate and isolate particles having specified properties. Flow cytometry offers
high-throughput combined with automated quantification of set parameters instead of

producing an image of the cell like a microscope. A flow cytometer consists of five
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main components. The flow cell- liquid stream carries and aligns the cells so that they
pass single file through the light beam for sensing. This light beams usually are mercury
or a xenon lamps and high power water-cooled lasers, and low power air-cooled lasers.
Another part is the detector and Analogue to Digital Conversion (ADC) system
generating fluorescence signals. It comes along with an amplification system and a
computer for analysis of the signals. Modern instruments usually have multiple lasers
and fluorescence detectors. Increasing the number of lasers and detectors allows for
multiple antibody labeling, and can more precisely identify a target population by their

phenotype.

Every sample was investigated for 180 seconds. The laser refraction, the wavelength of
the emitted light, and the light diffusion was detected. The data generated by the flow-
cytometer were plotted in two dimensions to produce a histogram. The computer output
showed a curve according to the light emission of the pollen (Figure 34). On the x-axis
the logarithm of the fluorescence light intensity was plotted. Therefore, the bright
fluorescent - vital- pollen were characterized by a peak on the right side (high light
emission) while the non fluorescent — non-viable — pollen were characterized by a peak
on the left side (low light emission). The peak height (y-axis) is caused by the count of
pollen in relation to the measured light intensity. Thresholds were defined prior to the
experiment’s start. The thresholds covered a certain area under the resulting curve and
the results were expressed as percentages of pollen per defined class. The threshold for
dead pollen was set by dint of heat-slain pollen resulting in one single peak on the left
side (low fluorescence intensity). Setting the threshold for living pollen was done with
the aid of 20 pollen samples grown under optimum temperatures characterized by a high
percentage of viable pollen resulting in a weak peak on the left side — congruent to the
peak achieved by non-vital pollen — and a strong peak on the right side with high
fluorescence intensity. All pollen leading to readings between these two peaks were
combined in a third class named degraded pollen. The establishment of these thresholds
enabled the definition of three classes of pollen viability. To avoid any effects of time

the sequence in which the samples were measured was completely randomized.

The applications for flow cytometers are wide and include various practices in medicine
and molecular biology- for determining ploidy levels of cells e.g.- but to our
knowledge- no high throughput investigations of FDA stained pollen were published so
far. Therefore, the present study is the first report of a successful application of this

method for a high-throughput analysis of pollen viability.



Results

75

Subsequently, all samples were counted using the Fuchs-Rosenthal-Chamber to evaluate

the pollen amount.
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Figure 34: Print out for one pollen sample measured by the flow cytometer. The peaks
on the left and right side define the non-viable and viable pollen, respectively.

For all traits evaluated, high variability within the F, population was found (e.g. Figure
35). The number of inflorescences, flowers, fruits, fertilized fruits, and the percentages
of fruit set and fertilized fruits were significantly different between genotypes of the F,
population. All values for the 177 genotypes evaluated are listed in the appendix. The
number of inflorescences ranged from one to 19. The numbers of flowers and fruits per

inflorescence averaged between 6.3 and 10.4 and between 0 and 4.14, respectively.
The percentage of fertilized fruits ranged from 10 % to 100 %.

Genotype 135 produced the lowest number of pollen per flower (2,206) while the

reverse was true for genotype 51 (165,000 pollen per flower).

The total number of flowers was correlated with the total number of fruits (r’= 0.46; p<
0.0001). The number of flowers per inflorescence was correlated with their number of
fruits per inflorescence (r’= 0.32; p< 0.0001, Table 49). The pollen amount and the
percentage of viable pollen did not correlate with the total number of fruits or the mean

number of fruits but with the numbers and means of fertilized fruits (Table 49).
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The two parental lines did not differ significantly in one of the traits evaluated though
the pollen viability of the heat sensitive parent was only half of the viability attained by

the heat tolerant parent.

Figure 35: Segregation of the fruit color of unripe and ripe fruits in different genotypes
of the segregating population grown under heat stress (32/ 28 °C) in a greenhouse
cabinet at Hannover University for 12 weeks. Bright green fruits did not result in bright
red fruits necessarily.
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Table 49: The Pearson correlation coefficients and significances for the traits flowers
(Flav Inf') and fruits per inflorescence (Frav Inf'), sum of flowers (Flsum), fruits
(Frsum) and fertilized fruits (Frfert), percentages of fertilized fruits per inflorescences
(Frfert Inf') and viable pollen (Poll), and the pollen amount per flower (Poll FI™).
Significances at levels of 0.05 are indicated by ** and not significant results are
depicted by n.s.

Flav Frav Flsum | Frsum | Frfert Frfert Poll |Poll FI'!
Inf! Inf’ Inf [%]
[%0]
Flav 0.32
Inf"! ok
Fraxll 0.11 0.10
Inf n.s. n.s.
Flsum 0.46
kok
Frsum 0.02 0.05
n.s. n.s.
Frfert
Inf! 0.26 0.31
Frfert 0.17 0.42
sk kk
Poll 0.04
[%0] n.s.
Poll FI'!

The percentages of viable, slightly degraded, and non-viable pollen ranged from 4 % to
65 %, 15 % to 73 % and 12 to 48 % and varied significantly between different
genotypes of the F, population. The distributions of the values for viable pollen, the
percentage of fertilized fruits, the pollen amount, the numbers of flowers and fruits per

inflorescence, and the percentage fruit set are depicted in Figure 36 to 41.
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Figure 36: Frequency distribution of the percentage of viable pollen in the segregating
population grown under heat stress (32/ 28 °C) in a greenhouse cabinet at Hannover
University for twelve weeks. Values for the parents P; (heat sensitive), P, (heat
tolerant), and the first filial generation (F,) are depicted by arrows.
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Figure 37: Frequency distribution for the percentage of fertilized fruits in the
segregating population grown under heat stress (32/ 28 °C) in a greenhouse cabinet at
Hannover University for twelve weeks. Values for the parents P; (heat sensitive), P,
(heat tolerant), and the first filial generation (F;) are depicted by arrows.
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Figure 38: Frequency distribution for the pollen amount in the segregating population
grown under heat stress (32/ 28 °C) in a greenhouse cabinet at Hannover University for
twelve weeks. Values for the parents P; (heat sensitive), P, (heat tolerant), and the first
filial generation (F,) are depicted by arrows.
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Figure 39: Frequency distribution for the flowers per inflorescence in the segregating
population grown under heat stress (32/ 28 °C) in a greenhouse cabinet at Hannover
University for twelve weeks. Values for the parents P; (heat sensitive), P, (heat
tolerant), and the first filial generation (F;) are depicted by arrows.
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Figure 40: Frequency distribution for the fruits per inflorescence in the segregating
population grown under heat stress (32/ 28 °C) in a greenhouse cabinet at Hannover
University for twelve weeks. Values for the parents P; (heat sensitive), P, (heat
tolerant), and the first filial generation (F;) are depicted by arrows.
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Figure 41: Frequency distribution for the percentage of set fruits in the segregating
population grown under heat stress (32/ 28 °C) in a greenhouse cabinet at Hannover
University for twelve weeks. Values for the parents P; (heat sensitive), P, (heat
tolerant), and the first filial generation (F;) are depicted by arrows.

The climate data during the course of the experiment are shown in Figure 42. From the
19.07.2006 onwards the predetermined desired night temperature of 28 °C was
consistently one degree lower than the set value.

The night temperature decreased from the 16.07.2006 to the 19.07.2006 to a minimum

of 19 °C. At the same time the day temperature dropped to a low mean value of 25 °C
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approx. 9 °C below the set point. In the ongoing experiment the daytime temperatures
reached the predetermined values of 32 °C at the 31.07.2006 and leveled off at around
30 °C subsequently.
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Figure 42: Average temperatures (day and night) in the greenhouse cabinet. The
predetermined desired values were 32 °C and 28 °C (depicted by bold horizontally
lines).

3.12 Comparison of results obtained by flow cytometry with results

achieved by microscopy

For achieving more reliable results basing on higher numbers of observations the
manual rating of pollen under the microscope was replaced by the rating via a flow
cytometer. The cytometer was able to multiply the number of pollen measured per time

unit.

Plants of Pannovy and the lines CL5915 and CLN1621L were repeatedly sown with a
time delay of two weeks. Nurturing took place at optimum conditions. After two weeks,
the plants were transplanted to GC with 32/ 28 °C or 24/ 20 °C. Pollen from flowers in
both GC were harvested directly after anthesis and the samples were divided into two
subsamples of almost equal size. One half was stained with FDA and evaluated with the
aid of the flow cytometer. The second half was stained with FDA as well but evaluated
by microscopy. Both procedures were undertaken as contemporary as possible. Pollen
grains of 38 flowers were evaluated for the comparison of the cytometer measuring and

the evaluation under the microscope of FDA stained pollen grains.



Results 82

Since neither the genotypes used nor the temperature influenced the pollen viability the
results were pooled for further statistical analyses. For the three classes viable pollen,
degraded pollen, and non-viable pollen linear regressions were calculated first.
Subsequently the correlations were studied. Results are depicted in Figure 43 to Figure

45.

The Pearson correlation coefficients (r) were 0.75, 0.85, and 0.70 for viable pollen,
degraded pollen and non-viable pollen, respectively. The coefficients of determination

(r%) for the respective classes were 0.86, 0.92, and 0.84.
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Figure 43: Correlation between results for the pollen viability (by FDA staining)
obtained either by microscopy or flow cytometry (r>= 0.87, p< 0.001, n= 38).

o degraded

100% -

Investigated via microscope

0% \ !
0% 50% 100%

Investigated via cytometer

Figure 44: Correlation between results for the pollen viability (by FDA staining)
obtained either by microscopy or flow cytometry (r>= 0.92, p< 0.001, n= 38).
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Figure 45: Correlation between results for the pollen viability (by FDA staining)
obtained either by microscopy or flow cytometry (r>= 0.84, p< 0.001, n= 38).

3.13  Analyses of AFLP markers within the segregating F, population

To detect molecular markers linked with the evaluated phenotypic data amplified
fragment length polymorphism (AFLP) analyses were conducted according to two

different protocols.

The AFLP analyses conducted according protocol 1 did not give any reliable results.
Repeated experiments with the same primer combinations resulted in different band
patterns of the same genotype investigated. The enzyme/ primer combinations were

found to be unusable for analyses of the plant material used (Figure 46).
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Figure 46: Detail of a band patterns of 29 genotypes after the accomplishment of AFLP
PCRs. PCR products were separated on a polyacrylamide gel and visualized on a DNA
analyzer. All genotypes were restricted with the Trul/ Msel enzyme combination and
PCRs were conducted with the same primer combinations. The lanes one and two
contain PCR products of two independent AFLP reactions based on DNA of the same
genotype. The lanes three to 30 contain PRC products of different genotypes of the F;
population. Differences between the repeated genotype were depicted by arrows.

The protocol 2 was tested to prove it’s reliability in a small sub-fraction of the
population so far. With the enzyme/ primer combinations used (see appendix) identical
band patterns of the same genotypes were produced and some polymorphisms between

different genotypes were found (Figure 47).
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Figure 47: Detail of a band patterns of five genotypes after the accomplishment of
AFLP PCRs. PCR products were separated on a polyacrylamide gel and visualized on a
DNA analyzer. All genotypes were restricted with the ECORI/ Msel enzyme
combination and PCRs were conducted with three primer combinations. The lanes one
and two of each of the three compartments display AFLP products based on the DNA of
the same genotype while the lanes three to six contain PRC products of different
genotypes of the F, population. Markers differentiating between genotypes are depicted
by arrows.

3.14  Production of F; seed for further investigations

To alleviate the disadvantages of the F, population and create a F3 population side
branches from every plant of the segregating population were taken to propagate them
vegetatively. Since no living plant material of the F, can be preserved for ongoing

experiments a next generation was produced for the price of less segregation.

At least five cuttings per plant were done. The cutting area was pruinose with growth

hormone and they were transferred into substrate. The cuttings were covered with
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plastic domes to increase RH for one to two weeks. The cuttings were grown under
optimum conditions. After the plants started flowering they were selfed to produce F;

seeds and the seeds stored in plastic boxes with silica gel.

4 Discussion

Heat stress is a problem for agriculture in many areas of the world. With regard to the
debate on global warming this topic is also attracting more and more attention in regions

with moderate climate.

Many experiments under heat stress have been conducted already. Most of these
experiments were carried out under heat shock treatments. Heat shock is usually defined
as the short time exposure of plants to temperatures significantly above the upper
temperature threshold for plant growth leading to direct injuries of plants including
protein denaturation and aggregation or increased fluidity of membrane lipids (Wahid et

al., 2007b).

Since around ten years experiments focused more on moderately elevated temperatures
(Peet et al., 1997; Sato et al., 2006) leading to indirect injuries. These indirect injuries
include the inactivation of enzymes, the inhibition of protein synthesis, protein

degradation and losses of membrane integrity (Howarth, 2005).

Reported alterations caused by heat stress associated with the fruit set in tomato are
mainly changes and malfunctions of reproductive organs (Charles and Harris, 1972;
Dane et. al., 1991; Peet and Bartholemew, 1996). Nevertheless, most researchers found
poor fruit set attributed to more than one stressor (Rudich et al., 1977; Kuo et al., 1979).
Furthermore, different plant species and plants of one species differed in their response

to heat stress at diverse developmental stages (Wahid et al., 2007b).

Intend of this study was therefore to identify factors limiting fruit set in tomato under
heat stress in tropical climate regions. Results were considered important for the
improvement of heat tolerance in tomato for further breeding purposes and scientific

research.
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4.1 Methods

Plant material

Partially, the selection of the plant material used in experiments was done in silico

basing on the plant breeders/ collectors descriptions.

The descriptions of the TGRC’s stock list mentioned heat tolerance for all accessions
chosen. Therefore, the poor performance of these varieties in the accomplished
experiments was striking. In all experiments under heat stress irrespective whether they
were conducted in climate chambers in Hannover or in greenhouses in Thailand the
lines from TGRC achieved inferior results for all traits investigated compared to the
heat tolerant lines from AVRDC. Many times results were even worse compared to the

negative control.

A potential reason for this misdemeanor might be the origin of the varieties supplied by
the TGRC. Since the varieties were bred and propagated in a hot but dry climate zone
they may not be able to scope with the high humidity of the tropics.

Likewise, the heat tolerant hybrid HT7, the first nationally recognized hybrid tomato
from Vietnam, yielded poorly for several traits investigated (the number of flowers per
inflorescence, the pollen amount, and the percentage of parthenocarpic fruits) compared
to heat tolerant lines from AVRDC and the negative control in GHs in Thailand. Since
HT7 was developed by the Center for Research and Development of High Quality
Vegetable Varieties in Hanoi (FAO database Statistic, 2000) with similar climate
compared to Thailand it is unlikely to hold its origin responsible for the inferior
development. HT7 was developed for field production systems and probably the
selection for traits important for field production caused an aggregation of traits

disadvantageous for greenhouse production.

In general, it was difficult to cultivate determinate growing genotypes in GHs or CC.
Through their bushy habits the plants needed more space compared to indeterminate
growing plants. The additional space was not considered in the planning of the
placement of the plants in the GH. Neighboring plants of the same and of different rows
grew together and overgrew the supply paths. This led necessarily to premorse branches
and potentially in misinterpretations of total inflorescence numbers. However, the loss
of some branches of determinate genotypes was neglected for the reason that they built
several hundreds of inflorescences and the evaluation was restricted to fifty

inflorescences for analyses in case plants surpassed this number.
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Furthermore, the height measurement of determinate plants and its comparison to plant
heights of indeterminate plants was complicated. Therefore, comparisons especially of
the plant height were done between either determinate or indeterminate genotypes,
respectively, or the weekly height increase was used for analysis instead of total plant

heights.

For breeding purposes the determinate growth might be disregarded since it is a
monogenic inherited recessive trait and can thus be eliminated in offsprings through few

CTrOSSeEs.

The choice of the variety Pannovy as heat sensitive parent for the creation of the
segregating population was done assuming that no selection for heat tolerance has taken
place in a European high performance variety and because of its availability. The
disadvantage of the choice of a F; hybrid was the occurrence of segregation in the
offspring from the cross of Pannovy and the heat tolerant line. The heterosis effect
might partially explain the exceptional good performance of Pannovy under heat stress

compared to the heat tolerant lines and the transgressive segregation of the offspring.

Pollen counting

The evaluation of the pollen amount is an estimation of the pollen number produced in
the anthers. Since pollen produced but not released are of no relevance for fertilization
and they did not correlate with the fruit set (Sato et al., 2006) the focus in our
experiments was laid on the pollen release. Potential influences of changing
environmental conditions such as air humidity, light spectra or intensity, and the turgor
of the anthers on the pollen release were minimized by collecting all samples at once.
The time span of five seconds shaking was increased to ten seconds in order to extract
as much pollen from the anthers as possible and thereby to reduce the standard error as
much as possible. For the same reason the batteries of the toothbrush were checked and

charged regularly to ensure similar shaking frequencies.

Though it was tried to keep the sampling procedure as uniform as possible, problems
might have occurred due to high plant densities. Though sampling was done before
daily nurture procedures were accomplished gardeners or experimenters might have

shaken plants while entering the supply paths or greenhouses.

The application of insecticides or fungicides also might influence the pollen formation
and/ or release from individual flowers. Fungicide spraying was observed in earlier

experiments to exert a negative influence on the development of already opened flowers
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though it was not investigated systematically. To ensure reliability the application of

fungicides was restricted to the period prior to anthesis therefore.

In Hannover as well as in Thailand several plants had to be removed from experiments
because of virus infections. It is unknown whether or to what extends virus infections
influence pollen development or pollen release but it appears to be possible, that viruses
might affect pollen development negatively. However, since symptoms of viral
infections become visible only after an incubation period, it appears to be likely that
some samples might have been taken from plants already infected with viruses. Data
evaluated from plants before their removal were used for statistical analyses when they

did not differ from data taken prior to the start of the incubation period.

Pollen staining

In many publications the control of pollen viability was conducted using pollen

germination media (Abdul-Baki et al., 1995; Peet et al., 2003; Sato et al., 2006).

Studies with Brassica napus suggested that reduced pollen germination rather than
pollen viability under high temperature is the major cause of low pollen fertility (Young
et al., 2004). Prasad et al. (2006) and Aloni et al. (2001) demonstrated for peanuts and
bell pepper, respectively, high correlations between in vitro pollen germination and
fruit-set/ seed-set under high-temperature conditions. In the current study, different
pollen germination media were tested. Hedhly et al. (2005) already conveyed of
problems correlating in vitro pollen germinating with pollen performance in vivo. Our
results confirmed their statements. No correlation between the pollen germination rates
in vitro and the pollen viability tested by FDA staining according to Heslop-Harrison et

al. (1984) was observed independent of the medium used.

Since pollen determined viable by FDA staining correlated well with the percentages of

fertilized fruits the method was supposed to be reasonable.

A problem of the FDA staining procedure was the differentiation between viable pollen
(bright fluorescent) and non-viable pollen (low fluorescence intensitiy) as done by
Heslop-Harrison et al. (1984), Ercan et al. (1996), and Deutsch (2004). In all
experiments accomplished, a third class was found whose brightness was intermediate.
This class was assumed to be still viable since esterase activity must have led to the
elimination of the fluorchrome with subsequent fluorescence. Esterases are usually only
functioning in living cells with intact cell walls. Therefore, the fertilization capability of

these intermediate fluorescent cells was unclear. Since pollen grains traverse an aging
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process as all living cells do, the distinction of three classes seemed reasonable though
the existence of this third class was — to our knowledge- never described in the literature

before.

By correlations of the proportion of each of the three viability classes with the
percentages of fertilized fruits the fertilization capability was evidenced. Only bright

fluorescent pollen were determined to be able of fertilization.

A technical problem of the FDA staining procedure was the fainting of the fluorescence
under UV exposure with time. It was impossible to microscope and to evaluate 100
pollen grains necessary for the achievement of reliable results before fading started.
Therefore, photos were taken from the samples exposed to UV light contemporary and
the pollen viability was evaluated in silico. The brightness of the pollen was rated with
the aim of imaging software. The reduction of stray light and adjustment of the
background of all pictures provided better comparability. Nevertheless, the
determination of the color was still a personal impression perceived. Consequently, only
a single person evaluated the samples of one sampling date. Since stray light could not
be avoided completely while taking pictures the observed color depended additionally

on surrounding light conditions.

It was tried to substitute the UV depending staining method because UV lamps for
microscopes are expensive and not available for every microscope. A good alternative
was found with the MTT staining procedure confirming earlier results of Khatun et al.
(1995) and Rodriguez-Riano et al. (2000).

Regardless the various methods used to evaluate pollen viability the high standard
deviation for this trait could not be reduced and the work load was the same with MTT

staining compared to FDA staining evaluating the pollen grain color by microscopy.

Therefore, the staining with fluorophores and a subsequent evaluation of the pollen
grain color by flow cytometry was implemented. To our knowledge- a high throughput
evaluation of pollen viability detecting fluorescence by flow cytometry was never
described before. Methods described earlier like the usage of photomultiplier (Heslop-
Harrison et al., 1984) or the microscopy of pollen samples (Deutsch et al., 2004) were
simplified using the flow cytometer allowing a manifold increase of the number of
pollen evaluated per sample in less time. The measurement of the light intensity became

independent of personal perception and surrounding light conditions.
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4.2 Effects of heat stress on vegetative growth

Optimum temperatures for the net assimilation rate and vegetative growth in tomato
were reported to be between 25 and 30 °C (Khavari-Nejad 1980). But diverse optimum
temperatures for fruit set were testified by Charles et al. (1972): 18 to 20 °C, de Koning
(1994): 21 to 24 °C and Peet et al. (1996): 22 to 25 °C, indicating more complex
relationships. Apparently, not only the temperature influences the fruit set but other

aspects are of importance.

All authors used different varieties for their heat stress experiments with only some
varieties known or supposed to be high temperature tolerant. All experiments were
conducted under special settings and were not comparable to our purposes and
experimental conditions. Since all reports showed lower optimum temperatures for
vegetative growth compared to the threshold temperature for vegetative growth, the first
step in the current study had to be the designation of a maximum temperature for the
plant material used for subsequent heat stress experiments. The temperature should

influence the plant development remarkably but not prevent it entirely.

Considering the temperatures of the dry season in Thailand with monthly mean values
of 29- 31 °C and daily maxima of 32- 34 °C (www.worldclimate.com, 18.12.2005) the
temperatures in the growth chambers were set to 24/ 20 °C and 34/ 30 °C (day/ night) as
optimum temperatures and temperatures to induce heat stress reactions, respectively. It
was tried to simulate GH conditions in the climate chambers with dim light in the
morning and evening simulating dawn and dusk, a light intensity corresponding to a

sunny day, and the RH pre-setting on 60 %.

In contrast to Wahid et al. (2007b) who postulated the threshold temperature for a
restriction of vegetative growth in tomatoes of 35 °C the temperature of 34 °C in our
experiment in the CC exceeded the maximum growth temperature for the varieties
FMTT260 and Pannovy without doubt. Plants did not only stopped generative growth
but vegetative growth entirely and the plants showed severe physical disorders
independent of the variety or heat tolerance level. The disorders varied from reduced
plant growth to strongly involute and stiff leaves, the drop of buds and flowers, and
premature withering. Since temperatures of 34 °C in GHs did not affect these traits in
such a manner other aspects in combination with high temperature or by themselves had

to cause these disorders.
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Surprisingly we also noticed disorders under optimum temperatures: involute leaves in
both FMTT260 and Pannovy and elongated stigmata in Pannovy but not in FMTT260.
This again indicated other factors than temperature not considered in the experiment but
important for plant development as well as genotypic variations in the response to

stressors.

Genotypic variation of the response of tomato to heat stress was reported earlier by
Wessel-Beaver et al. (1992). Likewise, the problem to uncouple heat stress from other
factors as RH or light intensity was demonstrated by Peet et al. (2003). Inside the CC
the temperature kept up to the pre-settings but the RH in both chambers never fell below
80 % and most of the time the RH averaged 90 % due to technically constructional

defects.

Peet et al. (2003) reported of an increased temperature sensitivity of tomato at a low
vapor pressure deficit (VPD). This might explain that we did not find the severe

disorders in GHs at similar or higher temperatures but lower RH.

Since the RH in the climate chambers turned out to be uncontrollable the high humidity
might have caused the disorders in Pannovy even under optimum temperatures, which

were never observed under GH conditions.

In general, high temperature is reported to cause reduced plant height and node lengths
(Hall 1990; Ebrahim et al., 1998). In the current study, this was valid for plants of all
varieties subjected to heat stress when compared to plants of the same varieties grown
under optimum temperature in both, CCs and GHs. Overall, we found less height
increment in determinate growing genotypes as compared to indeterminate growing

genotypes independent from the temperature.

Since no genotypic variation was found it yielded the assumption that the reduction of

plant growth is caused by general operant mechanisms within plants.

The ratio of red to far red radiation has a significant effect on the partitioning of
resources between generative and vegetative plant parts (Crotser et al., 2003). Less
height increment in determinate growing plants was often associated with higher
numbers of trusses and flowers per inflorescence compared to indeterminate growing
genotypes. Therefore, it might be assumed that determinate growing genotypes are able
to use differences in the red to far red radiation ratio better and enhance their

reproductive growth compared to indeterminate growing genotypes.
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The plant growth of several plant species were reported to raise with increasing
temperature until a certain limit (Wahid et al., 2007b). After exceeding the limit, the
plant growth decreases with further rising of the temperature (Howarth 2005). In the
cited studies, the accelerated growth was explained by faster cell expansion under
elevated temperatures within a certain temperature range not exceeding the threshold

temperature beyond which heat stress commences.

Comparing the height of plants grown in GHs with different set-ups the biggest plant
height and an accelerated flourishing were found in GHs with maximum temperatures
compared to each other. In both seasons (dry/ rainy) the tallest plants of variety
FMTT260 grew in GHs with black ground mulch. In the rainy season the NIR-shading
pigment generated an additional effect on plant growth and plants grown in GHs coated
with the NIR-shading paint were taller. It might be assumed the threshold temperature
for the vegetative growth was not exceeded in both seasons and the shading paint was

efficient in adjusting the inside temperature to optimum in the rainy season.

Since the heights of plants grown in Thailand were reduced compared to plant heights
measured under optimum temperatures it seemed more likely that the plant growth was
more negatively influenced by other aspects not investigated in the experiment and not

influenced by the shading paint.

The influence of the shading paint on the plant growth in the rainy season but not in the
dry season might refer to the coating of the roof with the NIR- reflecting pigment
immediately prior to the start of the experiment. Around six month after the application
no influence of the shading paint on the plant growth could be found anymore in the dry
season. A declining effectiveness of the shading paint with time was reported by
Mutwiwa (2007). Additionally, the lack of uniformity in the distribution of the shading
paint on the roof might have effected uneven distribution of light inside the greenhouse
reducing the differences in plant heights between the treatments. Therefore, an influence
of the shading paint in general on plant growth in the dry season can not be excluded

entirely.

In contrast to Mutwiwa (2007) who found reduced plant growth in GHs coated with the
shading paint we found taller plants grown in GHs with the NIR-shading pigment on the
roof. Mutwiwa (2007) ascribed the reduced plant height to the reduced PAR
transmission in these houses. This reduction yielded lower amounts of energy available

for assimilation and subsequent reduced plant growth. Probably the reduced temperature
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had a stronger positive effect than the reduced PAR availability resulting in the height

decrement.

The bigger plant heights in GHs covered with the NIR-shading paint compared to
heights measured in GHs with NIR-transmissive roof covers supported results of
Garcia-Alonso et al. (2006) who found a height increase in pepper in NIR-shaded GHs.
Eventually alterations in the light quality caused differences in plant heights between

shaded and non-shaded greenhouses.

During the course of the experiment and with subsequent increasing plant height the
influence of the combined cooling methods (ground mulch/ roof cover) on plant height
became intensified. In the second half of the experiment the NIR-shading probably
influenced the meristems directly not depleted by the wide distance of the roof and the
plant tips. Results from the experiment conducted in the rainy season might support this
idea because the differences caused by the shading paint were measured in a full-grown

crop.

However, no closing opinion could be formed about the effectiveness of the cooling
methods of the GHs on vegetative plant growth since the results were not consequent. In
general, all methods leading to reduced inside temperatures have to be preferred since
high temperatures reduce height increase which is correlated with the number of
developed inflorescences. High numbers of inflorescences on their hand are important

for sufficient yield.

A probable explanation of differences between the plant development in CCs and GHs
might be the extraordinary high RH in the climate chambers. High RH and a consequent
low VPD lead to reduced transpiration and xylem transport thus. Consequently,
physiological calcium (Ca") deficiency occurred in all strong transpiring parts of the
plants, e.g. leaves. The low Ca”" uptake and transport associated with the low VPD
caused the decrement of the export of carbon from tomato leaves (Dinar et al., 1983).
According to Tognetti et al. (1998) plants developed mechanisms for dealing with the
accumulation of carbon. Plants are able to store the carbon in forms of starch and

sugars. This starch accumulation in the leaves caused involute leaf blades.

Under optimum temperatures, plants were able to compensate the low VPD partly. Most
likely the high light intensity equivalent to mean sunlight on an average day
counteracted and increased the transpiration again what might explain the minor
contortion of the leaf blades grown under optimum temperatures compared to leaves

under heat stress. Though ADP-glucose- pyrophosphorylase (AGPase) in leaves needs a
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light-dependent signal for its activation to channel sucrose toward synthesis of storage
starch in leaves it was shown by Kolbe et al. (2005) that sugars provide a second input
leading to AGPase redox activation and increased starch synthesis and that they can act

as a signal which is independent from light.

Under elevated temperatures, not the low VPD itself but combined with high
temperature influenced the Ca®" state within the plant leading to even more erected,

involute and stiff leaves observed in all heat stress experiments.

The vigor of plants was less reduced in GHs compared to CCs. The application of
sidewall nets with small mesh sizes in combination with white mulch color and the
NIR-reflecting pigment was expected to reduce the temperature and subsequent Ca’"
deficiencies. Reduced mesh sizes for the sidewalls of the greenhouses resulted in higher
air exchange rates and lower temperatures (Harmanto et al., 2006) and RH inside the
GHs resulting in higher plant transpiration. In contradiction, sidewalls with higher mesh

sizes and lead to reduced insect pest infestations.

Overall, the adjustment of single parameters did not significantly improve plant

performances attributed to higher fruit set.

4.3 Effects of heat stress on generative growth

In several studies it was demonstrated that the reproductive development of plants is
more sensitive to heat stress than the vegetative growth (Kinet et al., 1997; Sato et al.,
2000). The results of the current study are supporting this conclusion. In heat sensitive
as well as heat tolerant cultivars, high temperatures negatively influenced all
investigated traits related to reproduction. We demonstrated in experiments in CC or
under GH conditions that temperatures above optimum reduced the number of
inflorescences, flowers, fruits and the fertilization. Every single trait might cause

reduced fruit set under heat stress.

Numbers of inflorescences

In contrast to results of Mutwiwa (2007), the current studies did not reveal influences of
the GH set-ups on the number of inflorescences. Genotypic differences indicated high
heritability for this trait. Since Mutwiwa (2007) found a correlation between the plant
height and the number of inflorescences vigorous plant growth under heat stress should

be a breeding purpose.
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Since plants grown in houses with white mulch colors showed decelerated growth with
no reduction in their percentage of marketable yield this might provide the possibility of

culture time expansion and less work load due to less plant culture procedures.

Flowers

The reduced flower number found under heat stress supported previous findings of Sato
et al. (2006) but are contradictory to results of Peet et al. (1997) who did not find a

reduction of the flower numbers.

Though Pannovy was able to develop more flowers compared to FMTT260 in CCs
under both, optimum temperature and heat stress, the reduction of the inflorescence
numbers, flowers and fruits per inflorescences, and the fruit set was higher. An
explanation for the higher number of inflorescences, flowers and fruits might be a
stronger heterosis effect in the high performance variety Pannovy. Under GH conditions
Pannovy built less flowers and fruits per inflorescence compared to FMTT260. Both
results indicate less adaptation of Pannovy to high temperatures combined with high RH

than FMTT260 and supported our decision to define Pannovy as heat sensitive.

Since temperatures of 34/ 30 °C in the CC redounded to premature withering and severe
flower drop, supporting results of Peet et al. (1997) and Lohar et al. (1998), the
reduction of the temperature to 32/ 28 °C effected ceased flower dropping in all

subsequent experiments.

Nevertheless, heat stress reduced to 32/ 28 °C still caused severe flower malfunctions
and deformities as well as growth reductions. Therefore, the decision to conduct heat
stress experiments under controlled condition at this temperature range seemed to be

reasonable.

One flower malfunction observed frequently in our experiments was stigma exsertion.
The proximity of the stigma and the apex of the anther cone is vitally important for self
pollinating plants. The final stigma level depends on the relation of the length of the
pistil and the stamen. Rick et al. (1969) and Atanassova (1979) recorded that varieties
tending to insertions or exsertions are characterized by differences in their styli length.
Fernandez-Munoz et al. (1991) reported of differences in the pistil and stamen
development under heat stress at different flower stages. The differences varied from
the start of flower opening until the flowers opened completely. Fernandez-Munoz et al.
(1991) reported of decelerated growth of the stamens leading to a positive stigma level

under heat stress but did not find an influence of the light intensity. Fernandez-Munoz et
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al. (1991) and Dominguez et al. (2005) agreed with earlier results of Sawhney (1983)
that high temperature initiate shortened stamen. Atanassova (1979) argued that in buds
enzymes or growth substances are activated by heat stress stimulating the fast growth of
the style. In contrast, Burk (1929) and Ruttencutter et al. (1975) found exserted stigmata

in flowers developed under low light intensity.

In many genotypes used in the current studies the stigmata protruded the answers under
heat stress. Since stigma exsertion was observed in Pannovy under both, optimum
temperatures and heat stress, the stigma exsertion seemed to be additionally influenced

by other stressors than temperature.

No differences of the stigma levels of FMTT260 were found indicating genotypic
variation as mentioned by Fernandez-Munoz et al. (1991). FMTT260 is a variety bred in
Taiwan under tropical climate conditions. It should be better adapted to high humidity

therefore.

Furthermore, low light intensity has to be excluded as reason for stigma exsertion in

Pannovy at optimum temperatures since light intensity was high in the CC.

In contrast to the elongated stigmata of Pannovy in the CCs we found stigma exsertion
under high temperature GC conditions caused by shortage of the stamen supporting
results of Sawhney (1983) and Fernandez-Munoz et al. (1991). The reduction of the
stamen length could not be caused by high RH. Though RH was not measured continue
sly the plants grew in naturally ventilated GC. Regular monitoring displayed RH ranges
of 60 to 70 % under which no stigma exsertion was observed under GH conditions in

Thailand.

It has to be proposed that neither the temperature nor the light intensity were able to

cause style elongation by themselves.

Though the stigma exsertion was not investigated particularly no reduced fruit set
associated with exserted stigmata was observed under optimum or -elevated

temperatures.

Gynoecia

While negative effects of high temperatures on the androecia of flowers are well
investigated and evidenced the effects of high temperatures on the gynoecia were
uncertain. Processes reported to be adversely affected by high temperature are several

stages of the flowers development including the meiosis of pollen and ovule mother
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cells, the number of pollen grains released, and the pollen germination (Kinet et al.,

1997).

Peet et al. (1997) found a significant reduction of tomato fruit set with rising
temperatures caused by disorders in ovule development and disturbances of post-pollen
production processes while Levy et al. (1978) reported of negligible effects of heat
stress on macrospores compared to microspores. Fernandez-Munoz et al. (1991) did not
find ovule response to low temperatures indicating a broad temperature tolerance of

gynoecia.

In our experiments, however, we excluded the interruption of post-pollen processes and
the deterioration of the gynoecia. Gynoecia grown under heat stress and pollinated with
living pollen were able to develop into fertilized fruits just like gynoecia grown under
optimum temperatures. The genotypes used were of different origin and heat tolerance
levels (FMTT260, Pannovy, and CL5915) and the results might be generally accepted

therefore.

The integrity of the gynoecia was additionally proved by histological investigations.
With none staining procedure conducted modifications of the gynoecia tissues
developed under heat stress could be observed independent of the developmental stage

of the flower at sampling time.

Androecia

Furthermore, no differences in the anther tissues and the pollen development under heat
stress could be found with histological investigations until emergence of mature pollen
grains in the loculi. Therefore, no restriction of the pollen release necessary for
fertilization due to unopened stomata as proposed by Sato et al. (2002) could be

supposed and other factors have to cause the reduced fruit set found in our experiments.

Since a damage of the working ability of the styli and ovaries was excluded as reason
for reduced fruit set under high temperature, a lower adhesiveness of the stigmata might
have been a cause. Pollen might not be able to stick and germinate on dry stigmata.
Early work on wet stigmata showed that the main requirement for pollen germination is
the presence of a stigmatic secretion. This role of the stigmatic surface has also been
demonstrated by genetic ablation experiments in tobacco, where the impaired pollen
grain germination and pollen tube penetration into the transmitting tissue of ablated

stigmas was reversed by the application of stigmatic exudates (Goldman et al., 1994).
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Several failures - known so far - can happen throughout the stages regulating pollen
tube access to the ovule. The process of fertilization may be blocked at the initial steps
of pollen hydration and germination on the stigma (Franklintong et al., 1992; Nasrallah
et al., 1994; Dickinson, 1995). Other processes disturbed might be the pollen tube
growth in the style (Matton et al., 1994) or down into the ovaries (Sage, 1994).

Lower carbohydrate reserves in the pollen grains might lead to faster pollen tube
attrition in the styli (Herrero et al., 1996) without being recognized by FDA staining or

histological methods used.

A lack of Ca®" either caused by low transpiration due to high humidity or by the closure
of the stomata due to long-term heat stress (Banon et al., 2004) also affects fertilization.
Ca®" cannot be mobilized from older tissues and redistributed via the phloem.
Investigations of gametophytes revealed the need of Ca®" for pollen tube growth
(Fernandez-Munoz et al., 1991; Holdaway-Clarke et al., 1997; Schiott et al., 2004) and
White et al. (2003) postulated the need of Ca®" for pollen tubes to enter the ovules. A
lack of Ca* in the gynoecium might therefore lead to pollen tubes ending in the ovaries

without entering the ovules.

The earlier discussed Ca>" deficiency due to low VPD might therefore not only explain
disorders of vegetative plant growth but might be important for generative processes. A
lack of Ca®" might result in pollen and ovaries appearing viable but not leading to
fertilization under Thailand GH conditions resulting in missing correlations of pollen

viability and parthenocarpic fruits.

Fruits

In the dry season, the total numbers of fruits and fruits per inflorescence were not
influenced by different GH set-ups. The observed variation therefore was caused by
genotypic differences. However, the number and percentage of parthenocarpic fruits
were increased in GHs with black ground mulch and consequent higher temperatures
compared to GHs with white mulch. The increase of parthenocarpy are in line with Kuo

et al. (1989) who reported of increasing parthenocarpy with increasing temperature.

Since damages of the gynoecia and influences of the GH set-ups were ruled out

damages of pollen were highly probable.

Probable issues might be the impaired development of pollen leading to insufficient

numbers of pollen for fertilization or the quality of developed pollen.
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Effects on pollen numbers

The pollen tube is the organ delivering the male gametes to the ovaries of flowering
plants and is essential for fertilization therefore. Hormaza et al. (1996) observed a
reduction of the pollen tube number growing in the style by the same proportion of the

reduction of the pollen load on the stigma surface.

That leads to the conclusion that bigger pollen amounts increase the number of fertilized
fruits. Though our histological investigations did not allow a quantification of pollen

tubes grown in the styli the examinations left the same impression.

Comparisons of pollen amounts measured in heat stress experiments revealed severe
reductions of the pollen release compared to measurements under optimum

temperatures.

Sato et al. (2000) described differences in the pollen release between varieties under
optimum temperatures while the genotypes grown under optimum temperatures in our
studies did not differ in their pollen release. The seven genotypes investigated in GHs
and CCs were of different origins and heat sensitivity indicating a certain generality of

the results.

The control (optimum) temperatures in the experiments were different. While Sato et al.
(2000) chose control temperatures of 28/ 22 °C temperatures used in the current studies

were 24/ 22 °C. This might explain discrepancies of the results.

However, under heat stress the reduced pollen release showed strong genotypic
variation between heat tolerant genotypes and compared to the negative control. In
general, with time of heat exposure and increased plant age the pollen amount was

reduced. These results were in agreement with results of Sato et al. (2002).

At 34/ 30 °C no appreciable pollen shed and almost no living pollen grains were found
independent of the varieties grown supporting the decision of the temperature reduction

for subsequent experiments.

Different mulch colors and sidewall mesh sizes, and the NIR-shading paint were not
able to increase the pollen release though a tendency for higher pollen release was found
in GHs with black ground mulches and NIR-transmissive roofs. The consequently
higher temperatures in these GHs seemed to advantage the pollen release. The pollen
release is turgor dependent and since plants were fertigated well an increased
transpiration at higher temperatures might have induced higher turgor within anthers

and consequent easier pollen release.
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In our studies - and to our knowledge for the first time -, oscillating pollen numbers
during the experimental time were observed. Though the pollen numbers did never
correlate with the total fruit numbers or fruit numbers per inflorescence they correlated
with the percentage of fertilized fruits under GH conditions. Sato et al. (2002) described
the oscillating of percentages of fertilized fruits though the cycles in their experiments
were longer compared to the cycles found for the pollen amount in our studies. Basing
on the assumption that reduced pollen amount results in reduced fertilization more
severe stress might induce advanced damage and recovery of the pollen amount

resulting in a more distinct oscillation.

The pollen release was unaffected by the NIR-reflecting pigment, mulch colors, and
sidewall mesh sizes indicating other or additional factors than the temperature and air

humidity originating reduced pollen shed.

In the FAP cooled GH the pollen amount was highest compared to all other GH set-ups.
It might refer to an advantaged development of pollen with decreased temperature since
temperatures in active cooled GHs were considerably lower compared to naturally

cooled GH (Mutwiwa, 2007).

This advantaged pollen development happened at the expense of reduced pollen
viability.

Though most pollen were shed in the FAP cooled GH none of them were viable.

Effects on pollen viability

At temperatures of 34/ 30 °C a complete loss of pollen viability was observed in CCs.
Under reduced heat stress at temperatures of 32/ 28 °C the pollen viability was reduced
significantly compared to optimum temperatures. Since a reduction of only 2 °C
effected a remarkably increase of pollen viability it might indicate a threshold
temperature for pollen survive. This was true for plants grown in CCs but no correlation
of the pollen viability to the temperature development in the GH in Thailand could be

found in the rainy season.

Like the pollen amount, the pollen viability was reduced with increasing duration of

heat exposure.

In the rainy season, the pollen viability was higher in GHs with white mulch and
consequent lower temperatures while the reverse was true for GHs with black ground
mulch. The NIR-reflecting pigment did not influence the pollen viability. In the dry

season the contrary applied: the color of the ground mulch did not generate an effect on
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the pollen viability while pollen viability was reduced in houses coated with the NIR-
shading paint. The positive influence of the white mulch color might be referred to the
reduced temperatures due to the higher irradiation reflection of white ground mulch
compared to black ground mulch. The lacking influence of the shading paint can not be

attributed to heavy precipitation and the washing off of the shading paint of the roofs.

More reasonable seems the explanation of the lacking influence of the shading paint in
the rainy season by the weather conditions during the experiment. The precipitation in
the rainy season 2005 was exceptional low compared to the long time average
(www.tutiempo.net, 27.03.2008). With missing precipitation and cloudiness the solar
radiation is higher in the rainy season compared to the dry season since the sun is
standing closer to the zenith. Probably the high solar radiation exceeded the capability
of the shading paint to cool down the inside temperatures to a level advantageous for

pollen viability.

A possible reason for the increased reduction of pollen viability in the dry season might
be the increase of UV radiation in GHs coated with the NIR-shading paint as reported
by Mutwiwa (2007). UV is known to damage cells due to stimulation of the production
of active oxygen species (AOS) that cause oxidative damage (Rijstenbil, 2005). Since
the shading paint was applied around six month earlier than the experiment started an

enduring damage of the UV-absorbing plastic film has to be supposed.

Since pollen viability of several genotypes did not react on different GH set-ups
mistakes in the sampling have to be considered. The flower position in the plant canopy
affected pollen viability (Burke, 2001). He demonstrated that pollen harvested from
flowers within the canopy in the afternoon possessed normal pollen viability while
pollen harvested from flowers at the top of the canopy showed a drastic reduction in
pollen viability. This differential response of the pollen may be related to lower

temperatures in the microenvironment compared to pollen exposed to entering radiation.

In the dry season, the development of the pollen viability reflected the development of
the temperatures well. Assuming the heat sensitive stage of pollen around one week
before anthesis (Urban, 2006) the observed drop in pollen viability correlated well with

the exceeding of the maximum daytime temperatures of 35 °C one week earlier.

Until temperatures did not exceed 35 °C pollen viability increased or decreased,
respectively, with increasing or decreasing temperatures. When ambient temperatures
did not fall below 35 °C the pollen viability dropped to a low level and did not recover

anymore. These results supported the conclusion of a threshold temperature for plant
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development of 35 °C mentioned by Wahid et al. (2007b). No consensus was found yet
whether maximum temperatures, daily mean temperatures or the relationship of day and
night temperatures are responsible for the stop of physiological processes (Peet et al.,
1996; Peet et al., 1997; Peet et al., 1998b). It seemed physiological plant states were
sensitive to elevated temperatures in a different way. This differentiation did not only
vary from species to species but among them (Wahid et al., 2007b). For the pollen

viability of tomato a maximum temperature of 35 degrees might be assumed.

In the rainy season a complete loss of pollen viability was observed in all genotypes
investigated at the same date. Exactly one day after exceeding substrate temperatures of
32 °C no viable pollen could be harvested anymore. The air temperature averaged out
31 °C as it has done around eight days earlier already without consequent loss of pollen
viability. Furthermore, the RH reached its highest value during the experiment so far but
sustained at the same level while pollen viability started to recover. Therefore, these
climate factors were not reasonable for the severe drop of pollen viability. Since no
advanced experiments were conducted concerning the substrate temperatures emphasis

should be placed on them further on.

4.4 Genetic variability

At present, it is commonly accepted that the tomato was domesticated from Solanum
lycopersicum var. cerasiforme in the area of the states of Puebla and Veracruz in
Mexico (Jenkings, 1948; Rick et al., 1975). The necessity to optimize the yield is
stressed, and the cultivation of less productive and disease-susceptible traditional
varieties is reduced. The process of the loss of genetic diversity between and within
populations of the same species is widely known as genetic erosion and a common
problem in tomato breeding (Breto et al., 1993; Cebolla-Cornejo et al., 2007).
Therefore, it was surprising to find considerable genotypic variation under heat stress
within known or supposed to be heat tolerant Solanum lycopersicum lines. Tomato
cultivars are believed to be derived from a narrow genetic background and are the result

of the cumulative effort of numerous breeders over many years.

Usually, genetic variation in nature is liable of continuous phenotypic ranges rather than
discrete classes. This genetic variation underlies quantitative traits resulting from the
segregation of numerous interacting quantitative trait loci (QTLs), whose expression is

modified by the environment.
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Since in primary segregating generations like F, populations the predominant cause of
linkage disequilibrium is the physical linkage of loci, they were widely used for
classical linkage mapping. The ability to map and characterize polygenes using marker
loci is at its highest in populations derived from controlled matings that have the highest

linkage disequilibrium (Tanksley, 1993).

Taking consideration of the genetic variability found in the heat tolerant tomato lines we
produced a segregating F, population by an intraspecific cross of two S. lycopersicum
genotypes for the evaluation of various phenotypic traits related to fruit set. F;
populations are the easiest and fastest to construct mapping populations (Asins, 2002;
Collard et al., 2005). They are appropriate for detecting QTLs with recessive alleles and
make it possible to estimate dominance and additive effects (Carbonell et al., 1993) and

the degree of dominance (Asins, 2002).

A disadvantage is the impossibility of replications under different conditions and the
difficulty of studies of epistatic effects (Asins, 2002). Since no variety showed an
absolute superior performance for all traits investigated, the line with best performance
for most traits investigated was used as the heat tolerant parent. A F, population
contains the highest genetic variation in case the parents are homozygote (Tanksley,
1993). In the current study, a F; hybrid was used as heat sensitive parent. This had
reduced genetic variation in the segregating population and might have caused superior

results of the heat sensitive parent due to heterosis.

However, all traits evaluated showed high and continuous variability within the

segregating F, population and evidenced their quantitative characters.

Contrary to our own preliminary results the parents of the population (heat sensitive and
heat tolerant, P; and P,) grown together with its offspring (first and second filial
generation, F; and F,) under heat stress did not differ significantly for the pollen
viability, pollen amount, flower and fruit numbers, percentages of fertilized fruits, or

parthenocarpy.

These conflicting results might refer to the temperature residing below the set threshold
of 32/ 28 °C for the whole experimental duration. No possibility was found to increase
the inside temperature of the GC. A second highly probable explanation might be that
only a single P; and P plant each were sampled since the repetitions had to be removed

due to virus infections.
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Except for the percentages of fertilized fruits the distributions were normally distributed
evidencing that many genes were involved in phenotypical trait characterization.
However, results of the P; and P, did not range in the left and right tail of the curve
except for the pollen viability. The fruit set and the flowers per inflorescence of the P;
and P, ranged around the mean value and little above, respectively. The F; performed
worse compared to its parental lines for all traits. Compared to its offspring the values
for the P; are higher than expected. Since the heat sensitive parent itself is a F; hybrid it

is supposed to perform better than the mean of its parents due to heterosis.

It might be explained by transgressive variation (Tanksley, 1993)due to unmasking
recessive genes or accumulation of complementary alleles at multiple loci inherited
from the two parents with negative influence on the traits. Transgressive variation is
described for all segregating populations. Since the hybrid parent was highly
heterozygote transgression might have occurred in the F; already. Another reason might

be the continuous vegetative propagation and the associated plant impairment of the F;.

An aberration from the distribution to normal distribution was found for the fruit
fertilization. Both, P; and P, reached 100 % fertilized fruits though the F; and several F,
plants reached less. This might be excited by the accumulation of negative alleles of the

parental lines combined in the offspring.

Since a connection of pollen viability to genes on chromosomes two and five might be
assumed according to the results of the investigations of the introgression lines (ILs)

special emphasis should be placed on further analysis of this trait.

Despite inferior phenotypes, wild species contain genes that can substantially increase
tomato fruit quality. Less surprising was therefore the variation within the introgression

lines.

The tomato ILs used in the current study were a sub-set of nearly isogenic lines (NILs)
developed by Eshed et al. (1992) through a succession of backcrosses, where each line
carries a single genetically defined chromosomal segment from the wild type genome.
The ILs, representing a whole-genome coverage of S. pennellii in overlapping segments
in the genetic background of S. lycopersicum cv. M82 were phenotyped first in 1993.
Presently the library consists of 76 genotypes (Eshed et al., 1994).

Generally, when using ILs for gene mapping the ILs and the parental lines are grown
together and traits are evaluated for both, parents and ILs. When the ILs exceed the

results measured in the S. lycopersicum parent one can assume that the inserted piece of
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wild species chromosome contains a gene with positive influence. Since we did not get

seed of the parental lines, only comparisons between the ILs were possible.

For most traits evaluated in the present study, at least two lines performed significantly
better or worse compared to the other lines indicating a gene or QTL with a huge effects
of the traits. In most cases, the insertions of the wild species genome were related to
different chromosomes. The number of flowers per inflorescence under heat stress was
significantly higher for the lines IL2-3 and IL3-3 with insertions on chromosomes 2 and
3, respectively. Therefore, it might be assumed genes in these chromosomal areas
influenced the flower development under heat stress positively. Lines with insertions on
chromosomes 1, 3, and 12 achieved the best fruit set. Since the two lines with insertions
on chromosome 3 have an overlapping segment, it might indicate a QTL in this

chromosomal region.

The percentages of parthenocarpic fruits were remarkable. 32 out of 37 lines produced
around 100 % parthenocarpic fruits. Only 2 lines showed significantly better results of
20 and 25 % parthenocarpic fruits. This highly significant reduction of parthenocarpic
fruits was attributed to insertions on chromosomes 2 and 5. Though the reduction of
parthenocarpy corresponded to low numbers of fruits the fruit set of these lines ranged
near the mean value measured in the lines. Since the total fruit number was
demonstrated to possess high heritability backcrosses with high yielding varieties
should solve the problem and increase the fruit number. This indication of QTLs with
strong effects on the percentage of pathenocarpic fruits on chromosomes 2 and 5 has to

be considered for further investigations.

Since results for the parents are lacking and no pollen traits have been investigated yet
the experiment should be repeated and extended to measurements of further traits,
especially pollen traits. Only in comparison with the parental lines and under different
growth conditions precise conclusions of the number of QTLs that affect a trait, their

mode of inheritance, and linkage relationships are possible.

Molecular investigations of the segregating F, population, PCR-based marker analyses,
were conducted to find markers linked with the phenotypic traits evaluated. Most
molecular maps of tomato are based on interspecific crosses (Paterson et al., 1991;
Tanksley et al., 1992; Fulton et al., 1997). Since saturated linkage maps are essential
tools for genetic studies like quantitative trait mapping, marker-assisted selection, and
positional gene cloning AFLP analyses were chosen because they are considered to be a

powerful, reliable and rapid assay (Suliman-Pollatschek et al., 2002).



Discussion 107

The AFLP technique, developed by Vos et al. (1995), is based on the detection of
genomic restriction fragments by PCR amplification and was applied to various plant
species including tomato (Saliba-Colombani et al., 2000; Balatero et al., 2002; Spooner
et al., 2005).

In the present study, AFLP analyses did not give reliable results yet as many problems
occurred during the experiments. The amount of DNA to extract from the dried leaves
was very low in some cases and no method was found to increase it. It was difficult to
purify the DNA sufficiently since sugars and phenols accumulate in leaves under heat

stress (Wahid et al., 2007b).

In general, a self-mixed buffer combination was used but also two commercially
available extracting kits tested did not achieve higher or purer DNA amounts. A
probable reason for the low output might be possible pest infestations with viruses and/
or fungi. Since both possess incubation times of several days a sampling of already

infected leaves can not be excluded.

For the AFLP analyes, the first used enzymes HindIIl, as mentioned by Saliba-
Colombani et al. (2000) and Trul (a HindIIl homolog), two rare-cutting restriction
enzymes, did not restrict the tomato DNA properly. A reason might be the optimum
working temperature of Trul at 65 °C. The temperature difference between Trul and the
second frequent cutting enzyme Msel was around 30 °C and therefore irreconcilable.
Though the optimum working temperature of HindIII and Msel was given the same by
the producer, results obtained by HindIII restrictions were not reproducible although the
DNA fragments on the agarose gels showed an expected length of around 50-200 bp.

Different requirements to the buffers might be a reason for the reduced activity.

PCRs were conducted using different unspecific and specific primers in the reactions.
Due to the improper fermentation by the restriction enzymes, the gel electrophoreses
showed band patterns but the bands were not reproducible. In repetitions of the PCRs
using the same restricted DNA samples and primer combinations, the band patterns on
the gel were generally the same but they differed for the single genotypes. A band
visible for a specific genotype in one experiment was missing the next time or vice
versa. Since the visible bands were at positions comparable to bands of other genotypes,
the error was not detected immediately. In further experiments, another enzyme
combination was used according to Beraldi et al. (2004), Tam et al. (2005) and Truong
(2007). Using another enzyme combination the PCR fragments obtained after DNA
restriction with ECORI and Msel showed a high reproducibility. Since especially ECORI
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is very sensitive and tends to ‘staractivity’ the usage of proper buffers is essential
(Miilhardt, 2006). ‘Staractivity’ leads to unspecific restriction sites resulting to low

adaptor ligation and/ or unspecific band patterns after PCR reactions.

Using EcoRI and Msel no differences were found in repeatedly investigated genotypes.
In first analyses, several polymorphisms could be detected and the approach showed

promise for further experiments therefore.

After the detection of polymorphic markers a linkage analyses becomes possible and a
genetic linkage map can be constructed. To obtain reliable results for pairwise

calculations of map distances the markers numbers have to be high enough.

Several linkage maps with different kind of molecular markers are published (Eshed et
al., 1994; Fulton et al., 2000; Fulton et al., 2002) providing a good base for further
investigations. Due to indications on QTLs on the chromosomes 2 and 5 in the ILs
influencing parthenocarpy special emphasis has to be placed on detecting markers on

these chromosomes.

A highly saturated linkage map provides possibilities for further QTL analyses and it
might be useful for the application in marker-assisted selections (MAS) in tomato
breeding programs. Based on QTL analyses, fine mapping, and/ or in-silico evaluations
of data bases candidate genes might be isolated providing the chance for enhancement

of heat tolerance due to cloning approaches.

Since the negative influence of heat stress on some traits measured might refer to lack
of Ca™", emphasis should be stressed on detection of plants with higher Ca®" tolerance
as reported by Starck et al. (1994). They conveyed differences between varieties in their
capability of Ca®" relocation between different parts of the plant under heat stress. Jiang
et al. (2001) demonstrated that Ca®" is required under heat stress for the maintenance of
antioxidant activity. Kleinhenz et al. (2002) confirmed that Ca®" is required for the
mitigation of adverse effects of heat stress. With the application of Ca** prior to heat
stress treatments they stimulated the activities of peroxidases needed for cell
detoxification. Kolupaev et al. (2005) suspected an increased peroxidase activity as
reason for enhanced heat tolerance. On chromosome 2, in the segment on which we
assume genes related to parthenocarpy, a COS (conserved ortholog set) marker
associated with peroxidases was mapped in tomato (sol genomics network,

www.sgn.cornell.edu, 01.04.2008).
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Furthermore, at least two loci containing alleles for male sterility are known to be
located on the long arm of chromosome two (sol genomics network,
www.sgn.cornell.edu, 01.04.2008). Since male sterility caused by damaged pollen leads
to high percentages of parthenocarpic fruits markers mapped in this region might

therefore be of high interest for MAS of plants tending to lower parthenocarpy.

On chromosome 5, in the small, nine centimorgan enclosing segment 2-4 which might
carry alleles involved in reduced parthenocarpy, COS markers associated with a proline-

rich protein and a glycoprotein were mapped.

Proline is known to accumulate in large quantities in response to environmental stresses
(Kishor et al., 2005). Wahid et al. (2007a) presumed a high potential of proline to buffer
cellular redox potentials under heat stress. Under high temperatures, fruit set in tomato
plants was demonstrated to fail due to the disruption of proline transport during the

narrow window of male reproductive development (Sato et al., 2006).

Glycoproteins, especially lectins, play an important role in the stimulation of pollen tube

growth (Matveeva et al., 2007) among other things.

Therefore, IL analyses combined with database search might give valuable hints for
putative candidate genes influencing the set of fertilized fruits under heat stress to

develop markers for the identification plants better adapted to high temperatures.

5 Conclusions

The tomato is by now one of the most valuable and widely grown vegetable in the
world. It is widely cultivated mainly in temperate climate zones. Under tropical and
subtropical climates heat stress is a severe constriction for tomato crop production

resulting in poor fruit set and consequent low yields.

The aim of this study was the evaluation of reasons causing reduced fruit set under heat
stress in tomato and the evaluation of possibilities for the enhancement of tomato

production considering genetic diversity and cultivation conditions.

Our experiments revealed genotypically different stress responses of heat tolerant
genotypes in terms of reduced number of inflorescences, flower numbers, fruit numbers,
fertilization capabilities, and the pollen amount as well as the pollen viability. With
increasing heat sensitivity of the plants the negative influence of heat stress on the traits

was stronger.
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Since all traits except the number of inflorescences and the ability of fruit setting were
influenced by environmental factors low heritability for these traits has to be assumed.
The low heritability impedes the usage of these traits for breeding purposes and further
research since results are difficult to compare. The traits have to be investigated under

several different environmental conditions to enable reliable conclusions.

We were able to prove negative influences of high temperatures on several traits related
to plant growth and fruit set often combined with high air humidity. Our results
supported earlier reports of Peet et al. (1997) and Peet et al. (2003) that plants react even

more heat sensitive under higher air humidity levels.

In general, the vegetative growth was given evidence of stronger impairment of
generative growth compared to vegetative development which was in line with results
of Kinet et al. (1997), Peet et al. (2003) and Sato et al. (2006). Therefore, in the current
studies we focused on the pollen viability and the pollen release from anthers. Both
traits are vitally important for sufficient fertilization needed for the production of high

quality and marketable fruits.

The different mulch colors in the GHs with intend of passive cooling the inside
temperatures affected the plant growth positively in all seasons. The color of the ground
mulch was found very effective on traits related to fertilization. White ground mulch

was able to increase the pollen viability and reduce parthenocarpy.

Though the pollen amount was less affected by the cooling methods compared to pollen
viability it tended to be increased in GHs with black ground mulch/ NIR-transmissive
roofs and consequent higher inside temperatures. Since elevated temperatures beyond a
threshold temperature had a negative influence on the pollen amount the cooling
methods might be unsuitable. The threshold temperature could not be defined yet and
seemed to be dependent on other factors such as RH or soil temperature. It has to be
determined for every genotype and every environment separately therefore. Exceeding

the threshold temperature in our result led to an absolute loss of pollen amount.

In most experiments the NIR-reflecting pigment on the roofs did not affect the pollen
viability and pollen amount and furthermore increased percentage of cracked fruits.

Therefore, the application of the NIR-shading paint can not be recommended.

Furthermore, the application of higher mesh sizes with higher protection capability
against insect pest infestations did not influence the pollen amount and viability.

Therefore, the applications of higher mesh sizes have to be investigated further on since
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the reason for the reduced fruit set in GHs with higher mesh sizes found in earlier

experiments (Harmanto et al., 2006) could not be clearified.

The cyclic rthythm of the pollen amount, first reported in the present study, has to be
validated in further experiments. As long as no possibility is known to discontinue the
cycles to obtain regular pollen shed over time genotypes should be searched with cycles

as short as possible to ensure pollination and fertilization.

Because tomato breeding in the last decades focused on few traits only, the genetic
erosion was high (Cebolla-Cornejo et al., 2007). Nevertheless, we detected considerable

genotypic variation within Solanum lycopersicum genotypes for heat stress.

The pollen amount and pollen viability seem to react with different intense in
temperature ranges not preventing pollen development completely. This demonstrates
the necessity for further investigations of physiological processes in pollen development
impaired by high temperatures. Furthermore, the pollen amount as well as the pollen
viability might be used as selection criteria in breeding for heat stress since both traits

varied between genotypes and were positively correlated with fertilization.

The differences in response of introgression lines to heat stress provide a good base for
further research and QTL mapping since inferior results refer directly to a known

chromosomal segment.

Independent of molecular approaches, the progenies of the best performing genotypes of
the segregating F, population represent a good source for breeding purposes. The plants
performing superior under heat stress have high potential of enhancing the heat

tolerance in their progenies when crossed.

Because F; plants from an intraspecific cross do not hold the disadvantage of crosses
with wild species they are of high value for breeding processes. The genotypes
outperforming their heat tolerant parent might provide a good base for the enhancement

of heat tolerance in breeding programms.
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Appendices

Plant nutrition

Table 50: Average nutrient composition of Flory® 2 mega (Euflor GmbH, Miinchen,
Germany) containing nitrogen (N), phosphorus (P), potassium (K), and magnesium (Mg)
applied in the climate chambers with 1.5 %o concentrations. The fertigation solution was
applied with every irrigation.

Nutrient Concentration

[mM]

N 11.4
P 1.9
K 6.7
Mg 1.4

Table 51: Average nutrient composition of the fertigation solution containing nitrogen (N),
phosphorus (P), potassium (K), calcium (Ca), magnesium (Mg), sulfur (S), sodium (Na),
boron (B), iron (Fe), copper (Cu), manganese (Mn), molybdenum (Mo), and zinc (Zn)
applied in GHs in Thailand. The nutrient solution was dripped in intervals according to the
calculated solar radiation integral.

Nutrient Concentration Nutrient Concentration
[mM] [uM]
N 7.4 B 6.0
P 0.8 Fe 4.2
K 59 Cu 53
Ca 3.1 Mn 3.0
Mg 0.7 Mo 1.1
S 1.7 Zn 1.4

Na 1.8




DNA extraction according to Engel (2005)

Durchfiihrung in 1,5ml Eppis (konischer Boden) = spitz

20-25mg frisches Blattmaterial
200ul Extraktionspuffer zugeben

vermahlen mit einem Mikrostoflel, der in eine handeliibliche Bohrmaschine
eingespannt wird. Diese wiederum steht in einem Stativ

200 ul Extraktionspuffer zugeben und die Probe kurz vortexen

Proben im Wasserbad 30min. bei 65°C inkubieren. (hier bereits den 2. Durchgang
beginnen)

500ul Chloroform zugeben, gut vortexen
abzentrifugieren bei 18°C und 5min 13000 rpm
Uberstand in ein frisches Eppi pipettieren

600ul CTAB Precipitations Puffer zugeben, vorsichtig schwenken, 15min.bei RT
stehen lassen, erneut schwenken.

Smin. bei 13000rpm abzentrifugieren=> Pellet am Boden des Eppis wird sichtbar

Uberstand abgieBen und verwerfen (Pellet haftet in der Regel so fest, dass ein
abpipettieren nicht notwendig ist.

600ul TE high salt auf das Pellet pipettieren und schwenken (wenn sich das Pellet
schlecht 10st, ReaktionsgefiBle fiir einige Minuten bei 60-65°C in den
Wiaérmeschrank.)

750ul EtOH 100% (bei -20°C gelagert) zugeben und mischen.

Smin bei 13000rpm abzentrifugieren, abgieBen und das Pellet ca. 30 min. trocknen
lassen

Pellet in 30-250ul TE 01 16sen

Dauer der Extraktion inkl. Trocknen: ca. 3h

Pro Extraktionsgang werden 24 Eppis bearbeitet. Die Arbeitsschritte konnen so

geschachtelt werden, dass man pro Tag auf bis zu 240 DNA Extraktionen / AK kommt.

4-5 Gange laufen dann parallel

Routine: 8 Gange pro Tag

Dispenser Pipetten wichtig

Pistill mit Dest-Wasser reinigen, bei Alkohol pappt DNA, mit Tuch trocken reiben



Table 52: Ingredients, concentrations, and amounts of the extraction buffer used for DNA
extraction according the protocol Engel (2005)

Extraction buffer

Ingredient Concentration  Volume

[g]
CTAB 10

Ingredient Concentration  Volume
[mll]

Tris/ HCI 1M 50
NaCl 5M 154
EDTA 0.5M 20

Replenish to 1 1

Add 1 ml 2-Mercaptoethanol after
autoclaving

CTAB= Cetyl trimethylammonium bromide, EDTA= Ethylenediamine tetraacetic acid,
NaCl= sodium chloride, Tris/HCI= trishydroxymethylaminomethane/ hydrochloric acid

Table 53: Ingredients, concentrations, and amounts of the precipitation buffer used for
DNA extraction according the protocol Engel (2005)

CTAB precipitation buffer

Ingredient Concentration  Volume

[g]
CTAB 10

Ingredient Concentration  Volume
[mi]

Tris/ HCI IM 50
Replenish to 11

CTAB= Cetyl trimethylammonium bromide, Tris/HCI= trishydroxymethylaminomethane/
hydrochloric acid



Table 54: Ingredients, concentrations, and amounts of the TE high salt suspension used for
DNA extraction according the protocol Engel (2005)

TE high salt

Ingredient Concentration  Volume
[ml]

Tris/ HCI IM 10
NaCl 5M 200
EDTA 0.5M 2

Replenish to 1 1

EDTA= Ethylenediamine tetraacetic acid, NaCl= sodium chloride, Tris/ HCl=
trishydroxymethylaminomethane/ hydrochloric acid

Table 55: Ingredients, concentrations, and amounts of the TE 01 salt suspension used for
DNA extraction according the protocol Engel (2005)

TE 01

pH [ml]
: 1M,
Tris/ HCI1 1
pHS8
EDTA 0.5M 0.2

Replenish to 11

EDTA= Ethylenediamine tetraacetic acid, Tris/ HCI= trishydroxymethylaminomethane/
hydrochloric acid



AFLP Protocol according Truong (2007)

1. Digestion

Digest 15 pl of DNA template (500ng) with 15ul digestion cocktail at 37°C for overnight
(stove) or 4 hours (heating block)

Cocktail Concentration  Volume (ul/tube)

MiliQ H,O 9.8
10X buffer 2 (BioLabs) 3.0
EcoRI (BioLabs) 20 U/ul 0.8
Msel (BioLabs) 10 U/ul 1.2
10X BSA 0.2
Total 15.0

Take 5ul of digestion product will load on 1% agarose gel (marker: Sul of 100pb ladder).
Sample will smear about of 100-1000pb. Incubate digestion product at 70°C for 15 minutes
to stop enzyme reaction.

2. Ligation

Prepare adaptors

+ For ECoRI Adapter pair (final concentration of SuM):
- 25 ul of EcoRI Forward Adaptor (conc. 100uM)
- 25 ul of EcoRI Reverse Adaptor (conc. 100uM)
-450 pul of TE
Total: 500 pul
+ For Msel Adapter pair (final concentration of 50uM):
- 250 pl of Msel Forward Adaptor (conc. 100uM)
- 250 ul of Msel Reverse Adaptor (conc. 100uM)
Total: 500 pl

After mixing the adaptors, heat at 95°C for 5 min to denature. Then allow cooling slowly in
a Styrofoam box to renature completely. Store at -20°C

Take 20pl of digestion ligase with 10l of ligation cocktail and incubate overnight at 16°C
or over weekend at 12°C. Unused portion of the digestion mixture may be stored at -20°C



Cocktail Concentration  Volume (ul/tube)

MiliQ H,O 6.4
10X Ligase buffer 1.0
(BioLabs)

EcoRI adaptor (BioLabs) 5 uM 1.0
Msel adaptor (BioLabs) 50 uM 1.0
T4+ DNA ligase 400 U/l 0.4
Total 10.0

Spin down ligation and dilute 5-10X (LD). Store sample -20°C.

3. Pre-amplification (AFLP1 Program)

Cocktail Concentration  Volume (ul/tube)

MiliQ H,O 10.0
10X PCR buffer 2.0
E primer (E-A) 10 uM 0.6
M primer (M-C) 10 uM 0.6
dNTPs 2.5mM 1.6
Tag polymerase 0.2
DNA (LD) 5.0
Total 20.0

Perform a 1:30 or 1:20 dilution depends on sample (PD). Both unused diluted and diluted
reactions can be stored at -20°C (Diluted reaction can be store at 4°C if use daily). Take
10ul of DP to load on 1% agarose gel (marker: Sul of 100pb ladder).



4. Amplification (AFLP2 Program)

Cocktail Concentration  Volume (ul/tube)

MiliQ H,O 9.1
10X PCR buffer 2.0
E primer* (E-ANN) IuM 1.0
M primer (M-CNN) SuM 1.2
dNTPs 2.5mM 1.6
Tag polymerase 5U/ul 0.1
DNA (LD) 5.0
Total 20.0

* for labeled primer. For unlabeled primer, concentration will be Spmole/pl.

Add 10pl stop buffer to 20ul amplified product and denature at 94°C for 5 minutes



Solutions and ingredients used for PCRs

Table 56: List of adaptors and primers used for AFLP analyses according protocol 2

Name Enzyme Type Sequence (5°is. p..37)
EcoAdaptl EcoRI adaptor CTCGTAGACTGCGTACC
EcoAdapt2 EcoRI adaptor AATTGGTACGCAGTC TAC
MseAdapt1 Msel adaptor GACGATGAGTCCTGAG
MseAdapt2 Msel adaptor TACTCAGGACTCAT

Eco +0 EcoRI primer + 0  GACTGCGTACCAATTC

Eco +C EcoRI primer +1  GACTGCGTACCAATTC C

Eco +CGA* EcoRI primer +3  GACTGCGTACCAATTC CGA

Mse +0 Msel primer + 0  GACGATGAGTCCTGAGTAA

Mse +CTC Msel primer +3  GACGATGAGTCCTGAGTAA CTC
Mse +CTG Msel primer +3  GACGATGAGTCCTGAGTAA CTG
Mse +CTT Msel primer +3  GACGATGAGTCCTGAGTAA CTT
Mse +CAT Msel primer +3  GACGATGAGTCCTGAGTAA CAT
Mse +CAC Msel primer +3  GACGATGAGTCCTGAGTAA CAC
Mse +CAA Msel primer +3  GACGATGAGTCCTGAGTAA CAA
Mse +CGA Msel primer +3  GACGATGAGTCCTGAGTAA CGA
Mse +CGG Msel primer +3  GACGATGAGTCCTGAGTAA CGG

Mse +CCC Msel primer +3  GACGATGAGTCCTGAGTAA CCC




Table 57: Ingredients and concentrations of the 10 x Williams’s buffer for AFLP-PCR

Ingredients Concentration
[mM]

Tris/ HCI 100

KCl 50

MgCl, 20

gelatin 0.01 %

KCl= potassium chloride, MgCl,= magnesium chloride, Tris/ HCl=
trishydroxymethylaminomethane/ hydrochloric acid

Buffer solutions and running conditions of the gel electrophoreses

Table 58: Ingredients and concentrations of Longrun TBE buffer

Ingredients  Concentration

[M]
Tris 1.340
Boric acid 0.440
Na2EDTA 0.025

Na,EDTA= sodium ethylenediamine tetraacetic acid, Tris=
trishydroxymethylaminomethane

Table 59: Ingredients and concentrations of 10x TBE

Ingredients Concentration
[M]
Tris 0.90
Boric acid 0.90
EDTA (pH8) 0.02

EDTA= ethylenediamine tetraacetic acid, Tris= trishydroxymethylaminomethane



Table 60: Ingredients and concentrations of the loading buffer

Ingredients Concentration
formamide 98.00 %
EDTA (pHS) 10 mM
pararosalinine 0.05 %

EDTA= ethylenediamine tetraacetic acid

Table 61: AFLP electrophoresis conditions of the DNA analyzer (Gene readir4200, LI-
COR Biosciences GmbH, Bad Homburg, Germany)

Pre-run Settings
Volts 1500 V
Current 35A
Power 35W
Time 00:20 min
Run Settings
Volts 1500
Current 35
Power 35
Time 04:00
Temperature 45

Scan Speed 3- moderate




Results for the segregating F, population

Table 62: Average number of flowers (Flav Inf"), fruits (Frav Inf"), the percentages of seeded fruits (Frseed), fruit set (Frset), viable pollen
(Poll) and pollen amount (Poll FI'') measured in 174 genotypes of a segregating F2 population and its parental lines (heat sensitive [P;], heat
tolerant [P,], the first filial generation [F;]) grown under heat stress (32/ 28 °C) for 12 weeks. Different lower case or upper case letters within
columns indicate significant differences between genotypes at significance levels of a< 0.05 or a< 0.1, respectively. (SNK-Test, flowers per
inflorescence: n= 2064; fruits per inflorescence: n= 1750; seeded fruits: n= 1392; fruit set: n= 1059; percentage of fertilized fruits: n= 1045;
viable pollen: n= 775; pollen amount: n= 2259).

genotype Flav Inf" Frav Inf" Frseed Inf™ Frseed [%] Frset [%] Poll [%] Poll FI'!
n |mean n |mean n |mean n |mean n |mean n |mean n | mean

1 9| 6.22 abcd 8| 0.75 ab 8 0.75 b | 4| 100.00 a 4138.84 ab 512394 A |15|71,614.63 abcdef

2 10| 7.70 abcd 7| 3.00 ab 6 217 b | 6] 95.83 ab 7139.58 ab 50 4750 A |17|48,841.97 abcdefgij
3 14| 4.93 abcd 13| 1.38 ab |[13]| 1.23 b [10| 86.67 abc 10| 34.27 ab 41 2550 A |17]60,955.91 abcdefgij
4 8| 7.88 abcd 8| 2.50 ab 8| 250 b | 6| 100.00 a 6|64.26 ab 3| 4249 A 9165,069.50 abcdefgij
5 10| 7.60 abcd 10| 1.60 ab |10| 1.60 b | 8| 100.00 a 8130.45 ab 41 29.07 A |15(36,198.00 abcdefgij
6 10| 6.10 abcd 9| 1.56 ab 9 144 b | 5| 96.67 a 5/42.68 ab |. |. . 12]17,656.42 abcdefgij
7 12| 6.50 abcd 10| 1.70 ab |10| 1.30 b | 7| 84.52 abc 7143.27 ab 5| 35.74 A |16]35,429.78 abcdefgij
8 13| 6.54 abcd 11 1.27 ab |[11]| 1.18 b | 7| 85.71 abc 7130.73 ab 6| 27.21 A |16]33,613.38 abcdefgij
9 11| 5.82 abcd 9/ 1.78 ab 9/ 1.67 b | 7| 85.71 abc 7|46.66 ab 7| 47.57 A |12|54,648.50 abcdefgij
10 14| 6.64 abcd 12| 1.75 ab |12| 1.42 b | 9| 72.22 abed 9143.26 ab 31 29.80 A |15/29,895.90 abcdefgij
11 12| 6.58 abcd 12| 1.33 ab |[12| 1.33 b | 5| 100.00 a 5/55.36 ab 7| 3425 A |13]62,644.27 abcdefgij
12 10| 7.00 abcd 8| 3.38 ab 8| 0.88 b | 8| 15.77 abed 81 61.18 ab 3] 20.81 A |10|51,296.95 abcdefgij
13 7| 7.00 abcd 71 0.71 ab 71 071 b |. |. . .. . 4] 15.64 A 8137,793.06 abcdefgij
14 12| 5.00 abcd 10| 1.90 ab |10| 1.30 b | 8| 77.08 abcd 8151.79 ab |. |. . 14]26,830.43 abcdefgij
15 11| 4.91 abcd 10| 1.20 ab |10| 1.10 b | 6| 83.33 abced 6|64.48 ab 7| 41.78 A |10|54,515.70 abcdefgij
16 10| 5.10 abcd 9 2.11 ab 9/ 1.89 b | 6| 87.50 abc 6|69.48 ab 71 29.50 A |14|75,279.04 abcde

17 12| 8.17 abcd 11| 1.18 ab |11| 0.73 b | 5| 46.67 abcd 512552 b 14| 62,254.54 abcdefgij
18 9| 5.56 abcd 9/ 133 ab 9 1.22 b | 5| 93.33 ab 514397 ab |. |. . 11]10,213.14 efghij

19 14| 8.64 abcd 11| 1.64 ab |[11| 1.55 b | 7| 92.86 ab 7| 34.64 ab 8| 32.67 A |19|37,607.00 abcdefgij




genotype Flav Inf" Frav Inf" Frseed Inf™ Frseed [%] Frset [%] Poll [%] Poll FI'!
n |mean n |mean n |mean n |mean n |mean n |mean n | mean

20 11| 3.64 bed 11} 1.00 ab |11| 045 b | 6| 29.17 abcd 6|57.41 ab 5/ 27.75 A |11]61,434.73 abcdefgij
21 14| 6.79 abed |12] 2.83 ab |12| 0.67 b | 8| 26.39 abcd 8163.29 ab |. |. . 12| 7,239.67 fghij
22 11| 5.82 abed |10]| 1.60 ab |10 1.20 b | 6| 83.33 abcd 6|42.17 ab 4| 27.69 A |13]50,985.62 abcdefgij
23 12| 8.33 abced 12] 1.83 ab |12| 1.83 b | 7| 100.00 a 7|34.65 ab 41 55.12 A |16(36,201.28 abcdefgij
24 12| 7.50 abed |11| 1.73 ab |11| 1.36 b | 7| 82.86 abcd 7132.85 ab 8| 2543 A |14(59,832.68 abcdefgij
25 11} 7.09 abed |11] 291 ab |11| 1.27 b | 8| 50.06 abcd 8150.85 ab 3| 47.12 A |16]26,191.50 abcdefgij
26 13| 5.00 abed |[10]| 1.40 ab |10 1.30 b | 6| 94.44 ab 6|42.71 ab 5| 2244 A |10]50,203.25 abcdefgij
27 13| 638 abed |[13] 2.54 ab 13| 1.23 b |12| 45.14 abed |12|56.41 ab 8| 3041 A |15(52,031.33 abcdefgij
28 .. . .- . .- .
29 5| 6.20 abcd 31 0.00 b 3/ 0.00 b |. |. : .. . - . . .
30 13| 631 abed |11] 2.00 ab |11| 1.00 b | 7| 45.24 abcd 7156.02 ab 6| 3594 A |11]43,011.41 abcdefgij
31 11| 6.91 abcd 9| 2.11 ab 9/ 1.00 b | 7| 47.62 abcd 7146.41 ab . ) 10| 14,453.30 cdefghij
32 1| 3.00 cd 1| 3.00 ab |. |. e ] . .- . 3| 6526 A . o
33 14| 543 abed |14| 143 ab |14| 143 b |10| 100.00 a 10]57.83 ab 6| 4735 A |13]70,120.19 abcdefgh
34 18| 6.56 abecd |16] 1.06 ab |16 025 b | 7| 26.19 abcd 7141.02 ab |. |. . 14| 9,609.50 efghij
35 14| 6.07 abed |11]| 2.09 ab |11| 1.36 b | 8| 75.00 abcd 8(52.83 ab 41 21.09 A |17]25,413.74 abcdefgij
36 9| 7.78 abcd 9| 2.11 ab 9/ 033 b | 5| 26.86 abcd 5148.51 ab |. |. ) 17]10,156.38 efghij
37 12| 7.92 abed |11] 2.82 ab |11| 255 b | 9| 84.26 abc 9146.00 ab 7| 53.81 A |14|50,558.04 abcdefgij
38 12| 5.17 abced 9| 0.67 ab 9/ 0.11 b | 4| 25.00 abcd 414313 ab |. |. . 13| 8,317.46 fghij
39 16| 7.75 abcd 15 1.40 ab |15| 1.13 b |11| 72.73 abcd |[11]27.67 ab 6| 43.13 A |16|41,963.00 abcdefgij
40 13| 631 abed |11] 227 ab |11| 1.73 b | 9| 70.00 abcd 9141.56 ab 6| 2850 A |14]49,073.68 abcdefgij
41 9| 5.56 abcd 8| 0.88 ab 8| 0.63 b | 4| 75.00 abcd 4130.56 ab 31 3149 A |14]37,522.43 abcdefgij
42 13| 492 abed |11] 1.82 ab |11| 0.73 b | 7| 50.00 abcd 7163.10 ab 41 2650 A |15]38,145.87 abcdefgij
43 10| 7.70 abed |10| 0.80 ab |10 0.80 b | 7| 100.00 a 7115.03 b 41 57.80 A |14|37,098.25 abcdefgij
44 14| 6.07 abcd 12] 125 ab |12 1.25 b | 9| 100.00 a 9139.60 ab 5| 3943 A |15]25,489.67 abcdefgij
45 12| 5.33 abced 8| 2.13 ab 8 1.I1I3 b | 6| 58.06 abcd 6| 60.35 ab 4] 1130 A |13|36,634.73 abcdefgij




genotype Flav Inf" Frav Inf" Frseed Inf™ Frseed [%] Frset [%] Poll [%] Poll FI'!
n |mean n |mean n |mean n |mean n |mean n |mean n | mean

46 9| 8.67 abcd 9| 2.11 ab 9/ 1.33 b | 6| 67.22 abcd 6|34.54 ab 8114,199.38 cdefghij
47 7| 6.29 abcd 7| 2.29 ab 7/ 029 b | 6| 11.67 abcd 6|66.69 ab |. |. . 8112,285.31 cdefghij
48 12| 6.42 abed |11] 127 ab |11 091 b | 7| 80.95 abcd 7152.22 ab 8| 47.55 A |12|41,185.00 abcdefgij
49 12| 5.00 abcd 9| 1.00 ab 91 0.89 b | 5| 90.00 abc 5146.21 ab 5/ 7.00 A |10]47,203.15 abcdefgij
50 11| 7.73 abcd 8| 2.00 ab 8| 2.00 b | 5| 100.00 a 514649 ab |11| 4740 A |15]65,020.87 abcdefgij
51 16| 6.63 abecd |13| 1.08 ab |13| 1.08 b | 8| 100.00 a 812423 b 6| 3418 A |14|82,44421 a

52 11| 7.27 abed |10| 3.00 ab |[10| 2.10 b | 9| 65.83 abcd 9153.65 ab 7| 34.14 A |15|66,208.37 abcdefgij
53 13| 6.54 abed |10| 1.40 ab |10| 1.40 b | 5| 100.00 a 5146.67 ab 6| 30.65 A |15]58,895.83 abcdefgij
54 4| 7.75 abed 41 0.00 b 41 0.00 b |. |[. . .. . . . . ..

55 11| 7.64 abcd 9| 244 ab 91 244 b | 6| 100.00 a 6|46.33 ab 71 5891 A |14|80,279.07 ab

56 12| 5.67 abed |11] 2.00 ab |11| 1.00 b | 8| 51.25 abcd 8|43.68 ab 5/ 41.21 A |14]60,301.46 abcdefgij
57 12| 8.17 abcd 11} 073 ab |11| 0.64 b | 3| 93.33 ab 3127.06 b 7| 32.65 A |1245,768.29 abcdefgij
58 6| 6.00 abcd |. |. . . e ] .- . 31 2592 A . o

59 11| 8.00 abecd |[10| 1.00 ab 6/ 1.67 b | 6| 100.00 a 6/25.16 b 7| 28.08 A |15]28,447.97 abcdefgij
60 13| 6.69 abed |13| 1.77 ab |10| 2.20 b |[10| 90.00 abc 10]39.83 ab 41 55.15 A |14|67,209.89 abcdefgij
61 17| 635 abed |[14] 0.71 ab 8 1.13 b | 8| 87.50 abc 8120.59 b 7| 33.52 A |15]69,041.73 abcdefgi
62 11| 6.45 abcd 11| 3.27 ab 8 1.13 b | 8| 27.62 abcd 8157.66 ab |. |. ) 15]41,489.67 abcdefgij
63 11| 7.30 abced 9| 2.89 ab 7! 1.71 a | 7| 55.95 abcd 9141.71 ab 6| 2294 A |16|47,382.88 abcdefgij
64 13| 6.92 abed |[11] 2.09 ab 8 1.88 b | 8| 60.42 abcd 8149.83 ab 5/ 3405 A |13]52,908.69 abcdefgij
65 10| 9.00 abc 9| 2.33 ab 6/ 350 b | 6| 100.00 a 6|31.97 ab 8| 39.23 A |15]41,218.87 abcdefgij
66 11| 8.00 abed |[11] 1.55 ab 8 1.63 b | 8| 76.25 abcd 8|36.44 ab 7| 4251 A |14]62,678.61 abcdefgij
67 14| 7.86 abecd |[12] 1.58 ab 8 1.63 b | 8| 70.83 abcd 8139.84 ab 7| 4461 A |14]39,096.07 abcdefgij
68 11| 7.55 abced 9| 1.78 ab 5/ 280 b | 5| 86.67 abc 513583 ab |. |. . 17]20,404.56 abcdefgij
69 10| 7.50 abcd 7| 1.14 ab 3| 267 b | 3| 100.00 a 3125111 b 5| 3451 A 7| 66,160.86 abcdefgij
70 15| 7.53 abced 14| 1.64 ab 8 1.13 b | 8| 30.83 abcd |10[41.99 ab 7| 4324 A |13|51,009.69 abcdefgij
71 12| 592 abed |[12] 0.33 ab 41 1.00 b | 4| 100.00 a 4/18.73 b 4] 4897 A 612,994.92 cdefghij




genotype Flav Inf" Frav Inf" Frseed Inf™ Frseed [%] Frset [%] Poll [%] Poll FI'!
n |mean n |mean n |mean n |mean n |mean n |mean n | mean

72 13| 9.85 ab 13 3.92 ab 71 0.86 b | 7| 23.92 abcd 915546 ab |. |. . 16| 16,816.50 bcdefghij
73 8| 5.13 abcd 7| 1.29 ab 31 3.00 b | 3| 100.00 a 3|58.73 ab 6| 44.62 A |12|35,286.50 abcdefgij
74 12| 9.75 ab 11| 2.82 ab 91 200 b | 9| 80.56 abcd |[11]34.07 ab 5/ 2851 A |13]39,903.92 abcdefgij
75 15| 6.87 abcd 13| 1.31 ab 8| 1.88 b | 8| 84.38 abc 8128.75 ab 8| 28.61 A |[14]38,259.04 abcdefgij
76 17| 6.29 abed |[16] 0.75 ab 8 1.50 b | 8| 100.00 a 812344 b 6| 3444 A |15]41,385.47 abcdefgij
77 11| 4.64 abcd |[10| 1.40 ab 5/ 220 b | 5| 73.33 abcd 5|64.76 ab 6| 41.53 A |14]44,888.46 abcdefgij
78 9| 5.89 abced 9| 0.56 ab 3] 1.33 b | 3| 66.67 abcd 3128.59 ab 6| 46.01 A |11|49,644.95 abcdefgij
79 14| 7.64 abcd |[12] 1.08 ab 41 250 b | 4| 8542 abc 4140.76 ab 6| 26.08 A |19]33,215.55 abcdefgij
80 15| 6.73 abcd 14| 1.86 ab 5/ 1.80 b | 5| 34.38 abcd 5160.71 ab 3| 21.49 A |16(26,054.75 abcdefgij
81 13| 7.08 abed |[13] 2.85 ab 91 0.67 b | 9| 23.28 abcd |[10|57.01 ab 6 30.13 A |11| 7,272.77 fghjj
82 15| 7.07 abed |[15] 0.40 ab 5/ 1.00 b | 5| 80.00 abcd 511821 b 5/ 2647 A |15] 7,781.37 fghij
83 14| 7.21 abcd 13| 1.69 ab 5/ 1.00 b | 5| 33.33 abcd 5146.50 ab 41 1583 A |13(27,211.65 abcdefgij
84 5| 5.40 abcd 5| 0.40 ab 1| 0.00 b |. |. . - . 31 18.09 A 7117,678.71 abcdefgij
85 11| 7.00 abed |[11] 0.73 ab 3 067 b | 3| 16.67 abcd 3131.84 ab |. |. . 7| 5,156.43 gihj
86 13| 7.31 abed |[12] 0.92 ab 5/ 200 b | 5| 9500 ab 5131.07 ab 6| 24.03 A |12|64,661.50 abcdefgij
87 12| 6.92 abed |[11] 1.82 ab 8| 2.00 b | 8| 91.67 abc 9137.81 ab |10| 18.04 A |17|44,421.03 abcdefgij
88 14| 4.93 abcd 12] 125 ab |12 0.83 b | 7| 73.81 abed 7142.94 ab 8| 29.08 A |[13]76,550.50 abcd
89 13| 6.85 abed |10| 3.80 ab |10| 1.50 b | 7| 41.90 abcd 7160.12 ab 3| 4637 A |13|42,043.35 abcdefgij
90 2| 7.00 abed |. |. . - e ] . .- . - . . .
91 15| 6.07 abcd 12| 1.08 ab |12| 0.67 b | 7| 72.38 abcd 7139.17 ab 41 5697 A |16(25,420.03 abcdefgij
92 12| 6.42 abecd |[10| 0.40 ab 91 022 b |. |. 3117.86 b 8| 4332 A |15(31,281.33 abcdefgij
93 10| 7.70 abed |[10| 2.50 ab 8| 263 b | 8| 8542 abc 8| 41.78 ab 5| 33.04 A |15]35,468.83 abcdefgij
94 10| 3.90 abed |. |. . . e ] . .- . . ..
95 14| 7.14 abed |10| 2.60 ab |10 1.70 b | 8| 63.54 abcd 8|48.66 ab |. |. . 14| 8,716.61 fghij
96 18| 6.61 abcd 16| 1.69 ab |12| 1.50 b |12| 61.11 abcd |[12]33.66 ab 51 3396 A |17|40,542.32 abcdefgij
97 16| 7.38 abed |14] 1.21 ab |14| 036 b | 7| 29.05 abced 7142.12 ab 13| 8,617.92 fghij




genotype Flav Inf" Frav Inf" Frseed Inf™ Frseed [%] Frset [%] Poll [%] Poll FI'!
n |mean n |mean n |mean n |mean n |mean n |mean n | mean

98 16| 6.00 abcd 13| 1.00 ab 5/ 200 b | 5| 69.33 abcd 5|44.17 ab 31 37.12 A |14]14,241.21 cdefghij
99 14| 7.00 abed |12] 1.75 ab |12| 092 b | 7| 60.71 abcd 7136.92 ab 5| 2445 A | 14|41,685.36 abcdefgij
100 11| 491 abced 8| 1.63 ab 8 1.63 b | 6| 100.00 a 6|42.06 ab 6| 3843 A |13]63,641.88 abcdefgij
101 12| 5.50 abced 8| 1.25 ab 41 075 b | 4| 41.67 abcd 414254 ab |. |. . 13]16,322.23 bcedefghij
102 15| 7.00 abed |[12] 3.17 ab 12| 1.50 b |10 55.00 abed |10|51.18 ab 6| 3528 A |12]39,192.79 abcdefgij
103 14| 6.29 abcd |11| 1.27 ab 7/ 0.86 b | 7| 45.24 abcd 7147.76 ab 16| 10,673.94 defghij
104 5| 4.60 abcd 5| 0.20 ab 5/ 020 b |. |. .- . e . . .
105 13| 6.46 abed |12| 233 ab |12| 0.50 b | 7| 35.71 abcd 7152.70 ab 4| 46.81 A |15]10,750.10 cdefghij
106 13| 8.38 abcd 12| 0.42 ab 3| 1.67 b | 3| 100.00 a 3/19.86 b 3| 32.86 A |11]27,358.05 abcdefgij
107 14| 8.00 abed |[12] 092 ab |12 0.83 b | 8| 93.75 ab 8121.62 b 6| 52.03 A |12]55,091.25 abcdefgij
108 12| 6.75 abed |[10| 1.20 ab 3| 400 b | 3| 100.00 a 3163.13 ab 5/ 41.84 A |12]45,338.63 abcdefgij
109 17| 6.18 abcd 141 1.29 ab 71 214 b | 7| 85.71 abc 7135.91 ab 7| 32.66 A |17]45992.71 abcdefgij
110 12| 6.67 abed |10| 2.40 ab |10 2.20 b | 8| 84.38 abc 8|42.56 ab 8| 3296 A |16|76,728.53 abc
111 16| 6.94 abcd |[14] 1.93 ab 71 3.86 b | 7| 100.00 a 7146.53 ab 7| 4542 A |16]43,125.03 abcdefgij
112 4| 7.25 abed |. |. . . e ] - . 5| 37.21 A . ..
113 11| 7.27 abed |[10]| 1.80 ab 71 229 b | 7| 90.00 abc 7139.88 ab 8| 32.85 A |15/67,614.63 abcdefgi
114 11| 591 abced 10| 040 ab |10 0.40 b | 4| 100.00 a 412188 b .- . 13133,401.58 abcdefgij
115 10| 9.20 abc 9| 144 ab 9/ 0.56 b | 8 34.38 abcd 8|18.24 b 6| 2470 A |16]50,078.16 abcdefgij
116 10| 6.20 abcd 71 1.29 ab 41 225 b | 4| 100.00 a 4131.44 ab 6| 4588 A |12]63,255.25 abcdefgij
117 12| 7.25 abced 9| 2.11 ab 9/ 0.67 b | 4| 46.40 abcd 414697 ab |. |. . 15| 17,698.00 abcdefgij
118 11| 8.09 abcd 7| 4.14 a 6| 350 b | 6] 82.14 abcd 6|48.15 ab 5/ 2585 A |15]50,656.30 abcdefgij
119 13| 7.85 abed |10] 2.20 ab |10 1.80 b | 7| 83.33 abcd 7141.03 ab 6| 3691 A |14]40,011.25 abcdefgij
120 14| 7.14 abed |[12] 1.83 ab 8 263 b | 8] 96.88 a 8| 41.19 ab 8| 33.87 A |16|48,466.84 abcdefgij
121 9| 5.78 abcd 7| 1.29 ab 7/ 0.86 b | 4| 54.17 abcd 4153.82 ab 51 24.16 A 6|70,963.58 abcdefg
122 14| 5.07 abcd 13] 1.85 ab |13 054 b | 9| 31.85 abed 9162.17 ab |. |. . 10| 21,656.35 abcdefgij
123 12| 6.25 abed |11] 1.27 ab 5/ 200 b | 5| 66.67 abcd 5]132.14 ab 6| 2525 A |15]29,187.63 abcdefgij




genotype Flav Inf" Frav Inf" Frseed Inf™ Frseed [%] Frset [%] Poll [%] Poll FI'!
n |mean n |mean n |mean n |mean n |mean n |mean n | mean

124 14| 6.57 abcd 12] 1.92 ab |12| 1.17 b | 9| 57.04 abcd 9145.37 ab 7| 43.77 A | 14|35,602.82 abcdefgij
125 13| 5.54 abed |[12] 1.50 ab 8 1.75 b | 8| 79.17 abcd 813738 ab |12| 33.79 A |16]51,689.50 abcdefgij
126 13| 7.00 abed |10| 1.60 ab |10 1.40 b | 5| 85.00 abc 5138.98 ab 5| 2457 A |17(26,571.76 abcdefgij
127 41 9.25 abc 1| 4.00 a 1| 400 b |. |. . .- . 41 56.14 A |13|34,459.23 abcdefgij
128 11| 6.45 abcd 9| 1.22 ab 5/ 220 b | 5| 100.00 a 512922 ab |. |. . 15]19,729.27 abcdefgij
129 19| 632 abed |16] 0.56 ab |16| 0.50 b | 7| 85.71 abc 7123.26 b 8| 4298 A |15(37,375.10 abcdefgij
130 11| 791 abced 9| 3.33 ab 8 263 b | 8| 72.71 abcd 8149.09 ab 6 3924 A |17|41,617.71 abcdefgij
131 14| 7.71 abed |12| 1.08 ab |12| 1.00 b | 4| 87.50 abc 4143.13 ab 5| 3744 A | 14|21,685.39 abcdefgij
132 6| 9.50 abc e . .. e ] . .- . 6| 47.77 A |13|39,206.85 abcdefgij
133 18| 5.50 abed |[15] 1.47 ab 9/ 0.89 b | 9| 37.04 abcd 9149.89 ab 5/ 2876 A |10|14,781.35 bcdefghij
134 13| 631 abed |11] 2.18 ab |10 0.80 b | 8| 38.69 abcd 9158.38 ab 31 4549 A |11]34,218.86 abcdefgij
135 14| 4.93 abcd 121 0.00 b . e ] . .- . - . 17| 1,103.09 j

136 12| 7.67 abed |[10| 2.80 ab 8 238 b | 8| 67.50 abcd 8|46.05 ab 4| 3044 A |15|17,979.27 abcdefgij
137 12| 4.50 abed |[10| 0.80 ab 6/ 1.17 b | 6| 83.33 abcd 6/2431 b o . 14| 12,645.18 cdefghij
138 14| 5.00 abed |12] 1.17 ab |12| 1.08 b | 7| 97.14 a 7141.58 ab 41 4434 A |12]19,036.58 abcdefgij
139 18| 6.67 abed |15 0.87 ab |15 0.27 b | 7| 33.33 abcd 7125.02 b .- . 18| 4,461.89 ihj

140 10| 7.30 abcd 7| 3.86 ab 71 357 b | 6] 9444 ab 6/63.54 ab |[10]| 46.86 A |15|51,968.83 abcdefgij
141 14| 7.71 abed |12] 1.58 ab |12| 1.00 b | 7| 63.33 abcd 7142.41 ab 9| 40.58 A [16(29,209.03 abcdefgij
142 12| 7.17 abed |[10| 2.00 ab 5/ 320 b | 5| 76.67 abcd 5154.63 ab 6| 3837 A |16]30,664.16 abcdefgij
143 15| 6.80 abcd 13| 1.15 ab |[13| 1.00 b | 9| 83.33 abcd 912582 b 5| 3034 A |17]28,180.26 abcdefgij
144 13| 7.69 abed |10]| 1.60 ab |10 1.40 b | 6| 93.33 ab 6|45.69 ab 8| 3141 A |16]54,189.50 abcdefgij
145 11| 8.18 abed |[10] 1.10 ab |10 1.00 b | 6| 94.44 ab 6/2337 b 7| 3581 A 9161,649.33 abcdefgij
146 9| 6.78 abcd 9| 1.78 ab 8 1.63 b | 8| 81.25 abcd 8137.08 ab 6 47.11 A |13|65,781.31 abcdefgjj
147 11| 7.45 abed |[11] 2.36 ab 8 2.00 b | 8| 71.88 abcd 8139.29 ab 91 4097 A |14]65,759.00 abcdefgij
148 10| 6.70 abcd 7| 3.14 ab 5/ 200 b | 5| 50.00 abcd 5163.03 ab 5| 4825 A |14|40,323.75 abcdefgij
149 13] 9.15 abc 9| 1.89 ab 5/ 2.60 b | 5| 83.33 abcd 5]133.89 ab 7| 4727 A |13|67,788.50 abcdefgi




genotype Flav Inf" Frav Inf" Frseed Inf™ Frseed [%] Frset [%] Poll [%] Poll FI'!
n |mean n |mean n |mean n |mean n |mean n |mean n | mean

150 14| 6.50 abcd 13| 1.00 ab 8 1.63 b | 8| 100.00 a 8]125.86 b 3| 5430 A |14|35,424.18 abcdefgij
151 14| 9.00 abc 14| 0.86 ab 6/ 2.00 b | 6| 100.00 a 6/23.65 b 6| 5434 A |1422,712.11 abcdefgjj
152 12| 7.67 abed |[10| 2.50 ab 8| 275 b | 8| 89.58 abc 8137.70 ab 8| 4332 A |16(52,773.50 abcdefgij
153 12| 6.25 abcd 10| 1.30 ab 5/ 1.80 b | 5| 75.00 abcd 5133.42 ab 5| 46.44 A | 14|25,948.75 abcdefgij
154 10/ 10.40 a 8| 3.00 ab 5/ 080 b | 5| 10.00 bcd 5145.00 ab |. |. . 14| 8,738.96 fghij
155 10| 6.10 abed |[10| 1.10 ab 6/ 1.83 b | 6| 100.00 a 6|30.19 ab 31 3239 A |13]41,346.23 abcdefgij
156 7| 6.00 abed |. |. . . e ] : .- . e . 5116,125.10 bedefghij
157 13| 5.85 abed |[11] 1.45 ab 8 1.75 b | 8| 92.71 ab 8|35.87 ab 5| 27.68 A |15(36,427.17 abcdefgij
158 15| 6.67 abcd 12| 1.08 ab 6/ 1.83 b | 6| 79.17 abcd 6|34.56 ab 41 4463 A |15(18,729.27 abcdefgij
159 8| 6.75 abcd 8| 0.88 ab 3| 1.67 b | 3| 66.67 abcd 3132.69 ab 7| 3513 A |12|55,143.33 abcdefgjj
160 3| 6.33 abcd 31 0.00 b - b |. |. . - ab . o
161 8| 7.88 abcd 8| 1.13 ab 3/ 033 b | 3 6.67 cd 3137.14 ab |. |. . 7123,125.07 abcdefgij
162 15| 6.73 abed |[11] 1.64 ab 6/ 233 b | 6| 83.33 abcd 6|38.41 ab 4| 4388 A |16]26,640.72 abcdefgij
163 12| 592 abed |[10] 2.30 ab 8 1.50 b | 8| 50.00 abcd 8]52.68 ab 6| 3566 A |14]67,187.57 abcdefgij
164 10| 6.00 abcd 7| 1.71 ab 3] 1.00 b | 3| 20.63 abcd 3179.17 ab |. |. . 10| 3,437.70 i
165 11| 6.64 abcd 9| 244 ab 71 229 b | 7| 65.48 abcd 7155.86 ab 8| 4039 A |13(66,959.15 abcdefgij
166 18| 6.28 abcd 13| 1.46 ab 71 043 b | 7| 21.43 abcd 714392 ab |. |. ) 14| 8,426.50 fghij
167 8| 6.13 abcd 6| 1.67 ab 41 250 b | 4| 100.00 a 413290 ab 5| 50.64 A |16|47,841.84 abcdefgij
168 1| 2.00 d o . S e ] . o . - . . .
169 13| 6.85 abcd 11| 2.09 ab 9/ 1.78 b | 9| 62.22 abcd 9139.21 ab 9| 3640 A |14|35,033.61 abcdefgij
170 2| 8.00 abed |. |. . . e ] . .- . - . . o
171 12| 7.25 abed |[11] 2.00 ab 9/ 200 b | 9| 74.07 abcd 9135.21 ab 8| 3099 A |16]|75,615.28 abcde
172 12| 7.67 abcd |[10| 1.60 ab 5/ 2.00 b | 5| 48.00 abcd 5143.26 ab 4] 55.69 A |16|34,648.47 abcdefgij
173 15| 6.80 abed |[13] 1.62 ab 8| 2.13 b | 8| 89.58 abc 8|46.16 ab 3| 4958 A |16]20,468.88 abcdefgij
174 7| 5.29 abced 71 0.71 ab 21 250 b |. |. .. ab 6| 4552 A 5150,062.50 abcdefgij
F 23| 6.42 abcd |19] 0.85 ab |19]| 0.69 b | 7| 84.52 abc 7]138.97 ab 2| 448 B |27|16,169.07 bcdefghij




genotype Flav Inf" Frav Inf" Frseed Inf™ Frseed [%] Frset [%] Poll [%] Poll FI'!
n |mean n |mean n |mean mean mean mean n | mean
P, 12| 6.73 abcd 11| 1.36 ab |[11]| 1.36 b 100.00 a 37.84 ab 23.92 AB |11|33,480.18 abcdefgij
P, 14| 8.48 abcd 8| 2.00 ab 8] 2.00 b 100.00 a 49.99 ab 55.55 A |17[34,476.21 abcdefgij
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