Louisiana State University

LSU Digital Commons

LSU Master's Theses Graduate School

2009

Induction of acquired stress tolerance for
improving landscape survivability of Petunia x

hybrida

Jennifer Margaret Mader
Louisiana State University and Agricultural and Mechanical College, jmaderS@Ilsu.edu

Follow this and additional works at: https://digitalcommons.Isu.edu/gradschool theses

Recommended Citation

Mader, Jennifer Margaret, "Induction of acquired stress tolerance for improving landscape survivability of Petunia x hybrida" (2009).
LSU Master's Theses. 2135.
https://digitalcommons.lsu.edu/gradschool_theses/2135

This Thesis is brought to you for free and open access by the Graduate School at LSU Digital Commons. It has been accepted for inclusion in LSU

Master's Theses by an authorized graduate school editor of LSU Digital Commons. For more information, please contact gradetd@lsu.edu.


https://digitalcommons.lsu.edu?utm_source=digitalcommons.lsu.edu%2Fgradschool_theses%2F2135&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.lsu.edu/gradschool_theses?utm_source=digitalcommons.lsu.edu%2Fgradschool_theses%2F2135&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.lsu.edu/gradschool?utm_source=digitalcommons.lsu.edu%2Fgradschool_theses%2F2135&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.lsu.edu/gradschool_theses?utm_source=digitalcommons.lsu.edu%2Fgradschool_theses%2F2135&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.lsu.edu/gradschool_theses/2135?utm_source=digitalcommons.lsu.edu%2Fgradschool_theses%2F2135&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:gradetd@lsu.edu

INDUCTION OF ACQUIRED STRESSTOLERANCE FOR IMPROVING LANDSCAPE
SURVIVABILITY OF PETUNIA X HYBRIDA

A Thesis

Submitted to the Graduate Faculty of the
Louisiana State University and
Agricultural and Mechanical College
in partial fulfillment of
requirements for the degree of
Master of Science

The School of Plant, Environmental, and Soil Sciences

by
Jennifer Mader
B.S,, Louisiana State University and Agricultural and Mechanical College, 2007
August 2009



ACKNOWLEDGEMENTS

| am very grateful for many people who have supported me and my research over the past
few years. | would like to thank my advisor, Dr. Jeff S. Kuehny for his guidance, patience, and
valuable advice as amentor and friend. | would aso like to thank my committee members, Dr.
James Board and Dr. Jeff Beasley, for their continued support, comments and important direction
of my research. | would aso like to acknowledge Dr. Kevin McCarter who has been extremely
helpful with my statistical analysis. | would also like to thank Dr. Charles Johnson and Bob
Mirabello for their guidance and encouragement during both my undergraduate and graduate
studies. | would like to thank Victoria Hurst for always helping me with the littlest tasks and
being a constant ear and companion over the past six years. | greatly appreciate my lab members
See Teng Soo and especially Miao Liu who was always willing to help and give advice in every
area of my research.

| would like to dedicate this thesis to my parents, Beverley and Doug Mader, who have
supported and encouraged me my whole life and never let me quit, even when | didn’t think |
could make it. To my brothers, Stephen and Jonathan, and my grandfather, Harry Shiach, who
have helped me become the person | am today. | would also like to thank my best friends Rita
Bridges, Katie Garcia and Jamie Hilderbrand for their unconditional support, advice, patience,

encouragement, sense of humor and irreplaceable friendship that will last al of our lives.



TABLE OF CONTENTS

ACKNOWLEDGEMENTS ...ttt sttt sttt st bbb bt eneente s e i
I Y I e N = S v
LIST OF FIGURES. ... oottt ettt st e et e e s e e s e e e snae e s enae e e nnneeennneennnes viii
N =1 I 7 A 4 SR Xiii
CHAPTER 1. INTRODUCTION .....uiiiiiiiecceeesee et e et e s rtee e ste e st e e ssseessnaeesnneeeennaeesnneeesnneessnnees 1
L1ILITERATURE CITED....cciiiiiiieieeiieieiesie sttt st st sne s e e e nseneessennens 4
CHAPTER 2. LITERATURE REVIEW ...ttt 6
2.1 EFFECTS OF HEAT STRESS ON PLANT REPRODUCTIVE TISSUE........cccccocevvriennne. 7
2.2VEGETATIVE AND OTHER PHY SIOLOGICAL RESPONSES.........c..cccoveviieeeee e, 9
2.3 ACQUIRED THERMOTOLERANCE .......ooieestisie sttt 11
2.4 CHLOROPHY LL FLUORESCENCE........cccciieiieeeciie e siee e reee e see e svee e snee e e e 14
25 PETUNIA X HYBRIDAL.......co oottt sttt bt sne s e e e ae e nnas 17
2.6 LITERATURE CITED ..ottt rtee et e e te e see e s e s e e s e e e e e nnne e e enns 19
CHAPTER 3. EFFECT OF HIGH TEMPERATURE STRESS AND HEAT HARDENING
(PRECONDITIONING) ON GROWTH AND DEVELOPMENT OF PETUNIA........c.ccevuennen. 26
S LINTRODUGCTION ...ctiitiitieiieiesiesie sttt sttt se e e besbesbe st e sbesbe e e e e e eententennas 26
3.2 MATERIALS AND METHODS ...ttt 28
B2 L Plant MEENTal.......couiriiiiiieiesiineeie ettt bbbt n et nae st 28
3.2.2 Greenhouse Establishment Prior t0 Trealments.........ccccvvveiereeneeneneeneesee e 28
3.2.3 Enduring High TEMPErature SIrESS........c.cieeiuieiieeierieeieeseestesieeseessesaeseesseeae e esesneens 29
3.2.4 Short Duration Heat Shock (Preconditioning)..........ccceoveeeererereneneseseseeseeseesee e 30
3.2.5 Measurement of Growth and Development in the Greenhouse.............cccceveveveecienncnns 32
3.2.6 Field Study EStabliShmeNnt .........cccciiiiiiereee et 33
3.2.7 Field Data ColECHION........ciueeiiriirieieie ettt sa et 33
3.2.8 Experimental Design and Statistical ANAYSIS........cccoviieiirininerereeeeeee e 35
BB RESULTS. ..ttt et b et b e bt bttt et e bbbt b bttt et et et e 35
3.3.1 Effect of Enduring High Temperature Stress on Growth and Development of Petunia
during GreenhouSE ProdUCLION ..........cccuviierieeie e e sees et e et s ae e e e enenneens 35
3.3.2 Short Duration Heat Shock (Preconditioning)..........ccceoveeeererereneneseseseeeeseesee e 38
R T [0 S (00 | USSR 40
G I B 1 @ N S 44
S5 LITERATURE CITED .....ooiiiiee ettt st s ae st 49

CHAPTER 4. DETERMINING OPTIMUM CHALLENGING TEMPERATURES AND
DURATIONS FOR INDUCING ACQUIRED THERMOTOLERANCE IN PETUNIA X

[ = {0 52
AT INTRODUCTION ....ciiictii it etis e etee e etee sttt e st s s stae s s saaessbaessbeessbeesssbessssbesssssessssbessssseesns 52
4.2 MATERIALS AND METHODS ..... .ottt ettt earee e s eans 53

R N =T | WY = (= = 53
4.2.2 Greenhouse Establishment Prior t0 TreatmentS.........c.cocveeeiieieeeececieeeeeceiieee e eeireee s 54



4.2.3 Heat ShoCK/Sress TraatmMeNTS ......cooeeeeeeeeeeeeeeeeeeeeeeeeee e 54

4.2.4 Acquired ThermotoleranCe TESL ........ccvcveiiereee et 56
4.2.5 Measurement of Growth and Development in the Greenhouse............c.ccoceieieienienne. 57
4.2.6 Chlorophyll Fluorescence MeasUremMENTS..........c.cieereeiieeeesieeeeseeseeseesseesseseesseesseeneas 58
4.2.7 Experimental Design and Statistical ANalySIS.......cccveeeeeiienenirereseseeeeeeeeee e 58
A3 RESULTS ...ttt sttt b ettt et e b b s bt b e bt s bt et e e et et e et 60
4.3.1 Effect of Heat Shock and Enduring Heat SIreSS........c.coveieiierieneveseneeeeeeeeeee e 60
4.3.2 Effect Of HEAE SNOCK.........ciiiiriiiiiieee e 65
4.3.3 Effect of ENAUNg HEAE SIIESS ........cooviiiieiesierieeieeee e 70
4.3.4 Acquired ThermotoleranCe TESt (AT T) .ueieeieeie e e eeerre e 73
4.3.5 Heat Shock Treatment and Acquired Thermotolerance TeSt........coocvevvveevieeieeneeniennn. 83
4.3.6 Enduring Heat Stress Acquired Thermotolerance...........cocevveceeveeveeceseese s 87
4.3.7 Chlorophyll FIUOIESCENCE........ccueieiieeieeeeee e 90
4.4 DISCUSSION.....cuiiuiiuieiesiesiesteste st sseses e seeseessesaesaesbessessesseesassessesbesbesbesbesseeseeseeneensenseneessas 93
A5 LITERATURE CITED ...ttt sttt st nsenaa s nnas 98

CHAPTER 5. INDUCTION OF ACQUIRED THERMOTOLERANCE IN DIFFERENT
CULTIVARS OF PETUNIA X HYBRIDA AND EVALUATION OF SUBSEQUENT

LANDSCAPE PERFORMANC E.........ccotiitiiiicieitese e sttt stesse st e s eaenaesnesnas 101
5.1 INTRODUCTION ...cuiiiiieieiesiesie e siestesseseeeesee e sse e ssessesseeeesssssessessessessessessesnsessessessens 101
52 MATERIALS AND METHODS .......oo ottt st nne 102

5. 2.1 Plant Maerial.......cceieiiiiiieicieie ettt ae st nne e 102
5.2.2 Greenhouse Establishment Prior t0 Treaments..........cccveevveereeeeseeneseeseese e seeenes 103
5.2.3 Heat SNOCK TreatmeNt .......c..coiiiiiie et 104
5.2.4 Measurement of Growth and Development in the Greenhouse...........cccoceveierenenne 106
5.2.5 Field Study EStabliShment ..........ccooiiiiiiiiiecce e 107
5.2.6 Field Data COlECION .....ccvecieceeece ettt 108
5.2.7 Experimental Design and Statistical ANalYSIS.......ccoviieeiiiiiieeiie e 109

EIRC I s U 1 TSP 110
5.3.1 Effect of Heat Shock on Growth and Development of Different Petunia Cultivars... 110
B5.32 FIEIA SUAY ...t bbbt p e 113

5.4 DISCUSSION.......ciiiitiitiaieieiesiesie e stestessesseesessestessessessessesseessessessessessessessessessesssessessessens 123
55 LITERATURE CITED .....cciiiiiece ettt sttt sne st enennenne e 126
CHAPTER 6. SUMMARY AND CONCLUSIONS ..ot 128
LY I 1 RSSO 130



LIST OF TABLES

Table 3.1. The effect of heat shock treatment on Petunia x hybrida Dreams
‘Midnight’ flower count, flower size and shoot dry weight as indicated by
significance of fixed effects and INtEractions............cocvvererieieienese e 38

Table 3.2. The effect of heat shock treatment on Petunia x hybrida Dreams
‘Midnight’ flower count and shoot dry weight (g) at each week of production
INTNE GrEENNOUSE. ........eeeieciecee ettt et e st e e e eaeesteensesneesneeaesneesreenes 39

Table 3.3. The effect of enduring heat stress during greenhouse production on average
flower size after 3 weeksin the |andSCape..........cccveveeieceece e 40

Table 3.4. Cross-sectional diameter (cm) for al temperature treatments of Petunia x
hybrida Dreams ‘Midnight’ after 3 weeksin the landscape........ccccccevveveveevicce e, 42

Table 3.5. The effect of enduring heat stress during greenhouse production on Petunia
x hybrida Dreams ‘Midnight’ cross-sectional diameter over 3 weeksin the

[ANASTAPE...... ettt bbbt bbbt e e e 42
Table 3.6. The effect of enduring heat stress during greenhouse production on plant

quality at each week in the |andSCaPE ........cccevviieiiriseree e 43
Table 4.1 Heat shock/stress treatments of given temperature and duration.............ccccceeeveeernenne. 55

Table 4.2. The effect of combined heat shock every 3 d and enduring heat stress
temperature and duration on growth and development of Petunia x hybrida
Dreams ‘Midnight’ after three weeks in the greenhouse ... 61

Table 4.3. The effect of combined heat shock and enduring heat stress treatments on
growth and development of Petunia x hybrida Dreams ‘Midnight’ at each

Table 4.4. The effect of heat shock/stress temperatures and durations on growth and
development of Petunia x hybrida Dreams *Midnight’ after one week of
treatment iN the greNNOUSE............cueiiii e 63

Table 4.5. The effect of heat shock/stress temperatures and durations on growth and
development of Petunia x hybrida Dreams ‘Midnight’ after two weeks of
treatment iN the greBNNOUSE............oo i 64

Table 4.6. The effect of heat shock/stress temperatures and durations on growth and
development of Petunia x hybrida Dreams‘Midnight' Pre-ATT (after 3 weeks
of heat shock and enduring heat stress treatments and before exposure to
acquired thermotol €ranNCE TESE). .....uieiiiieeeeee e 64

Table 4.7. The effect of heat shock temperature and duration on growth and
development of Petunia x hybrida Dreams *Midnight” over 3 weeks. ........cccccevvevernenne. 65



Table 4.8. The effect of combined heat shock treatments on growth and devel opment

of Petunia x hybrida Dreams ‘Midnight’ for each week. ..........cccoevveiviceiicciece,

Table 4.9. The effect of enduring heat stress on growth and devel opment of Petunia x

hybrida Dreams ‘Midnight’ for each week of exposure in the greenhouse. ..............

Table 4.10. The effect of combined enduring heat stress treatments on growth and
development of Petunia x hybrida Dreams ‘Midnight’ after 1, 2 or 3 weeks of

EXPOSUIE. ....eoeveeececaeaesesesesesesesesesesesssesesssesesesesesesesesesesesesesesesesesesesesesesesesssesesesesesesesens

Table 4.11. The effect of heat stress/shock temperatures and durations on growth and
development of Petunia x hybrida Dreams ‘Midnight’ after acquired
thermotolerance test (ATT, exposure to 45/35°C for one week following heat

LUL= 101 1) TSP

Table 4.12. The effect of combined heat shock and heat stress treatments on growth
and development of Petunia x hybrida Dreams ‘Midnight’ after 3 weeks
treatment in the greenhouse (Pre-ATT) and post acquired thermotol erance test

(ATT, after one week exposure t0 45/35°C). .....ouurierierierienenerie e

Table 4.13. The effect of heat shock/stress temperatures and durations on growth and
development of Petunia x hybrida Dreams *Midnight’ Post-ATT
(preconditioned petunia after exposure to ATT, 45/35°C day/night for one

LTLS:=. 1 TR TSRS PP PR

Table 4.14. The effect of combined heat shock/stress temperature on number of
flowers per plant, average flower size, and average internode length of
Petunia x hybrida Dreams ‘Midnight’ after 3 weeks exposure to heat
preconditioning (Pre-ATT) and after one week exposure to 45/35°C (Post-

Table 4.15. The effect of combined heat shock/stress durations on number of flowers
per plant and average flower size of Petunia x hybrida Dreams * Midnight’
after 3 weeks exposure to heat preconditioning (Pre-ATT) and after one week

EXPOSUre t0 45/35°C (POSE-ATT) ittt

Table 4.16. The effect of combined duration or temperature on Petunia x hybrida
Dreams ‘Midnight’ shoot dry weight (g) after acquired thermotolerance test

(exposure to 45/35°C for one week following heat treatments)..........cccccveceeieeinenns

Table 4.17. The effect of heat shock temperature and duration on growth and
development of Petunia x hybrida Dreams ‘Midnight’ after ATT (ATT-
acquired thermotolerance test - exposure to 45/35°C for one week following

heat shock treatments every 3 d for 4 Weeks). ......ccceeveevvcvii i

Table 4.18. The effect of combined heat shock treatments (every 3d for 3 weeks) on
growth and development of Petunia x hybrida Dreams ‘Midnight’ (pre-ATT)

and following exposure to 45/35°C for one week (POSE-ATT).ceveeeeererienerieniesienins

Vi

....... 69

....... 71

....... 71

....... 77

....... 79

....... 84



Table 4.19. The effect of enduring heat stress on growth and development of Petunia
x hybrida Dreams ‘Midnight’ after acquired thermotolerance test (ATT -
exposure to 45/35°C for one week) following heat stress treatments for 4

Table 4.20. The effect of enduring heat stress temperatures on overall growth and
development of Petunia x hybrida Dreams *Midnight’ before (Pre-ATT) and

Post-ATT (ATT - acquired thermotolerance test at 45/35°C for one week). .............

Table 4.21. The effect of heat shock temperature and duration on the maximum
qguantum efficiency of PSI1 (Fv/Fm) using chlorophyll fluorescence
measurements of dark-adapted young and mature leaves of Petunia x hybrida
Dreams ‘Midnight’ before acquired thermotolerance test (Pre-ATT), and 3 or

7 d after acquired thermotolerance test (exposure to 45/35°C for one week). ...........

Table 4.22. The effect of heat shock treatment temperatures on the maximum
qguantum efficiency of PSI1 (Fv/Fm) using chlorophyll fluorescence
measurements of dark-adapted young leaves of Petunia x hybrida Dreams

A7 e oo U

Table 4.23. The effect of enduring heat stress temperatures on the maximum quantum
efficiency of PSI1 using chlorophyll fluorescence measurements of dark-
adapted young and mature leaves of Petunia x hybrida Dreams ‘ Midnight’
before acquired thermotolerance test (Pre-ATT), and 3 and 7 d after acquired

thermotolerance test (exposure to 45/35°C for one Week). .......cccveveeveenerinneenienene

Table 5.1 The class, number, series and cultivar, and overall performance of selected

Petunia x hybrida as evaluated by Kelly et al. 2007...........ccoooriririeieneneneeee

Table 5.2. Growth and development of nineteen Petunia x hybrida cultivars grown at

control (30/25°C day/night) or heat shock (45°C for 4 hevery 3d). ....ccocvvveiennnne.

Table 5.3. The effect of heat shock (45°C for 4 h every 3 d) or control 30/25°C
day/night) on growth and development of al cultivars of Petunia x hybrida for

each week during greenhouse ProdUCTION. ..........ccerererereneneneeee e

vii

....... 91

....... 92

....... 92

..... 112

..... 113



LIST OF FIGURES

Figure 3.1 Average day/night temperatures of control greenhouse (30/25°C) for one
week prior to transplanting PELUNIAL ..........cceieeieeiieieere e 29

Figure 3.2 Average day/night temperatures (°C) recorded in greenhouses for each
temperature treatment over 5 week course of experiment. A) Control 30/25°C
B) 35/25°C C) 40/30°C....tiieeeierieieesie ettt sttt b e et e et b e e nesaenne e 31

Figure 3.3 Average daily weather reports for Baton Rouge, L ouisiana during enduring
heat stress and heat shock experiments. A) minimum and maximum daily
temperatures (°C) and B) natural irradiance (U mol M-2 S PPFD)........ooeveveveereeeeeeennne 32

Figure 3.4 Average daily weather reports for Burden Center, Baton Rouge, Louisiana
during field evaluation of heat stressed and heat shocked Petunia x hybrida
Dreams ‘Midnight’. A) minimum and maximum daily temperatures (°C) and
B) natural irradiance (MOl M-2 ST PPFD).........oviieeeeeeeeeseseeeeeseeseeseeseeseeseesseeseesense 34

Figure 3.5. The effect of enduring high temperature stress on flower production
during greenhouse production of Petunia x hybrida Dreams ‘Midnight’.
Petunias were exposed to 30/25, 35/25 or 40/30°C day/night for a5 week
duration. Error bars represent mean of six measurements + standard error...................... 36

Figure 3.6. Average flower size (cm) of Petunia x hybrida Dreams ‘Midnight” when
exposed to 30/25, 35/25 or 40/30°C d/n for 5 weeks in the greenhouse. Means
with different letters are significantly different at P<0.05 (Tukey’'sS TeSt).......ccceververeenne. 37

Figure 3.7. Effect of heat stress on flower development in Petunia x hybrida Dreams
‘Midnight’ after 5 weeks of exposure. A) Elongated corolla tube with smaller
petal width observed in petunia grown at 40/30°C, B) Asymmetric and non-
fully expanded petals accompanied by bleaching and striations of petal
pigmentation in petunia grown at 40/30°C, C) Flower of petunia grown at
0 225 S OSSR 37

Figure 3.8. Effect of enduring high temperature on shoot dry weight (g) of Petunia x
hybrida Dreams *Midnight’ when exposed to 30/25, 35/25 or 40/30°C d/n for
5 weeks in the greenhouse. Error bars represent mean of six measurements +
Stz 110 = o = (0] PRSI 39

Figure 3.9. The effect of enduring high temperatures (30/25, 35/25 or 40/30°C)
during greenhouse production on flower count of field transplanted Petunia x
hybrida Dreams ‘Midnight’. Flower counts from field petunias exposed to
respective greenhouse temperatures were taken over a 3 week period. Means
with different |etters are significantly different at P<0.05 (Tukey’ S TeSt)......cccevvveereenne. 41

Figure 3.10. Effect of greenhouse temperature on plant quality after 3 weeksin the
field. Quality ratings 1 — 5 where 1=dead and 5=optimum field performance.
Means with different letters are significantly different at P<0.05 (Tukey’s



Figure 3.11. Pictorial representation of the effect of heat stress on petunia after 5
weeks treatment in the greenhouse and after 3 weeks transplanted in the
landscape. Top and middle side views of petuniagrown at 30/25, 35/25 and
40/30°C respectively, for 5 weeks in the greenhouse. Bottom pictures
represent greenhouse grown (30/25, 35/25 and 40/30°C) petunias after 3
weeks transplant in the [anNdSCaPE .........ooveieiierece e 44

Figure 4.1 Average day/night temperatures (°C) A) Control 30/25°C B) 35/25°C C)
40/30°C D) 45/35°C recorded in greenhouses for each temperature treatment
over a4 week COUrse Of EXPEITMENT........ccuoiiiieeierese e 56

Figure 4.2 Average day/night temperatures (45/35°C) in greenhouse during one week
acquired thermotOlEraNCE LESE. .........coii e 57

Figure 4.3 Average daily weather reports A) natural irradiance (i mol m? s* PPFD),
B) minimum and maximum daily temperature (°C) for Baton Rouge,
L ouisiana during heat shock/stress treatments and acquired thermotol erance

Figure 4.4. The effect of heat shock and enduring heat stress temperatures (°C) on
Petunia x hybrida Dreams *Midnight’ A) flowers per plant B) average flower
size (cm) C) shoot dry weight (g) D) total leaf area (mm?) and E) average
internode length (cm) after 3 weeks grown at 30°C or heat shock every 3d at
35, 40 or 45°C for al durations (2, 4, 6 or 24h). Means within each effect with
different letters are significantly different at P<0.05 (TUKey’'S TESE)......ccovvreeiveriereernnens 66

Figure 4.5. The effect of duration (hours) (for heat shock and enduring heat stress
treatments) on Petunia x hybrida Dreams *Midnight” A) flowers per plant B)
average flower size (cm) C) shoot dry weight (g) D) total leaf area (mm?) and
E) average internode length (cm) after 3 weeks grown at 30°C or heat shock
every 3 dfor all temperatures (35, 40 or 45°C). Means within each effect with
different letters are significantly different at P<0.05 (Tukey’STest)......ccccccvvviveveecieenne 67

Figure 4.6. The effect of heat shock temperature on average internode length of
Petunia x hybrida Dreams * Midnight’ over 3 weeks of treatment. Error bars
represent means of fifty-four observationS £SE............coooveiiiiiii 68

Figure 4.7. The effect of heat shock temperature and duration on average internode
length of Petunia x hybrida Dreams ‘Midnight’ from week 2 to week 3. Error
bars represent means of SIX 0DSErVatioNS £SE ...........oocvveiieiiiecee e 69

Figure 4.8. The effect of heat shock temperature on the average flower size of Petunia
X hybrida Dreams ‘Midnight’ at each week. Error bars represent means of
eighteen ObSErVatIONS £SE ..o 70

Figure 4.9. The effect of enduring heat stress on Petunia x hybrida Dreams
‘Midnight’ A) flowers per plant B) average flower size (cm) C) shoot dry
weight (g) D) total leaf area (mm?) and E) average internode length (cm) after



3 weeks grown at 30/25°C (control) or 35/25, 40/30 or 45/35°C. Error bars
represent means of eighteen observationsS£SE ... 72

Figure 4.10. The combined effect of heat shock and heat stress treatments on Petunia
x hybrida Dreams ‘Midnight’ A) average flower size (cm) and B) average
internode length, before one week exposure to 45/35°C, (Pre-ATT) and after
exposure (Post-test). Error bars represent means of six observations+SE...................... 76

Figure 4.11. Pictorial representation of flower structures of Petunia x hybrida Dreams
‘Midnight’ after acquired thermotolerance test (45°C for one week) for A)
petunia grown at 30/25°C for 4 weeks, B) petunia heat shocked at 45°C for 4h
every 3d for 4 weeks, and C) petuniagrown at 45/40°C for 4 weeks..........cccvvevvevernnnne. 77

Figure 4.12. The effect of combined heat shock/stress temperature on total leaf area
(mm?) of Petunia x hybrida Dreams ‘Midnight’ for both pre and post-acquired
thermotolerance test. Error bars represent means of forty-eight observations

Figure 4.13. The effect of heat shock treatment (35, 40 or 45°C for 2,4 or 6 hevery 3
d) and heat stress (35/25, 40/30 or 45/35°C, 24 h duration) on relative
chlorophyll content of Petunia x hybrida Dreams *Midnight’ prior to (pre-
ATT) and after (post-ATT) one week exposure to 45°C (ATT - acquired
thermotolerance test). Error bars indicate means of six observations+ SE...................... 82

Figure 4.14. The effect of heat shock (35, 40 or 45°C for 2, 4 or 6 h every 3d) or heat
stress (35/25, 40/30 or 45/35°C) on plant quality of Petunia x hybrida Dreams
‘Midnight’ after one week exposure to 45°C (acquired thermotolerance test -
ATT). Error bars indicate means of six observations+ SE.............ccoovinniiiicicncnen, 83

Figure 4.15. The effect of heat shock temperature for all durations (35, 40 or 45°C for
2, 4 or 6 h every 3d) on flower count of Petunia x hybrida Dreams *Midnight’
after 3 weeks of heat shock treatment (pre-ATT) and post-ATT (following
exposure to 45/35°C for one week). Error bars represent means of eighteen
(0] 01 S AV (0] e = 85

Figure 4.16. The effect of heat shock temperature and duration (35, 40 or 45°C for 2,
4 or 6 h every 3d) on average internode length (cm) of Petunia x hybrida
Dreams ‘Midnight’ after 3 weeks of heat shock treatment (pre-ATT) and
following exposure to 45/35°C for one week (post-ATT). Error bars represent
Means Of SIX ODSEIVALIONS ZSE..........coiiiieee s 85

Figure 4.17. A pictorial representation of decreased internode length observed in
Petunia x hybrida Dreams * Midinght’ grown at 30°C after one week exposure
to 45°C (acquired thermotolerance test). A) Top view of petunia grown at
30°C after one week exposure to 45°C and B) Close-up view of decreased
INEErNOTE TENGEN. ...ttt 86

Figure 4.18. The effect of enduring heat stress on Petunia x hybrida Dreams
‘Midnight’ A) flower count, B) average flower size (cm) and C) average

X



internode length (cm) after enduring heat stressfor 3 weeks (Pre-ATT) and
following exposure to 45/35°C for one week (Post-ATT - acquired
thermotolerance test). Error bars represent means of six observations£SE..................... 88

Figure 4.19. Pictorial representation of the effect of one week heat stress at 45°C
(acquired thermotolerance test) on non-heat shocked Petunia x hybrida
Dreams ‘Midnight’ grown at 30°C. A) Side view of petuniagrown at 30°C
before exposure to 45°C, B) Top view of petuniagrown at 30°C before
exposure to 45°C, C) Side view of petuniagrown at 30°C after one week
exposure to 45°C and D) Top view of petunia grown at 30°C after one week
EXPOSUME L0 45°C ...ttt sttt a b e st e nbb e e e be e e sbee e sbe e e s aeeennreeen 89

Figure 4.20. Pictorial representation of the effect heat shock at 45°C every 3d on
Petunia x hybrida Dreams ‘Midnight’ for durationsof A) 2h, B) 4 h, C) 6 hor

Figure 5.1. Average day/night temperatures (°C) A) Control 30/25°C, B) 30/25°C and
heat shock at 45°C for 4h every 3d, C) Control 30/25°C, D) 30/25°C and heat
shock at 45°C for 4 h every 3 d recorded in greenhouses for each temperature
treatment over a4 week Course Of EXPErIMENL.........ccccvrireriererererese e 105

Figure 5.2. Average daily weather reports A) natural irradiance (L mol m? s* PPFD),
B) minimum and maximum daily temperature (°C) for greenhouse experiment
located at Louisiana State University, Baton Rouge, Louisiana...........cccceeeveeerieeieennnnns 106

Figure 5.3. Average daily weather reports A) natural irradiance (L mol m?s* PPFD),
B) minimum and maximum daily temperature (°C) for field study located at
Burden Center, Baton ROUJE, LOUISIANAL.......cceiuiririieiieie et see st see s 109

Figure 5.4. The effect of heat shock (45°C for 4 h every 3 d) (Control = 30/25°C
day/night) on the A) number of flowers per plant, B) average flower size (cm),
C) relative growth rate, D) leaf arearatio and E) relative internode length of
nineteen cultivars of Petunia x hybrida after 4 weeksin the greenhouse. Error
bars represent means of observations +SE (Floribunda n=48) (Grandiflora
N=216) (SPreading N=192). .......ccci it b e s re e 111

Figure 5.5. A pictorial representation of Floribunda cultivars of Petunia x hybrida
after 3 weeks growth at 1) control (30/25°C) or 2) exposure to heat shock at
45°C for 4 hevery 3dor for A) ‘Madness Waterfall Mix’ and B) ‘Madness
I Y7 0T [ 1 o T TSROSO 114

Figure 5.6. A pictorial representation of transgenic grandiflora cultivars of Petunia x
hybrida after 3 weeks growth at 1) control (30/25°C) or 2) exposure to heat
shock at 45°C for 4 h every 3d or for A) ‘Mitchell Diploid and B) *44568'. ................ 114

Figure 5.7. A pictoria representation of Grandiflora cultivars of Petunia x hybrida
after 3 weeks growth at 1) control (30/25°C) or 2) exposure to heat shock at
45°C for 4 h every 3d or for A) ‘ Dreams Burgundy Picotee’, B) ‘Dreams
Wild Rose Mix’, C) ‘Storm Violet’ and D) ‘Storm Red .........cccoevevivirineneneeeeeee, 115

Xi



Figure 5.8. A pictorial representation of Grandiflora cultivars of Petunia x hybrida
after 3 weeks growth at 1) control (30/25°C) or 2) exposure to heat shock at
45°C for 4 hevery 3dor for A) ‘UltraSalmon, B) ‘UltraRed’ and C)

‘DreamS MidnigNt . .......cce it na e e eneenn

Figure 5.9. A pictorial representation of Spreading cultivars of Petunia x hybrida after
3 weeks growth at 1) control (30/25°C) or 2) exposure to heat shock at 45°C
for 4 hevery 3dor for A) ‘Easy Wave Shell Pink’, B) ‘Easy Wave Red and

C) "RamMbliN LAVENAEN". .......ooeeece ettt

Figure 5.10. A pictoria representation of Spreading cultivars of Petunia x hybrida
after 3 weeks growth at 1) control (30/25°C) or 2) exposure to heat shock at
45°C for 4 hevery 3dor for A) ‘Ramblin White', B) ‘Avalanche Lilac’, C)

‘Avalanche White', D) ‘Wave Pink’ and E) ‘Wave BIUE ...........ccccoeecvvvevvccieceenee,

Figure 5.11. The effect of heat shock (45°C for 4h every 3 d) (Control = 30/25°C
day/night) applied in the greenhouse on the number of flowers per plant of
seventeen cultivars of Petunia x hybrida after 6 weeksin the field. Error bars

represent means of eighteen observations+SE. ...,

Figure 5.12. The effect of heat shock (45°C for 4 h every 3 d) (Control = 30/25°C
day/night applied in the greenhouse) on average flower size (cm) of seventeen
cultivars of Petunia x hybrida after 6 weeksin the field. Error bars represent

means of eighteen obsServatioNS SE. ..o

Figure 5.13. The effect of heat shock (45°C for 4 h every 3 d) and Control (30/25°C
day/night) applied in the greenhouse on shoot dry weight (g) of seventeen
cultivars of Petunia x hybrida after 6 weeksin the field. Error bars represent

means of eighteen obsServatioNS SE..........ccooi i

Figure 5.14. The effect of heat shock (45°C for 4 h every 3 d) and Control (30/25°C
day/night) applied in the greenhouse on total leaf area (mm?) of seventeen
cultivars of Petunia x hybrida after 6 weeksin the field. Error bars represent

means of eighteen ObSEIVALiONS £SE.........ccciiiiiieee e

Figure 5.15. The effect of heat shock (45°C for 4 h every 3 d) and Control (30/25°C
day/night) applied in the greenhouse on average internode length (cm) of
seventeen cultivars of Petunia x hybrida after 6 weeksin the field. Error bars

represent means of eighteen obSarvatioNS £SE. ..o

Figure 5.16. The effect of heat shock (45°C for 4 h every 3 d) and Control (30/25°C
day/night) applied in the greenhouse on landscape plant quality of seventeen
cultivars of Petunia x hybrida after 6 weeksin the field. Error bars represent

means of eighteen ObSEIVaLiONS £SE ...

Xii

..... 116

..... 118

..... 122



ABSTRACT

Heat stressis one of the greatest challenges affecting growth and development of bedding
plants during greenhouse production and in the landscape. Inducing an acquired stress tolerance
during production may greatly improve postproduction marketability and survival in the
landscape when exposed to heat stress. Few researches have investigated the morphol ogical
effects of bedding plants during heat shock or enduring hesat stress preconditioning in the
greenhouse and subsequent landscape performance. The present objectives were to quantify
morphological and physiological responses to heat stress and use this information to develop a
greenhouse protocol for inducing acquired thermotolerance for improved landscape survivability
using Petunia x hybrida.

Preliminary studies revealed petunia Dreams ‘Midnight’ grown at 35/25 or 40/30°C
caused desirable traits such as compact growth for improved landscape performance but also
decreased flowering during production resulting in poor marketable quality. Heat shock at 35 or
40°C for 2 h every 7 d did not significantly effect petunia growth and devel opment.

Determination of optimum heat shock temperature and duration for development of
acquired thermotolerance revealed that heat shock every 3 d or enduring heat stress was most
effective at 45°C. However, the critical duration or frequency of exposure necessary for
promotion of a heat tolerant marketable plant at 45°C was not fully elucidated within the
treatments investigated. Chlorophyll fluorescence (maximum quantum efficiency of PSII -
Fv/Fm) was measured in young and mature leaves to investigate stress response and
photosynthetic performance of petunia pre and post acquired thermotolerance test. Fv/Fm ratios
indicated the heat shock or enduring heat stress treatments did not cause permanent damage to

photosynthetic apparatus.
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Nineteen previously evaluated petunia cultivars from three plant classes were heat
shocked at 45°C for 4 h every 3 d during greenhouse production followed by landscape
evaluation. Greenhouse and field results indicated the heat shock treatment did not significantly
promote heat tolerance compared to control.

The critical temperatures used in this study were effective for promoting heat tolerancein
petunia, but specific durations or frequency of exposure at 45°C should be further investigated in

order to define an effective acquired thermotol erance protocol to improve landscape survivability.
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CHAPTER 1. INTRODUCTION

Floriculture in the United Statesis abillion dollar industry that is comprised of avariety
of flowering and foliage plants. Within the industry, bedding plants represent herbaceous annual
or perennia flowering plants typically used for color in maintained landscapes. According to the
USDA 2007 Floriculture Crops Summary, the wholesale value in sales of bedding plants was
$1.26 billion and accounted for the largest percent of wholesale sales of al floriculture crops
(U.S. Department of Agriculture, 2008). Bedding plant production is greatest in early spring and
late summer to early fall depending on species and climate. Because of their potential for year
round production and generally short production time, bedding plants are widely grown for their
high economic yield and efficiency. With high demand from consumers in retail nurseries and
landscape contractors, bedding plants remain the primary crop for growers within the industry.
This high demand can aso be reflected in the numerous breeding programs focused on
development of new and ‘improved’ cultivars.

Bedding plants are typically propagated by seed or vegetative cutting and produced as
plugs for greenhouse production (Styer and Koranski, 1997). Plugs are grown in trays consisting
of numerous cells ranging in soil volume from 21.74 to 3.5 cm®, with the most common sizes
being 288 and 512 cells per tray (Hamrick, 1989). Bedding plant plugs are commonly
transplanted into larger cell packs or containers during production which will then be sold to the
consumer.

Achieving optimum plant quality during greenhouse production and in the landscapeisa
shared goal for plant breeders, growers and landscape contractors. However, as with any crop,
efficient growth and stability of bedding plants during production and postproduction can be
problematic due to unpredictable and sometimes uncontrollable growing environments. The

growth and development of a plant includes highly sensitive morphological and physiological



processes within the plant (Pollock et al., 1993). There are many abiotic factors that may limit
optimum growth and development of a plant, some of which include nutrient availability, light
quality and quantity, drought stress and heat stress (Alscher and Cumming, 1990; Hall, 2001).
Advances in technology and proper management practices have helped to aleviate many of these
stresses during production. However, due to increasing air temperatures and energy costs, heat
stress in particular continues to be one of the greatest challenges during greenhouse production
of bedding plants and also during postproduction in the landscape. Prolonged exposure to heat
stress can cause permanent damage to the growth and development of the plant (Hall, 2001).
Symptoms of heat stress are described as extreme wilt, yellowing or senescence of leaves, |eaf
curl, stunted growth and underdevel oped flowers or fruit (Dole and Wilkins, 2004; Kuroyanagi
and Paulsen, 1988; Larcher, 1995; Lohar and Peat, 1998). Research by Natarajan (2005) found
that exposure of Salvia splendens F. Sellow ex Roem & Schult.' Sizzler Red’ to short duration
temperature stress of 35°C for 3h every 3d resulted in marginal leaf burning and necrosis of the
leaves while exposure to 40°C caused reduction in plant height, shoot and root dry weight. With
such constant demand for quality plants, addressing the issue of heat stress has been a priority for
research within the industry. Currently, much of the research concerning high temperature stress
focuses on many horticultural and agronomic crops but not bedding plants (Adedipe et al., 1971,
Knight and Ackerly, 2003; Liu and Huang, 2002; Valladares and Pearcy, 1997; Wright et al .,
2001). Research conducted on bedding plants pertains more to breeding programs using
inefficient field trials and selections based primarily on aesthetics. While strong aesthetic quality
of bedding plantsis an important goal, there are many physiological and morphological traits
equally important to consider when breeding a‘ heat tolerant’ plant. Because of thisindiscretion,
many of the bedding plants marketed for such heat tolerance are not truly ‘tolerant’ and

inevitably become a disappointment in postproduction (Natargjan, 2005).



A plant’s ability to acclimate and perform necessary metabolic processes during heat
stress isimportant for assigning heat tolerance and is crucial for survivability in stressful
environments (Hale and Orcutt, 1997; Lichtenthaler, 1996). A plant’s natural tolerance to heat
has much to do with its native climate and optimal growing temperature. In nature, the
geographical distribution of plantsis strongly linked to their adaptability to a particular climate
(Mahan et a., 1997). However, mass production of non-native plants occurs in areas where the
growing environment is considered to be undesirable. Thisis especially true in the southern
United States where many cool-seasoned plants are being produced under much higher
temperatures and oftentimes at the expense of plant quality or landscape longevity. For example,
petuniais avery popular bedding plant and has an optimum growing temperature of
approximately 24°C (Ball Horticultural Company, West Chicago, IL). Production isideal for
temperate climates; however, petuniais also commonly produced in subtropical regions for late
summer and early fall planting, but can be very challenging due to temperatures that can easily
approach 40°C in the greenhouse and in the landscape. In addition, most growing
recommendations do not include guidelines for production under heat stress conditions
(Hancheck and Cameron, 1995). Under these circumstances, promoting acquired
thermotol erance during production would be beneficial to the plant as well as the grower and
landscaper.

Acquired thermotolerance may be obtained through temperature preconditioning using
supraoptimal temperatures for specific durations (Natargjan, 2005). Growers would be able to
use high temperatures to their advantage during production and induce thermotolerance in plants
resulting in a marketable plant in the greenhouse and improved landscape survivability. Using an
acquired thermotolerance protocol in the greenhouse would also promote more sustainable

production practices and help alleviate energy costs used to cool the greenhouse. Thereislittle



research on the morphological and physiological effects of acquired thermotolerance on bedding
plants during production and their resulting landscape performance. Therefore, the objectives of
this research were to quantify morphological and physiological responses to heat stress and use
thisinformation to develop a greenhouse protocol for inducing acquired thermotolerance for
improved |landscape survivability. Thiswas achieved through the following studies using Petunia
x hybrida: 1) determine the effect of enduring high temperature stress and short duration heat
shock (preconditioning) on growth and development; 2) determine optimum heat shock
temperature and duration for development of acquired thermotolerance and to test
thermotol erance through subsequent heat stress; 3) use determined heat shock temperature and
duration for induction of acquired thermotolerance of several petunia plant classes and evaluate
subsequent landscape performance.
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CHAPTER 2. LITERATURE REVIEW

The effect of temperature on plants can be divided into three categories: air, leaf, and soil
temperature. These temperatures are not always consistent with each other and may differ under
certain environmental conditions (i.e. humidity, light intensity, and air circulation). Air
temperature is more readily monitored therefore growing recommendations usually refer to day
and night air temperatures (Dole and Wilkins, 2004). Temperature can affect a plant in many
ways and growers have been manipulating temperatures for many yearsin order to achieve
certain characteristics. In order to regulate height in some plant species, growers sometimes use a
concept known as DIF (Myster and Moe, 1995). This term refers to the difference between day
and night temperatures (day — night = DIF), where higher day temperatures (+DIF) promote stem
elongation and higher night temperatures reduce stem elongation (Erwin et a., 1989; Warner and
Erwin, 2001).

Temperature may not always be easily manipulated or controlled, especially during the
summer months or in hotter climates. When plants are exposed to higher temperatures than their
optimum range, there may be damaging effects to plant function resulting in reduced growth,
development and yield (Gusta et al., 1997; Harding et a., 1989). The term heat stressis defined
as when exposure of plants to high temperatures for a specific length of time will cause
irreversible damage to plant metabolism and overall development (Hall, 2001). Metabolic
processes tend to be highly sensitive to temperature. Fluctuations in temperature may affect not
only the type of protein being synthesized, but also the amount being produced or cause
inactivation and denaturation of enzymes and proteins (Pollock et al., 1993; Nakamoto and
Hiyama, 1999). A temperature that is considered to cause heat stressin aplant isrelated to a
species optimum temperature and may also differ depending on the stage of growth or

development at which the plant is exposed (Burke, 1990).



21 EFFECTSOF HEAT STRESSON PLANT REPRODUCTIVE TISSUE

Heat stress can be amajor challenge for production of fruits, vegetables and floriculture
crops. Reproductive stages of a plant can be highly sensitive and can affect the development of
reproductive organs in many different ways. Flower response to heat stressis dependent on the
species and even some cultivars within a species may differ in flower characteristics when
exposed to high temperatures. Past research has indicated that the response of flower number in
tomato (Lycopersicon esculentum Mill.) to heat stress differs greatly among cultivars, even those
labeled as ‘ heat tolerant’ (Abdul-Baki, 1991; Charles and Harris, 1972). However, some
characteristics like association of total flower bud and flower production may be a more
acceptable standard when selecting for heat tolerance (Lohar and Peat, 1998). According to a
study by Bjorkman and Pearson (1998), broccoli (Brassica oleracea var. italica L.) was exposed
to heat stress at different developmental stages to study the effect on broccoli inflorescence. The
exposure to hesat stress resulted in variation of flower bud size. The *Galaxy’ cultivar of broccoli
at different developmental stages were exposed to 35/22°C day/night for one week in agrowth
chamber. Results indicated a stronger response to heat stress during reproductive stage. The
authors concluded that the uneven size in flower buds was due to a delay in bud devel opment
rather than adirect inhibition of bud initiation.

There have been many studies that have investigated the effect of heat stress on tomato
(Lycopersicon esculentum Mill.) which isin the same family as Petunia x hybrida hort. Vilm.-
Andr., Solanaceae. Lohar and Peat, (1998) studied floral characteristics of known heat-sensitive
and heat-tolerant cultivars of tomato (Lycopersicon esculentum Mill.) when exposed to 15/10,
22/17, 28/23, and 35/30°C day/night air temperatures. Results showed that the heat tolerant
cultivar, when exposed to 35/30°C, displayed earlier flowering. The heat tolerant cultivar also

produced more flower buds than the heat sensitive cultivar when exposed to the three warmer



temperature treatments. Anthesis at 35/30°C in the heat-sensitive cultivar was greatly reduced
but may be due to elevated night temperature (30°C) rather than the higher day temperature
(35°C). Thisis consistent with other reports where heat stressis applied at night as well as during
the day as seen in pea (Pisum sativum L.) (Guilioni et a., 1997). Research by Lohar and Peat
(1998) a'so found that morphology of the flower was also greatly affected by heat stressin both
cultivars. Heat sensitive cultivar at 35/30°C had only a calyx and no petals while flowers of the
heat tolerant cultivar were not aborted but displayed “underdevel oped inner whorls restricted
within the calyx” (Lohar and Peat, 1998). Stigma exertion is also a characteristic of heat stressed
flowers but does not greatly affect pollination and should not always be seriously considered
when selecting for heat tolerance of a cultivar (El Ahmadi and Stevens, 1979). Other reports
indicate that the sequence of flowering or the presence of older reproductive structures on a plant
can affect the development of future flowers or fruit when exposed to heat stress (Aloni et al.,
1991; Guilioni et al., 1997; Sato et a., 2001).

As mentioned earlier, some research has indicated that elevated night temperatures or
mean day/night temperature can have a greater affect on flowering than high day temperature
alone. However, the flowering response may differ depending on species, photoperiod
requirements, duration and time of heat stress exposure. Some reports using cowpea (Vigna
unguiculata (L.) Walp.) showed that moderate heat stress of at least 20°C at night can be more
damaging to reproductive development than when the plants were exposed to 40°C day
temperature (Warrag and Hall, 19844, b). A study by Cockshull and Kofranek (1993) indicated
that flower bud initiation in chrysanthemum (Chrysanthemum x grandiflorum L.) was delayed
when exposed to elevated night temperature (32°C) for a short period of time at the beginning of
(SD) while bud formation was delayed when exposed for longer durations. The authors al'so

noted that high night temperatures (32°C) caused leaves to become chlorotic and delay in stem



elongation. Willits and Bailey (2000), studied exposure of high night (20 to 26°C) and mean
diurnal temperatures (22 to 27°C) over a4 yr period to heat-sensitive and heat-tolerant cultivars
of chrysanthemum (Chrysanthemum x grandiflorum L.) and found that heat-sensitive cultivars
showed a greater difference in the inflorescence diameter compared to more heat-tol erant
cultivars.
22VEGETATIVE AND OTHER PHYSIOLOGICAL RESPONSES

Plant exposure to heat stress may result in foliar chlorosis, necrosis and underdevel oped
growth of aplant and flowers (Dole and Wilkins, 2004; Hall, 2001; Larcher, 1995). However,
these characteristics are often an indirect result due to increased transpiration and water stress
associated with high temperatures (Burke, 1990). When exposed to high temperatures, the
symptoms expressed in shoot and leaf tissue may be directly associated with damage to the root
system, photosynthetic apparatus, and inhibition of water and nutrient uptake (Ashraf and Hafeez,
2004; Berry and Bjorkman, 1980; Aldous and Kaufmann, 1979; Gur and Shulman, 1979). A
study by Huang and Xu (2000) investigated the effects of high air and soil temperatures on
creeping bentgrass (Agrostis palustris Huds.). The study reveaed that a combination of high soil
and air temperatures (35/35°C) caused greater damage to root growth, photosynthetic activity
and turf quality than either stressful temperature alone. The study also showed that higher soil
temperatures (20/35°C) compared to higher air temperatures (35/20°C) caused a significant
decrease in not only root growth but photosynthetic activity and shoot growth as well. The effect
of heat stress temperatures of 23, 29, or 32°C exposed to perennial grass, Lolium perenne (Trin.)
Tzvel., was investigated by measuring photosynthetic gas exchange, the maximal efficiency of
PSII photochemistry determined by leaf chlorophyll fluorescence measurements, nitrogen level,
and lipid peroxidation. Results indicated that high temperature decreased plant biomass,

inhibited nutrient uptake, and had detrimental effect on plant qualities (Xu and Zhou 2006).



Other studies have indicated that distribution of photoassimilates can be inhibited at high
temperatures (Ewing, 1981; Jiao and Grodzinski, 1996). Also, membrane fluidity is considered
to be afactor in aplant’s ability to sense changes in temperature (Sung et a., 2003). Membrane
stability at high temperaturesis crucia for normal plant function and survivability (Raison et al.,
1980). There have been numerous studies on the effects of heat stress and membrane stability
where results indicate a strong connection between tolerance to high temperatures with increased
membrane stability as seen with kentucky bluegrass (Poa pratensisL.) (Marcum, 1998); wheat
(Triticum aestivum L.) ( Ibrahim and Quick, 2001); soybeans (Glycine max (L.) Merr.)
(Martineau, 1979); and tomato (Lycopersicon esculentum Mill.) (Chen et al., 1982).
Photosynthesisis a very heat-sensitive process that can have reversible effects on rate
when exposed to temperatures ranging from 10°C to 35°C, but may cause permanent damage to
the photosynthetic apparatus at temperatures below or above this range (Berry and Bjorkman,
1980; Burke, 1990). Heat stress causes changes in membrane structures and interferes with
protein-lipid relations within the chloroplast (Gounaris et a., 1983). Results from Smillie et al.
(1978) indicated that chloroplast biogenesis was inhibited when barley (HordeumL.) plants were
grown at temperatures greater than 32°C. Photosynthetic yield and efficiency is dependent on
thermostable interactions between light harvesting pigments and photosystem reaction centers
(Armond et al., 1978). Photosystem Il is considered the most heat-sensitive mechanism of
photosynthesis (Berry and Bjorkman, 1980; Havaux, 1993). Stidham et al., (1982) used
wheatgrass (Triticum aestivum L..) to show that the effects of heat stress on light reactions were
significantly correlated to the duration of pre-exposure to temperatures greater than 35°C. Burke
(1990) studied acclimation of the photosynthetic electron transport chain at PSI1 in wheat
(Triticum aestivum L..) by monitoring changesin chlorophyll fluorescence. Results showed a

reduction in Fv/Fo ratio of seedlings grown at control (22°C) after subsequent heat stress
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treatment at 42°C, while the ratio remained steady in wheat seedlings with previous heat shock
treatment of 40°C before exposure to 42°C heat stress, indicating an acquired thermotolerance of
PSI1. When using chlorophyll fluorescence to study the effects of environmental stresses on the
photochemical efficiency of PSII or underlying damage to the photosynthetic apparatus, the most
common measurement used in research is the maximum quantum efficiency of PSII (Fv/Fm)
determined by the ratio of variable fluorescence (Fv) to maximal fluorescence (Fm) in dark-
adapted leaves (Maxwell and Johnson, 2000).
2.3 ACQUIRED THERMOTOLERANCE

Plants have the capacity to cope with environmental stresses using various morphological
and physiological mechanisms (Hall, 2001). These mechanisms have been the interest of many
researches and plant breeders over the past few decades in an effort to promote higher
performing cropsin variable environments (Maestri et al., 2002; Queitsch et al., 2000; Ismail and
Hall, 1999). A plant’s ability to acquire tolerance to a particular stress depends on the genotype,
level of susceptibility and optimum growing environment (Jones and Jones, 1989; Ketring, 1984).
For tolerance of high temperature stress, this process can be performed through long term pre-
exposure, commonly known as acclimation or ‘ heat-hardening’, or through acute short duration
exposure known as heat shock. The latter processis more definitive of an acquired
thermotol erance, where pre-exposure to supraoptimal temperatures for arelatively short period
of time triggers internal mechanisms that enable a plant to survive during lethal temperatures
(Sung et al., 2003).

A study by Wu and Wallner (1984), focused on using heat shock (38°C for 20 min) and
elevated growing temperature (30°C) on suspension-cultured pear (Pyrus communis (L.) cv
Bartlett) cellsto induce heat tolerance. Following pretreatment, treated cells were exposed to

43°C for 20 min heat stress and returned to 22°C control temperature for 10 d before taking %
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viability tests. Regrowth (culture growth 10 d after heat stress), electrolyte leakage, and TTC
(triphenyltetrazolium chloride) reduction measurements were taken to determine % viability and
subsequent heat tolerance. The results indicated that heat shock at 38°C for 20 min had the
highest % heat tolerance when pear cells were exposed to 43°C heat stress after heat shock
treatment and regrown at control (22°C) for 10 d. In addition cells grown in control temperature
showed less than 15% viability when exposed to same heat stress of 43°C for 20 min. Over the
ten day period, it was aso noted that the heat tolerance declined after about 3 d which seemed to
be consistent with studies that show a decrease in heat shock protein synthesis upon return to a
more optimal temperature (Key et a., 1981). This study also looked at inducing heat tolerance
by growing in a supraoptimal temperature of 30°C, atemperature considered stressful but isless
than the temperature used for heat shock. These results showed that heat tolerance was induced
after 3 d and declined after 6 d. The treated cells also had a higher % viability (60-65%) when
compared to the control but were significantly less when compared to % viability of heat
shocked cells (90-95%). However, the decline in heat tolerance did not occur the same way in
both treatments; those acclimated at 30°C lost tolerance in the first two days while those heat
shocked retained it for theinitial 2 d. Also, this study compared cells grown at 30°C to cells
grown at 30°C with an additional heat shock before exposure to heat stress. These results indicate
that after 24 h, cells grown at only 30°C had a significantly less survival % than those with the
additional heat shock. It was aso noted that viability tests for heat shocked cells at 38°C for 20
min and those hardened at 30°C were significantly different when compared to control cells.
While the hardened cells %oviability increased in all three tests (TTC reduction, electrolyte
leakage, and regrowth potential), cells that were heat shocked also increased in % viability but
had lower TTC and EC than hardened cells. However, heat shocked cell regrowth potential was

significantly higher than the cells grown at 30°C. Thus, both treatments provide some type of
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heat tolerance but seem to induce tolerance differently from each other. It may be that heat shock
and heat injury are dependent on atemperature and duration interaction (Levitt, 1980). Research
by Ortiz and Cardemil (2001) studied two leguminous plants with known acquired
thermotolerance. These plants were evaluated at the seedling and mature plant stages. Seeds
from Prosopis chilensis (Mol.) Stuntz and Glycine max (L.) Merr. were germinated at 25 or 35°C
and were subjected to heat shock treatments in a growth chamber at 25, 30, 35, 40, 45, 50°C or
35, 40, 45, 50°C respectively, for 2 h. The response to relative growth of embryo axis' length
between species was evaluated and results indicated that P. chilensis (Mol.) Stuntz germinated at
25°C increased relative growth at 30, 35, and 40°C but decreased at 45°C when compared to
control. Seedling growth temperature was found to be lethal at 50°C. Glycine max (L.) Merr.
seeds germinated at 25°C (control) increased relative growth at 30 and 35°C but decreased at 40
and 45°C and 50°C was lethal. However, when seedling were germinated at 35°C, both species
were able to survive at 50°C and P. chilensis (Mol.) Stuntz increased relative growth rate (RGR)
at 35, 40 and 45°C compared to the control while RGR of Glycine max ( L.) Merr. decreased at
al higher temperatures compared to control at 25°C. Natargjan and Kuehny (2008) exposed heat
sensitive and tolerant cultivars of Salvia splendens F. Sellow ex Roem & Schult. to heat shock
treatments of 35°C every three days until flowering. Significant differences were observed
between heat sensitive and heat tolerant cultivars for leaf size and thickness as well as gas
exchange and transpiration.

One physiological mechanism strongly linked to plant thermotolerance is the induction of
specific proteins known as heat-shock proteins (HSPs) (Vierling, 1991). These special proteins
areinitiated rapidly during short duration pre-exposure to supraoptimal temperatures when
normal protein synthesisis inhibited. HSPs have been associated with stabilizing proteins,

chaperone function, protein folding and transport, as well as keeping steady membrane state
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(Balogi, 2003; Hassane et a., 2002; Ellis, 1987). The temperature that provokes synthesis of
HSPs is species dependent but is generally induced at temperatures that are 10°C higher than the
optimal temperature of that species (Pollock et al., 1993; Parsel and Lindquist, 1993). Acquired
thermotol erance associated with HSPs exists only when plants are re-exposed to optimal
temperatures after heat shock exposure. During this time, the heat-shock initiated HSPs genes are
fully synthesized resulting in thermotolerance (Howarth, 1991). It should aso be noted that the
rate, time and amount of HSPs synthesis is species dependent and not necessarily a permanent
response that can be prolonged through longer heat shock treatments (Pollock et al., 1993;
Kimpel et a., 1990; Necchi et a., 1987). Natargjan (2005) investigated acquired thermotol erance
and synthesis of heat shock proteins for two cultivars of Salvia splendens F. Sellow ex Roem &
Schult., heat tolerant *Vista' and heat sensitive * Sizzler’. Both cultibars were either grown at
25/18°C (control) or preconditioned at 35°C for 3 h every 3 d before exposure to 30/23°C or
35/28°C. Results indicated that synthesis of heat shock proteinsincreased in heat tolerant *Vista
in both control and preconditioned plants resulting in better plant performance. However, SHSP
in‘Sizzler’ control plants were not affected and were increased in preconditioned plants but the
increased synthesis of sHSP showed no direct relation to plant performance.
24 CHLOROPHYLL FLUORESCENCE

Heat tolerance has also been strongly associated with increased thermotolerance of the
photosynthetic apparatus and PSII (Berry and Bjorkman, 1980). A very effective and non-
invasive approach to estimating photochemical efficiency and investigating stress to the
photosynthetic apparatus is by measuring chlorophyll fluorescence. When leaf chlorophyll
molecules absorb light, the excited electron may return to the ground state using one of three
mechanisms. Energy may relax and be given off as heat, be reemitted as light (fluorescence), or

most importantly used for photochemical reactions to drive photosynthesis (Buchanan et al.,
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2000). These mechanisms for relaxation compete with one another so that an increasein
efficiency of one mechanism can be observed as decreases in yields for the other mechanisms
(Maxwell and Johnson, 2000). When PSI1 absorbs light, a series of electron transfers occur
through photochemical reactions within the reaction center. A reaction center is referred to as
‘closed’ when an electron has already been accepted and has yet to be transferred to another
carrier. The reaction center is unable to accept another electron until this transfer occurs resulting
in decreased photochemical efficiency and an increase in chlorophyll fluorescence (Maxwell and
Johnson, 2000; Rohacek and Bartak, 1999). Therefore, a sustained reduction of photochemical
efficiency as reflected by changesin chlorophyll fluorescence yields can be inferred asinjury or
stress to the photosynthetic apparatus (Bilger et al., 1995).

Although there has been vast research on chlorophyll fluorescence for over 50 years, the
applied science, instrumentation, methodology and standardized nomenclature were lacking until
recently (van Kooten and Snel, 1990; Weis and Berry, 1987). This progress has led to a greater
availability and efficiency of measuring photosynthesisin the lab and under field conditions
resulting in a very effective means for investigating the effects of environmental stresson
photosynthetic activity (Havaux and Tardy, 1999; Elhani et al., 2000). Chlorophyll fluorescence
is sometimes considered to be a more appropriate measurement of photosynthesis under heat
stress compared to CO, exchange; which can be altered by stomata closure provoked by many
environmental conditions and not just heat (Larcher, 1994). When studying stress tolerance or
damage to photosynthetic apparatus, measurements should be taken in dark-adapted and light-
adapted states to estimate the extent or lack of damage (Maxwell and Johnson, 2000). The data
collected from fluorescence measurements can be relative and inferred differently depending on
the particular mechanism being investigated. These data are currently standardized fluorescence

terminology used to identify specific chlorophyll fluorescence measurements or combination of
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measurements (van Kooten and Snel, 1990). The term Fsis the steady state of fluorescencein
the light. The term Fo represents the minimal fluorescence and is measured in the dark when the
photosynthetic membrane is in a non-energized state and all PSI1 reaction centers are open. The
term Fm represents maximum fluorescence yield which measures the fluorescence intensity
when all PSII reaction centers are closed in the dark adapted state and non-photochemical
guenching islow. Theterm Fv is the difference between the non-energized or open state of PSl|
(Fo) and the highly energized or closed state (Fm). The maximum quantum efficiency of PSI1 is
expressed as the ratio Fv/Fm, or (Fm— Fo)/Fm, and is taken when the plant isin the dark-
adapted state. Efficiency of heat dissipation is measured as changes in non-photochemical
guenching (NPQ). The term NPQ or (Fm— F m)/F’m, refers to non-photochemical quenching in
the light where F’' m represents the light adapted fluorescence maximum and isrelative to the
dark-adapted value of Fm. To investigate heat stress, Gamon and Pearcy (1989) studied dark-
adapted Fv/Fm and increased Fo to measure injury. Other chlorophyll fluorescence
measurements like NPQ, quantum efficiency, and electron-transport rates are aso useful
estimates of photoinhibitory damage to PSII (Bilger et a., 1995). Ortiz and Cardemil (2001),
who studied the acquired thermotolerance of P. chilensis (Mol.) Stuntz and Glycine max (L.)
Merr. also evaluated chlorophyll fluorescence between these species. When measuring the
maximum photochemical efficiency (Fv/Fm) of Photosystem |1, leaves from both species were
dark adapted for 30 min and then measured fluorescence followed by heat shock for 2 h at 35°C
and then dark adapted at 25°C and measured fluorescence after 1, 2, 3 or 5 h. Resultsindicated a
decrease in Fv/Fm for both species between 40 and 45°C but was reversed after dark adaption at
25°C for 3 h. Law and Crafts-Bradner (1999) studied inhibition and acclimation of
photosynthesis to heat stress associated with activation state of Rubisco in intact cotton

(Gossypium hirsutum L.) and wheat (Triticum aestivum L.). The study investigated non-
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photochemical chlorophyll fluorescence quenching (gN) and maximum quantum efficiency of
PSII (Fv/Fm) when cotton and wheat plants were rapidly heat stressed at arate of 1°C min™to
45°C or gradually heat stressed by increasing temperature in 2.5°C increments (at rate of 1°C
min™*) and remained for 1 h at each temperature. Results showed increased gN at | eaf
temperatures of 30°C for wheat and 35°C for cotton for both rapid and gradual stress treatments
resulting in inhibition of COz-exchange rate, but gN levels were less in plants gradually stressed.
For maximum quantum efficiency, results indicated steady Fv/Fm ratio until 40°C in cotton and
wheat that were gradually heat stressed, while decreases in Fv/Fm occurred around 35°C for
plants rapidly heat stressed, indicating an acquired thermotol erance of PSII can be achieved
through gradual acclimation. Similar reports of acquired thermotolerance of PSII have been
found by measuring chlorophyll fluorescence in potato leaves (Solanum tuberosum L.) (Havaux,
1993).
25 PETUNIA X HYBRIDA

Petunia x hybrida hort. Vilm.-Andr. isahybrid cross between P. axillaris (Lam.) and P.
integrifolia (Hook.). Native to Argentina and Brazil, petuniais also a member of the Solanaceae
family and includes over 35 species within its genus (Dole and Wilkins, 2004). Petunias are
considered an annual bedding plant but may perennialize in warmer climates (Armitage, 1985;
Bailey and Bailey, 1976). Petunia x hybrida is grouped by several classifications which include:
grandiflora, multiflora, floribunda, milliflora and spreading (Dole and Wilkins, 2004; Kelly et al.,
2007). Propagation of hybrid petuniaistypicaly by seed (8,600 to 10,000 seeds/g) with an
optimum germination and growing temperature of 20 to 26°C (Dole and Wilkins, 2004; Holcomb
and Mastalerz, 1985). However, there are other hybrid cultivars like * Supertunia’, which produce
little seed and are vegetatively propagated by cuttings (Weidner, 1994). Petunia vegetative and

reproductive stages are greatly affected by photoperiod and temperature (Adams et al., 1998;

17



Piringer and Cathey, 1960). Petunias will flower under different photoperiods; longer
photoperiods (critical night length of 10 to 13 h), higher light intensities and warmer
temperatures will cause flowering to occur earlier and more rapidly (Karlsson, 1996; Piringer
and Cathey, 1960; Wilkins and Pemberton, 1981). Also, research has shown that petunias under
LD will have more upright growth while SD results in more compact growth with more
branching (Adams et al., 1998; Merritt and Kohl, 1982; Piringer and Cathey, 1960). Similar
results of petunia growth habit were found with warmer and cooler temperatures (10 to 30°C),
where plant height increased and the number of lateral shoots decreased as day temperature
increased (Kaczperski et al., 1991).

Petunia x hybrida is considered to be an acceptable model system for comparative
research, mainly due to its diversity and genetic transferability among different species (Gerats
and Vandenbussche, 2005). Being a member of the Solanaceae family, it is closely related to
other genome mapped species including tomato (Lycopersicon esculentum Mill.), potato
(Solanum tuberosum L..), tobacco and nicotiana (Nicotiana spp. L.) (Dole and Wilkins, 2004).
Information regarding growth and development of these species may also be helpful for petunia
research. Petuniais one of the most popular bedding plants today and also proves to have staying
power in the market since it is thought to be one of the original cultivated bedding plants (Gerats
and Vandenbussche, 2005). Along with petunia marketability, petuniais a beneficial model for
bedding plant research due to its leaf tissue quality for biochemical analysis, efficient tissue
culture, and macromolecule purification (Ausubel et a., 1980). Over the last 50 years, research
using petunia as amodel system has resulted in useful information regarding flavonoid synthesis,
genetic behavior and other molecular interactions, and more recently floral development (Gerats
and Vandenbussche, 2005). This information has benefitted plant breeding research leading to

great advancements in the bedding plant industry (Kelly et al., 2007; Craig, 2003). The genetics
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of petunia are also being studied by University of Florida (Clevenger et al., 2004) and Ohio State
University (Jones et al., 2005) particularly with petunia sensitivity or insensitivity to ethylene.

Petunia cultivars are very diverse considering the multiple classes, forms and colors
available. Plant breeding programs use field trials for evaluating new cultivars, but results may
be ambiguous considering there has been no class standard cultivar used as comparison and also
due to climate specific field trials (Kelly et a., 2007). Recently, the University of Florida
evaluated 125 petunia cultivarsin multiple field trials to establish petunia class standards that
have been lacking in the industry. Cultivars were grouped by plant class, plant height, and flower
color and pattern and were then evaluated and compared within these groups (Kelly et al., 2007).
The authors chose a cultivar as a class standard using results of overall landscape performance
ratings (>5.5 using scale 1 — 7), based on combination of foliage, flower, insect and disease
symptom ratings. (Foliage ratings: 7=all plantsin aplot had full uniform foliage, plants were free
of arthropod and disease symptoms and abnormalities or weaknesses such as lodging; 4=average
foliage density, minimal lodging, or some insect damage but foliage was still acceptable;
1=foliage sparse, stem lodging, or unacceptable pest damage making plants undesirable. Flower
ratings: 7=flowers numerous, uniformly distributed overall plants, flowers were free from
arthropod and disease symptoms; 4=average floral display, may have some pest damage but not
severe enough to cause flowers to be unacceptable; 1=unacceptable flower number or display, or
pest damage severe resulting in unattractive flowers) (Kelly et a., 2007). Results from this
research will be helpful for future studies when choosing cultivars that are relevant and
beneficia to the bedding plant industry.
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CHAPTER 3. EFFECT OF HIGH TEMPERATURE STRESSAND HEAT HARDENING
(PRECONDITIONING) ON GROWTH AND DEVELOPMENT OF PETUNIA

3.1 INTRODUCTION

Bedding plants continue to have great economic value in the Floriculture industry. The
ability to have multi-seasonal production throughout the year is a profitable investment for
growers and retailers. However, production times and availability differs greatly among bedding
plant species and is greatly influenced by the location and climate of growers (Mahan et al.,
1997). Species with unique growing recommendations and temperature requirements may be
problematic for some producers. High temperature stress is one of the greatest challenges
negatively affecting production of bedding plants (Nataragjan, 2005). Plant growth, development
and yield can be greatly reduced due to exposure from heat stress (Gusta et al., 1997; Harding et
al., 1990). Heat stress has been a hindrance to many producers where proper growing
recommendations are sometimes unachievable. Thisis especialy true during the late summer
months and for nursery producers and greenhouse growers in the southern United States
(Wehner and Watschke, 1987). Markets in these regions have evolved to produce bedding plants
best suited to their environment or at least limiting production to cooler months of the year.
However, spring and early fall continue to be the seasons with the highest demand for plant
material and therefore, the highest profit potential. Heat stressis a primary factor during
production in most all regions during late summer but growers must still produce plants for the
landscape that have cooler optimum growing temperatures for fall planting. However, production
quality of these plants and ultimate landscape performance is usually decreased in these
circumstances. Effects of heat stress and plant tolerance is vital for survivability in stressful
environments (Lichtenthaler, 1996). There are few research based recommendations on
beneficial production practices where environmental stresses are an issue (Hancheck and

Cameron, 1995). Acquired thermotolerance for bedding plants would be most useful in regions
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where high temperatures negatively affect greenhouse production and landscape performance.
From a consumer standpoint, acquired thermotol erance would not only improve landscape
performance but also plant survivability during prolonged heat stress. Production practices that
induce acquired thermotol erance would be beneficial by decreasing cooling costs and allow
growers to take advantage of the ‘stressful’ growing environment. Using resources that are
naturally available would also promote a more sustainable approach in greenhouse production.
There has been little research in quantifying physiological and morphological responses
to heat stress on bedding plants. Research by Natarajan (2005) found whole plant responsesin
Salvia splendens F. Sellow ex Roem & Schult. of adaptable morphological and physiological
characteristics associated with hesat tolerance. However, this information has not been
investigated for other bedding plantsin a greenhouse or landscape setting. Evaluating responses
of bedding plants to prolonged or short duration hesat stress during greenhouse production is
crucial before attempting a protocol for inducing acquired thermotolerance. Understanding and
quantifying these responses will determine which morphological traits are most sensitive and if
they are beneficial or deleterious to marketability and survivability of a plant. Petunia x hybrida
‘Midnight’ from the Dreams series was chosen as the model bedding plant for this research.
Petuniais a popular bedding plant that has had more genome mapping than any other bedding
plant and information may be essential to geneticist and easily transferred between related
important horticultural species (Gerats and Vandenbussche, 2005). The objective of these
experiments was to determine the effect of enduring high temperature stress and short duration

heat shock (preconditioning) on growth and development of Petunia x hybrida.
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32MATERIALSAND METHODS

3.2.1 Plant Material

Petunia x hybrida was chosen as amodel for the following experiments. Plugs (288 cell
tray) (4.9 cm®) of the petuniavariety Dreams™ ‘Midnight’ (Ball Plug Network, Ball
Horticultural Company, West Chicago, IL) were obtained for the use of this study. Petunia
Dreams™ ‘Midnight’ (Ball Horticultural Company, West Chicago, IL) is agrandifloraclass
petuniawith large dark purple flowers that bloom spring to fall and has a mounding growth habit.
The average mature height and width is 25-38 cm and 30-45 cm respectively. This variety of
petunia has an optimum growing temperature range of 22-26°C (d) and full sun requirement
(PanAmerican Seed Company, West Chicago, IL). Upon arrival, plug trays were immediately
removed from packaging and maintained in a greenhouse for 5 d at 26°C day/night before
transplanting.
3.2.2 Greenhouse Establishment Prior to Treatments

Greenhouses used for this study were located at Campus Greenhouses 440-7 and 440-8 at
Louisiana State University, 30° N 91° W Baton Rouge, Louisiana. A total of three polycarbonate
covered greenhouses with 40% shade cloth (1000 pmol m? s) were used for each temperature
treatment. Each greenhouse has respective automated heating and cooling systems using
Wadsworth STEP® Control 50A (Wadsworth Control Systems Incorporated, Arvada, CO) with
day/night 12 h temperature settings. Prior to transplanting, the day/night temperatures of control
greenhouse was recorded for temperature consistency for one week using HOBO® Pro Series™
datalogger (Onset Computer Corporation, Bourne, MA) (Figure 3.1) and also daily visual
recordings of minimum and maximum thermometer temperatures. On 15 August 2007, petunia
Dreams ‘Midnight’ plugs were transplanted into (650 cm®) plastic pots using a middleweight

media Fafard™4M Mix (Conrad Fafard, Incorporated, Agawam, MA) media. One plant was
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transplanted into each pot and was placed on greenhouse benches. Broad spectrum fungicide was
applied as adrench to each pot after one week transplant at arate of 19.5 ml/L (Banrot® 8G, a.i.
3% Etridiazole, ai. 5% Thiophanate-methyl, Scotts-Sierra, Marysville, OH). Petunias were
grown at 30/20°C and fertigated using Hozon™ Brass Siphon Mixer (1:16) (Phytotronics,
Incorporated, Earth City, MO) with 200 ppm N 15N-2.2P-12.4K (15-5-15 Ca Mg, Scotts-Sierra,
Marysville, OH) daily for two weeks to alow for root growth and proper establishment within

the pot.

40

35 A

% /\/\/

o5 e

Temperature (°C)

20

8/07/2007

8/08/2007
8/09/2007
8/10/2007
8/11/2007
8/12/2007
8/13/2007

Date
Figure 3.1 Average day/night temperatures of control greenhouse (30/25°C) for one week prior
to transplanting petunia.

3.2.3 Enduring High Temperature Stress

Enduring heat stress treatments were applied to petunia after two weeks growth at
30/25°C in the greenhouse. Petunia optimum growing temperature is 26°C; however, due to
difficulty to maintain consistent cool temperatures in greenhouse with seasonal Louisiana heat,
the average day/night control temperature was 30/25°C. This temperature was the closest

consistent temperature to optimum growing temperature and was an ideal representative growing
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temperature for greenhouse growers in the southern United States at thistime of year. Heat stress
challenging temperatures were chosen in 5°C increments increasing from the control temperature,
30/25°C. Heat stress treatment includes control temperature 30/25°C day/night or enduring heat
stress at 35/25 or 40/30°C day/night for 5 weeks. A total of 252 petunias were exposed to each
heat stress treatment where 36 of these plants were transplanted after 5 weeks exposure into the
field for observation. The other set of 212 plants were divided into weekly harvests to determine
growth and development for atotal 5 week exposure period in the greenhouse. Temperature
treatments were applied in respective greenhouses and recorded using HOBO® Pro Series™ data
logger (Onset Computer Corporation, Bourne, MA) (Figure 3.2 A, B & C). Weather records,
including temperature (°C) and natural irradiance (umol m? s PPFD), were also taken daily for
the duration of the experiments (Louisiana Agriclimatic Information Systems, L SUAgCenter,
BAE) (Figure3.3 A & B).

3.2.4 Short Duration Heat Shock (Preconditioning)

Petunias were grown for 2 weeks after transplant at 30/25°C prior to exposure to heat
shock treatments. Petunias are kept in 25 cm x 50 cm plastic trays with 4 pots per tray for
treatment efficiency. Plantsin trays were manually moved between greenhouse sections that
were set to a constant specific heat shock treatment temperature. Heat shock treatment includes
petunia grown at 30/25°C where plants in trays were removed and exposed to 35 or 40°C for 2 h
every 7 dfor 5 weeks. After 2 h heat shock duration, plants were returned to 30/25°C and
remained until following weekly exposure. A total of 252 petunias were exposed to each heat
stress treatment where 36 of these plants were transplanted after 5 weeks exposure into the field
for observation. The other set of 212 plants were divided into weekly harvests to determine
growth and development for atotal 5 week exposure period in the greenhouse. During the

continuous heat stress treatments and prior to heat shock exposure, plants were irrigated to
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minimize water stress during treatment. Plants were destructively harvested weekly 3 d after heat

shock for data collection.

Day
- Night

,00¢/62/6
r,00¢/9¢/6
F,00¢/€¢/6
,00¢/0¢/6
F,00¢/.T1/6
F,00¢/¥1/6
F,00¢/T1/6
£00¢/80/6
I £00¢/S0/6
,00¢/20/6
,00¢/0€/8

45

T T T

o
<

LU S B B S s B A B S B B B B B B

Ln o
3 3

(2,)aineiadwa]

Te]
N

o
N

Day
- Night

LI S B S N U B N R B B S N B B B I B B

I 200¢/6¢/6
- ,002/9¢/6
- ,00¢2/€C/6
I ,00¢/0¢/6
- ,00¢/LT/6
- ,00¢/¥T/6
- L00¢/TT/6
- ,00¢2/80/6
+ ,00¢2/S0/6
+,00¢2/¢0/6
I L00¢Z/0€/8

45

o
<

Ln o
™ ™

(0,)8ineiadwa]

Yol
N

o
N

Date

Date

I L00¢/6¢/6
- ,00¢/9¢/6
I 2£00¢/EC/6
I L002/0¢/6
+ L00¢/LT/6
I L00¢/vTI6
F L00¢/TT/6
- £00¢/80/6
I £00¢/S0/6
I £L00¢/C0/6
 £00¢/0E/8

(D,)84neiadwa]

Date

Figure 3.2 Average day/night temperatures (°C) recorded in greenhouses for each temperature
treatment over 5 week course of experiment. A) Control 30/25°C B) 35/25°C C) 40/30°C
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Figure 3.3 Average daily weather reports for Baton Rouge, L ouisiana during enduring heat stress
and heat shock experiments. A) minimum and maximum daily temperatures (°C) and B) natural
irradiance (u mol m-*s* PPFD).

3.2.5 M easurement of Growth and Development in the Greenhouse

For both studies described above a set of plants from each study were destructively
harvested every 7 d for 5 weeks. Petunia growth and devel opment was quantified by measuring
number of flowers per plant, average flower size (cm) per plant and shoot dry weight (g). Fully

expanded flowers were visually counted and recorded weekly. Flower size was determined by
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using a handheld metric ruler and measuring the diameter (cm) of one flower visually estimated
to be average for that respective plant. After flower measurements were taken, petunia shoots
were cut at the soil linein the pot and placed in labeled paper bag. Labeled samples were oven
dried at 80°C for 24 h before obtaining dry weights.
3.2.6 Field Study Establishment

Postproduction was evaluated by transplanting heat stressed or heat shocked plantsin
field trial landscape beds. A broad spectrum fungicide (Banrot® 8G, a.i. 3% Etridiazole, a.i. 5%
Thiophanate-methyl, Scotts-Sierra, Marysville, OH) was applied in the greenhouse 3 d prior to
field transplant. Petunias were transplanted immediately after greenhouse treatments on 1
October 2007. Thefield trial was located at LSU AgCenter Burden Center, 30° N 91° W Baton
Rouge, Louisiana. The landscape trial was implemented in raised beds (1.5 m wide by 43 m long)
which consisted of an Olivier silt loam soil amended with composted pine bark. Petunia were
planted using 30 x 30 cm spacing. Irrigation was used around the edges of the raised bed where
spray nozzles were spaced 1 m apart. Plants were irrigated as needed. Weather records were
taken daily from the Burden Center weather station for the duration of the field trial (Louisiana
Agriclimatic Information Systems, LSUAgCenter, BAE) (Figure 3.4 A & B). Petunias were
allowed to establish one week before data measurements were taken.
3.2.7 Field Data Collection

Growth and development and landscape performance of treated petunias were evaluated
over a 3 week period where measurements were taken weekly. Data collected included number
of flowers per plant, average flower size (cm), cross-sectional diameter of whole plant, and
quality ratings. Quality rating scale ranged from 1 to 5, where 1=dead and 5= optimum

performance. Quality is based on a combination of plant flowering, leaf color and compactness
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Figure 3.4 Average daily weather reports for Burden Center, Baton Rouge, Louisiana during
field evaluation of heat stressed and heat shocked Petunia x hybrida Dreams *Midnight’. A)
minimum and maximum daily temperatures (°C) and B) natural irradiance (1 mol m-% s* PPFD).

of plant. Quality scores; 5to 4.5 = excellent plants with healthy green leaves, compact uniform
growth and good inflorescence, 4.5 to 3.5 = green healthy foliage with moderate flowers, 3.5to

2.5 = plants with chlorotic leaves and poor inflorescence, 2.5 to 1.5 = plants with necrotic or
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dried leaves with terminal bud damage and poor flower set, <1.5 = dead. Due to problems with
the trial beds for those plants treated with heat shock, field data was collected on only the heat
stressed plants.
3.2.8 Experimental Design and Statistical Analysis

Petunia plants grown for greenhouse experiments were arranged in a complete
randomized block design on benches. Four blocks were used each consisting of six replicate
plants. Plants exposed to heat shock treatment were arranged randomly within trays that were
also completely randomized on the benches. Statistical analysis was performed using SAS
ProcMixed Procedure (Statistical Analysis Software, version 9.1, Cary, NC).

3.3RESULTS

3.3.1 Effect of Enduring High Temperature Stress on Growth and Development of Petunia
during Greenhouse Production

e Flowersper Plant

Petunia Dreams ‘Midnight’ grown at 30/25, 35/25 or 40/30°C showed significant
differencesin flower count over a5 week period (Fig 3.5). Flower count increased at all
temperatures after the first week. However, petunias grown at 30/25°C had significantly more
flowers per plant for all weeks. After the first week, there was no difference in flower count in
petunias grown at 35/25 and 40/30°C. After two weeks of heat stress exposure, differencesin
flower count appeared at the higher temperatures. Flower count of petunias grown at 35/25°C
increased at weeks 3 and 4 while those grown at 40/30°C decreased. Flower count at control
temperature (30/25°C) remained significantly higher than 35/25 and 40/30°C during thistime.
After week 4, there was a significant decrease in flower counts for petunias grown at 30/25 and
35/25°C while flower count at 40/30°C remained unchanged. At 5 weeks, continuous exposure to
30/25°C had significantly higher flower counts than the higher temperatures; however counts

decreased and resembled flower numbers recorded at week 3. At 5 weeks, flower counts of
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35/25°C grown petunias significantly decreased and showed no difference between flowers
counts of petunias grown at 40/30°C.

e AverageFlower Size
Temperature had a significant effect on the average flower size of petunia Dreams *Midnight'.
After 5 weeks exposure to enduring temperatures of 30/25, 35/25 or 40/30°C, petunias grown at
30/25°C had a significantly larger flower size compared to petunias grown at higher temperatures
(Fig. 3.6). Similar to flower count results, flower size was not significantly different between
petunia grown at 35/25 and 40/30°C. Petunia Dreams ‘Midnight’ also displayed underdevel oped,
misshaped and longer corollatubesin some flowers grown at 40/30°C with some flowers

showing bleaching of dark purple petal pigmentation (Fig. 3.7 A and B).
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Figure 3.5. The effect of enduring high temperature stress on flower production during
greenhouse production of Petunia x hybrida Dreams *Midnight’. Petunias were exposed to 30/25,
35/25 or 40/30°C day/night for a5 week duration. Error bars represent mean of six
measurements + standard error.
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Figure 3.6. Average flower size (cm) of Petunia x hybrida Dreams ‘Midnight’ when exposed to
30/25, 35/25 or 40/30°C day/night for 5 weeks in the greenhouse. Means with different letters are
significantly different at P<0.05 (Tukey’s Test).

Figure 3.7. Effect of heat stress on flower development in Petunia x hybrida Dreams ‘ Midnight’
after 5 weeks of exposure. A) Elongated corolla tube with smaller petal width observed in
petuniagrown at 40/30°C, B) Asymmetric and non-fully expanded petals accompanied by
bleaching and striations of petal pigmentation in petunia grown at 40/30°C, C) Flower of petunia
grown at 30/25°C.
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e Shoot Dry Weight

Petunia Dreams ‘Midnight’ showed an increase in shoot dry weight (g) over the 5 week
duration (Fig.3.8). Petunias grown at 30/25 and 35/25°C displayed similar trends but showed no
significant difference in shoot dry weight. Petunias grown at 40/30°C also shared a similar trend
to 30/25 and 35/25°C during the first 4 weeks, but significantly decreased shoot dry weight at the
end of 5 weeks. Although shoot dry weight did not show a significant difference until the last
week, petunias grown at 35/25 and 40/30°C appeared much smaller in biomass with shortened
internodes and smaller leaves (personal observation).

3.3.2 Short Duration Heat Shock (Preconditioning)

Results from petunias grown at 30/25°C and heat shocked at 35 or 40°C for 2 hevery 7d
showed few differences among growth parameters measured (Table 3.1). All flower counts
increased over the first 4 weeks and decreased at week 5 (Table 3.2). However, petunias heat
shocked at 35 or 40°C showed no difference in number of flowers per plant when compared to
control temperature. Similar results were found for average flower size of heat shocked plants.
Results indicated no significant difference between flower size of plants grown at 30/25°C and
plants heat shocked at 35 or 40°C. Shoot dry weight increased over the 5 week period for all
plants, but no significant difference was observed between the three temperature treatments
(Table 3.2).

Table 3.1. The effect of heat shock treatment on Petunia x hybrida Dreams ‘Midnight’ flower

count, flower size and shoot dry weight asindicated by significance of fixed effects and
interactions.

Effect Temperature Week Temper atur e Week
Flower Count 0.2667 NS 0.0135* 0.1364 NS
Flower Size 0.5619 NS NS NS
Shoot Dry Weight 0.3556 NS <0.0001* 0.8698 NS

Vaues significant (*) or not significant (NS) at the 5% level by the Ismean procedurein SAS
with Tukey’s correction.
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Figure 3.8. Effect of enduring high temperature on shoot dry weight (g) of Petunia x hybrida
Dreams ‘Midnight’ when exposed to 30/25, 35/25 or 40/30°C day/night for 5 weeksin the
greenhouse. Error bars represent mean of six measurements + standard error.

Table 3.2. The effect of heat shock treatment on Petunia x hybrida Dreams *Midnight’ flower
count and shoot dry weight (g) at each week of production in the greenhouse.

Week Flowers per Plant Shoot Dry Weight (g)
1 "0.99 0.89d
2 10.10 bc 2.56 c
3 11.40b 3.95¢c
4 16.00 a 516b
5 14.13b 8.03a

(Heat shock treatment included growth at 30/25°C (control) and heat shock at 35 or 40°C for 2 h
every 7 d for 5 weeks).

X

Means within columns followed by the same | etters are not significantly different at 5% by
Ismean procedure in SAS with Tukey’s correction.
Y

Valuesin the table are averages (n=18).
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3.3.3 Field Study
e Flowersper Plant

Petunias Dreams ‘Midnight’ exposed to enduring high temperatures in the greenhouse
showed differences in the number of flowers per plant after 3 weeks observation in the landscape.
Flowers counts of petunias grown at 40/30°C in the greenhouse significantly decreased in the
field (Fig. 3.9). At the end of the field trial, petunias grown at 30/25 and 35/25°C had
significantly greater flower counts compared to petunias grown at 40/30°C. However, no
difference in the number of flowers per plant was indicated between plants grown at 30/25 and
35/25°C.

No field measurements were taken on petunias exposed to short duration heat shock due
to poor field establishment.

e AverageFlower Size (cm)

Petunias exposed to heat stress during greenhouse production displayed an increase in
average flower size during the first two weeksin the field followed by a decrease in size at the
third week for all temperature treatments. After 3 weeks observation in the field, overall average
flower size was not significant between petunias grown at enduring 30/25, 35/25 or 40/30°C in

the greenhouse (Table 3.3).

Table 3.3. The effect of enduring heat stress during greenhouse production on average flower
Size after 3 weeks in the landscape.

Week Temperature (°C)
30/25°C 35/25°C 40/30°C
1 "7.008" 6.66 abc 6.91 ab
2 6.55 abc 6.66 abc 7.00a
3 6.33 abc 5.66 bc 541c
“Mean values followed by different letters indicate significant difference at P<0.05 using
Tukey’s Test.

"Valuesin table are averages (n=6).
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e Cross-Sectional Diameter of Whole Plant

Cross-sectional diameter of petunias increased during the 3 weeksin the field for al
temperature treatments. Petunia cross-sectional diameter at week 1 was significantly less than
petunias after 3 weeks for all temperature treatments (Table 3.4). Cross-sectional diameter was
not significant between temperatures within each week measured. However, petunias grown at
30/25°C appeared to show amore rapid increase in size after week 1 then slowed after week 2,
while petunias grown at 35/25°C slowed after week 1 then increased more rapidly after week 2
(Table 3.5). Petunias grown at 40/30°C in the greenhouse did not vary as greatly in cross-

sectional diameter in the landscape as the other temperatures.
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Figure 3.9. The effect of enduring high temperatures (30/25, 35/25 or 40/30°C) during
greenhouse production on flower count of field transplanted Petunia x hybrida Dreams
‘Midnight’. Flower counts from field petunias exposed to respective greenhouse temperatures
were taken over a 3 week period. Means with different letters are significantly different at
P<0.05 (Tukey’s Test).
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Table 3.4. Cross-sectional diameter (cm) for all temperature treatments of Petunia x hybrida
Dreams ‘Midnight’ after 3 weeks in the landscape.

Week Cross-sectional diameter
1 719.55 b*
2 21.69 ab
3 22.52 a

*Mean values followed by different letters within columns are significantly different at P<0.05
using Tukey’s Test.
"Valuesin table are averages (n=18).

Table 3.5. The effect of enduring heat stress during greenhouse production on Petunia x hybrida
Dreams ‘Midnight’ cross-sectional diameter over 3 weeks in the landscape.

Week Temperature (°C)
30/25°C 35/25°C 40/30°C
1 Y19.00 b* 20.50 ab 19.16 b
2 23.25 ab 21.08 ab 20.75 ab
3 23.33 ab 24.58 a 19.66 ab

*Mean values followed by different letters are significantly different at P<0.05 using Tukey’s
Test.
"Values in table are averages (n=6).

e Field Quality Ratings

Petunias exposed to enduring high temperatures in the greenhouse showed differencesin
quality after transplant in the field. Petunias grown at 30/25 and 35/25°C exhibited significantly
higher quality ratingsin the field than plants grown at constant 40/30°C (Fig. 3.10). Quality
ratings were also significant from week to week between temperatures, with week 1 showing the
greatest effect of enduring heat stress (Table 3.6). Petunia grown at 30/25°C had significantly
increased quality at week 1, decreased at week 2 and was not significant at the third week.
Petunia grown at 35/25°C showed no difference in quality at each week. Similarly, plant quality
of petunia grown at 40/30°C was not affected between weeks but displayed significantly

decreased quality at week one compared to petunia grown at control (30/25°C).
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Table 3.6. The effect of enduring heat stress during greenhouse production on plant quality at
each week in the landscape.

Week Temperature (°C)
30/25°C 35/25°C 40/30°C
1 73753 3.16 ab 2.33b
2 250b 3.25ab 250b
3 3.25ab 2.83ab 2.83ab

*Mean values followed by different letters within columns are significantly different at P<0.05
using Tukey’s Test.
"Valuesin table are averages (n=6).
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Figure 3.10. Effect of greenhouse temperature on plant quality after 3 weeksin the field. Quality
ratings 1 — 5 where 1=dead and 5=optimum field performance. Means with different letters are
significantly different at P<0.05 (Tukey’s Test).



Figure 3.11. Pictorial representation of the effect of heat stress on petunia after 5 weeks
treatment in the greenhouse and after 3 weeks transplanted in the landscape. Top and middle side
views of petuniagrown at 30/25, 35/25 and 40/30°C respectively, for 5 weeks in the greenhouse.
Bottom pictures represent greenhouse grown (30/25, 35/25 and 40/30°C) petunias after 3 weeks
transplant in the landscape.

e Greenhouse Production vs. Landscape Performance

Temperature treatments of 30/25, 35/25, or 40/30°C had a significant effect on growth
and development of petunia Dreams ‘Midnight’ over 5 weeks in the greenhouse but had a
different effect in the landscape (Fig. 3.11). Petunias grown at 30/25°C performed best in the
greenhouse with significantly more flowers per plant and larger average flower size. In the
landscape, petunia grown at 30/25 and 35/25°C showed no significant difference in flower count
or quality while there was no significant difference in average flower size for all temperature
treatments

3.4 DISCUSSION

Enduring temperature stress during greenhouse production had significant morphological

effects on petunia Dreams ‘Midnight’. Results indicated that petunia growing at 30/25°C had the
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greatest number of flowers per plant while flower counts of petunias at the 40/30°C were
severely reduced. These results are consistent with Guilioni et al. (1997) who found an increase
in bud and flower abortion in peas (Pisum sativum L.) when exposed to heat stress (moderate
stress: 31°C for 6 h during day and 13°C at night for 4 d or severe stress: 33/30°C day/night for 2
d followed by 4 d of moderate stress treatment). Interestingly, the study by Guilioni et a. (1997)
found that severe stress treatment with 30°C night temperatures caused rapid flower abortion
while moderate stress treatment did not directly cause flowers to abort, but rather accelerated the
natural termination of the flowering processin plants. Petunias grown at 40/30°C day/night had
consistently fewer flowers over the 5 weeks which may indicate a more direct interruption of
flowering due to heat stress (Figure 3.5). However, petunias grown at 35/25°C and 30/25°C did
increase in flower count but decreased abruptly after the fourth week. This may be due to an
increased speed in flowering termination associated with heat stress. Flower abortion before
anthesis has al so been described as being caused by competition for assimilates between
previous initiated inflorescence and vegetative apex (Bertin, 1995).

Underdevel oped or smaller flowers observed in petunias grown at 35/25 and 40/30°Cin
the greenhouse may also be due to water deficiency within flower buds. Tsukaguchi e a. (2003)
studied water status and high temperature (32/26°C d/n) in flower buds of heat-sensitive and
tolerant snap beans (Phaseolus vulgaris L.) under non-drought conditions and concluded that the
heat-tolerant cultivar displayed a higher water conductance and less water stressin flower buds
under heat stress, resulting in less damage to pollen compared to heat-sensitive cultivar.

Some flowers of petunia Dreams ‘Midnight’ grown at 40/30°C also displayed bleaching
or striations in petal pigmentation (Fig. 3.7, B). Petunia Dreams ‘Midnight’ is adark purple
flower whose color isinfluenced by anthocyanin content within the petal tissue. Anthocyanin

synthesisis strongly affected by temperature where higher temperatures greatly reduce
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anthocyanin concentration (Zhong and Y oshida, 1993). Dela et al. (2003) showed that exposure
of roses (Rosa x hybrida Schleich.) to 39°C for 3 d resulted in decreased anthocyanin levelsin
flowers. The study also revealed that the reduction in anthocyanin concentration was directly
related to heat stress of the flower buds and not a response from whole plant stress where flower
buds were initially removed. Dela et al. (2003) also indicated that when roses were removed
from heat stress, anthocyanin synthesis recovered and eventually increased in concentration,
which would explain the recovery of petunia Dreams‘Midnight’ pigmentation after transplant in
the field.

A review of flower development in petunia by van der Krol and Chua (1993) discusses
specific floral homeotic and nonhomeotic genes and their function in petuniafloral organ
identity. According to the authors, environmental and physiological factors can affect gene
function and alter organ differentiation resulting in variations of floral development. Although,
the present study does not investigate gene expression or function, some deformed or severely
reduced flower size observed under heat stress (Fig. 3.7, A) may have been due to alterationsin
the activity of enzymes at high temperatures that influence the expression of the floral homeotic
genes as described in the review by van der Krol and Chua (1993).

Shoot dry weight of petunia Dreams ‘Midnight’ was significantly reduced in plants
grown at 40/30°C for 5 weeks (Fig. 3.8). Ashraf and Hafeez (2004) found similar results when
studying growth and nutrient relations related to thermotolerance of maize (Zea maysL.) and
pearl millet (Pennisetum glaucum (L.) R. Br.). Shoot dry weight was found to be reduced in
maize grown at 38°C, but was unaffected in pearl millet. Furthermore, the authors also indicate
reduced net-assimilation rate in maize compared to an increase in relative growth and net-
assimilation rates in pearl millet when grown at 38°C. The authors conclude that the reduced

biomass and net-assimilation rates found in the maize studied is associated with a decreased
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thermotolerance compared to the pearl millet. Research by Natargjan (2005), where two cultivars
of Salvia splendens F. Sellow ex Roem & Schult. were exposed to heat shock every 3 daysfor 3
hours at 30, 35, 40 and 45°C, also resulted in decreased root and shoot dry weight as temperature
increased. Reduced biomass of petunia Dreams ‘Midnight' may be due to increased transpiration
and respiration rates and decreased net photosynthesis at higher temperatures as was found in
redbud (Cercis canadensis L.) (Griffin et al., 2004), spinach (Spinacia oleracea L.) (Brooks and
Fargquhar, 1985), and Salvia splendens F. Sellow ex Roem & Schult. (Jiao and Grodzinski, 1996).
The results from the present heat shock experiments showed no significant difference
between any of the temperature treatments for all growth measurements. This may be due to the
duration and frequency chosen for heat shock rather than the temperatures used. Morphological
effects of whole plant petunia Dreams ‘Midnight' may be limited to longer and/or more frequent
durations at these temperatures rather than the 2 h duration once per week heat shock used in this
experiment. Lin et al. (1984) studied acquired thermotolrance in soybean (Glycine max L. Merr.)
seedlings and found differences in seedling length of control (28°C) and heat shocked plants at
40°C for 2h before subsequent heat stress of 45°C for 2 h. The authors also found that
thermotol erance could be achieved in seedlings heat shocked for only 15 min at 40°C followed
by recovery period of 2to 4 h at 28°C before heat stress exposure to 45°C. Similar temperature
and duration heat shock treatment were used in the present study; however, the species and age
of plant at time of heat shock are different and sensitivity of these plants may vary accordingly.
Natargjan (2005), showed differences in growth of Salvia splendens F. Sellow ex Roem & Schult.
another popular bedding plant, when heat shocked every 3 d for 3 h at 30, 35, 40 and 45°C
indicating an increase in duration time and frequency for the present study may result in more

profound differences in petunia growth.
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After heat stress treatments in the greenhouse, petunia Dreams ‘Midnight’ showed
dramatic morphological differences between temperatures (Figure 3.11). Petunias grown at
30/25°C displayed more characteristics of a desirable plant including higher flower count, flower
size and larger biomass compared to plants grown at 35/25 and 40/30°C which showed
significant reductions in these measurements. However, once transplanted into the field, petunias
grown at 35/25°C displayed similar growth and flowering habits as petunias grown at 30/25°C.
Average flower size was unaffected in the landscape between all temperatures while the flower
size was severely reduced at 35/25 and 40/30°C in the greenhouse. These results indicate that
reproductive tissue may be acutely affected by heat stress but do not have permanent effects on
future floral development once removed from sustained heat stress.

Although plants grown at 35/25°C are |less marketable after greenhouse production, they
are capable of recovering in overall quality in the landscape. Thisis also demonstrated by the
more compact and uniform growth and darker leaves in the landscape of petunias grown at this
temperature (personal observation) (Fig.3.11). These characteristics are similar to other reports
describing morphology of heat tolerant species such as shorter or compact growth, thicker stems,
and smaller, darker, and thicker leaves (Beadle, 1981; Natargjan, 2005). The compact growth of
petunia Dreams ‘Midnight” grown at 35/25 and 40/30°C is considered to be a desirable trait for
heat tolerance as was discovered in cowpea (Vigna unguiculata (L.) Walp.), where plants with
longer internodes were found to be more heat-susceptible (Ismail et a., 2000).

After 3 weeksin the landscape, petunias grown at 30/25 and 35/25°C showed no
difference in quality ratings (Fig. 3.10). Petunia grown at 30/25°C did decrease in quality at 2
weeks in the landscape while plants grown at 35/25 and 40/30°C dlightly increased, though the
difference was not significant. Differences between the temperature treatments may be more

pronounced in the landscape over alonger period of time than 3 weeks.
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In conclusion, petunia Dreams * Midnight” were significantly affected by enduring heat
stress of 35/25 and 40/30°C in the greenhouse but appeared to adapt to these excessive
temperatures. However, heat shock treatments of 35 and 40°C for 2 h once per week proved
insignificant for inducing similar morphological effectsin petunia during greenhouse production.
Although, enduring stress of 35/25 and 40/30°C caused desirable traits such as compact
vegetative growth for improved landscape performance, these temperatures also caused
detrimental effects to petunia flowering habit during greenhouse production. Poor flowering or
damaged flower tissue is not ideal for marketing bedding plants. Therefore, 35/25 and 40/30°C
would not be arecommended growing regime for petunia Dreams *Midnight’ intended for
market. The morphological characteristics displayed under enduring heat stress experiments
should be considered if less extreme flowering and growth effects could be achieved. Further
heat shock treatments including a higher range in temperature, durations and frequency should be
investigated for similar but less extreme morphological characteristics that would produce a
marketable plant and induce thermotolerance for improved landscape survivability.
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CHAPTER 4. DETERMINING OPTIMUM CHALLENGING TEMPERATURESAND
DURATIONS FOR INDUCING ACQUIRED THERMOTOLERANCE IN PETUNIA X
HYBRIDA

4.1 INTRODUCTION

Heat stressisamajor challenge in bedding plant production, primarily during the late
spring and summer months and for growers in the southern United States (Koh, 2002; Mahan et
al., 1997). Plant growth and development is greatly affected by high temperature stress and may
cause irreversible damage depending on the plant species, temperature and duration of exposure
(Hall, 2001; Burke, 1990). High temperature stressis reported to be one of the greatest causes for
bedding plant loss during postproduction (Armitage, 1989), where plants can face inconsistent
environments and stressful conditions.

A plant’s ability to acclimate and maintain physiological functions under stressful
conditions is crucial to plant survival when exposed to extreme high temperature (Hale and
Orcutt, 1997; Lichtenthaler, 1996). Plant acquired thermotolerance may be achieved through heat
shock or short exposure to supraoptimal temperatures (Sung et al., 2003). Plant adaptive
responses to heat stress associated with acquired thermotol erance can vary by species; however,
research has indicated that development of smaller and thicker leaves, thicker stems, and
shortened internodes (Beadle, 1981; Natargjan, 2005; Ismail et al., 2000), as well asincreased
membrane thermostability (Y eh and Hsu, 2004), and increased synthesis of heat shock proteins
(Park et al., 1996; Vierling, 1991) are characteristics that improve heat tolerance.

Photosynthesis is a heat-sensitive process that can result in negative whole plant
responses depending on the extent of damage to the photosynthetic apparatus (Berry and
Bjorkman, 1980; Larcher, 1994). PSII is considered to be one of the most hesat-labile
mechanisms of photosynthesis (Berry and Bjorkman, 1980; Heckathorn et al., 1998; Weis and

Berry, 1987). Measuring chlorophyll fluorescence in the light and dark is an effective and non-

52



destructive means to determine quantum efficiencies of PSII, which can be inferred as tolerance
or damage to the photosynthetic apparatus (Bilger et al., 1995; Maxwell and Johnson, 2000).
Havaux (1993) used chlorophyll fluorescence measurements on leaf discs taken from mature
potato leaves (Solanum tuberosum L.) to study photosynthetic adaptation to heat stress when
grown at 25°C (control) or pre-heated at 35°C. The study determined that potato pre-exposed to
35°C for 2 h resulted in increased tolerance of PSII when the temperature was increased at arate
of 1°C min™ to 40°C for 40 min compared to potato grown at control temperature (25°C).

Standard greenhouse production protocol may provide for aleviating heat stress if
closely monitored. However, inducing acquired thermotol erance of bedding plants during
greenhouse production may greatly improve heat tolerance postproduction. There has been little
research on critical temperatures and durations for inducing acquired thermotol erance during
greenhouse production of bedding plants and achieving adaptive characteristics while still
maintaining marketability. Further investigation of whole plant adaptive characteristics related to
photochemical efficiency could be an effective tool for determining the ability of bedding plants
to develop acquired thermotolerance in the greenhouse. Therefore, the objective of this study
was to determine optimum heat shock temperature and duration for development of acquired
stress tolerance of Petunia x hybrida Dreams ‘Midnight’ and to test for thermotol erance through
subsequent heat stress and measurement of fluorescence.

4.2 MATERIALSAND METHODS

4.2.1 Plant Material

Petunia x hybrida Hort. Ex Vilm. variety Dreams™ ‘Midnight’ (Ball Horticultural
Company, West Chicago, IL) was chosen as amode for the following experiments. Petunia
seeds were planted 25 March 2008 into 288 (4.9 cm®) plug tray using lightweight media

Fafard™2M Mix (Conrad Fafard, Incorporated, Agawam, MA) and germinated in a growth

53



chamber (EGC, Chagrin Falls, OH) maintained at 80% RH with a 12-h photoperiod of 3-4
umoles'm™s™ from very high output fluorescent, light bulbs (OERAM Sylvania, Danvers, MA).
Seedlings were grown in the growth chamber for six weeks before transplant into the greenhouse.
4.2.2 Greenhouse Establishment Prior to Treatments

The greenhouses were located at the LSU AgCenter Campus Greenhouses numbers 440-
7 and 440-8 at Louisiana State University, 30° N 91° W Baton Rouge, Louisiana. A total of three
polycarbonate covered greenhouses with 40% shade cloth (1000 umol m? s™*) were used to
complete each temperature treatment. Each greenhouse had respective automated heating and
cooling systems using Wadsworth STEP® Control 50A (Wadsworth Control Systems
Incorporated, Arvada, CO) with day/night 12-h temperature settings. On 5 May 2008, petunia
Dreams ‘Midnight’ plugs were transplanted into plastic pots (650 cm?®) using a middleweight
media Fafard™4M Mix (Conrad Fafard, Incorporated, Agawam, MA). One plant was
transplanted into each pot and was placed in trays on greenhouse benches. Broad spectrum
fungicide was applied as a drench to each pot after one week transplant at arate of 19.5 ml/L
(Banrot® 8G, a.i. 3% Etridiazole, a.i. 5% Thiophanate-methyl, Scotts-Sierra, Marysville, OH).
Petunias were grown at 30/25°C day/night and fertigated using aHozon™ Brass Siphon Mixer
(1:16) (Phytotronics, Incorporated, Earth City, MO) with 200 ppm N 15N-2.2P-12.4K (15-5-15
Cal Mg, Scotts-Sierra, Marysville, OH) daily for two weeks before beginning heat shock
treatments to allow for root growth and proper establishment within the pot.
4.2.3 Heat Shock/Stress Treatments

Heat shock/stress treatments were applied to petunia after two weeks growth at 30/25°C
in the greenhouse. Challenging temperatures were chosen in 5°C increments increasing from the

control temperature, 30°C. Heat shock treatments included short duration heat shock at 35, 40 or



45°Cfor 2,4 or 6 h every 3 d for 4 weeks. Enduring heat stress treatments included 24-h
duration continuous exposure to 35/25, 40/30 or 45/35°C day/night for 4 weeks (Table 4.1).

Table 4.1 Heat shock/stress treatments of given temperature and duration.

Temperature (°C) Dur ation (hours)
30/25°C 24h
35/30°C 2,4,6,24h
40/35°C 2,4,6,24h
45/40°C 2,4,6,24h

For heat shock treatments, petunias were grown at 30/25°C day/night and kept in 25 cm x
50 cm plastic trays with 4 pots per tray for treatment efficiency. Plants in trays were manually
moved every 3 d between greenhouse sections that were set to a constant specific heat shock
treatment temperature (35, 40 or 45°C) which remained for the respective duration time (2, 4 or
6 h) and returned to 30/25°C until the following heat shock exposure (staring at 1000 HR and
removed at 1200, 1400 and 1600 HR, respectively). For heat stress treatments, petuniawere
exposed for 24 h duration and remained in respective temperature treatments for the 4 week
period. Prior to heat shock exposure and during heat stress, plants were irrigated to maximum
water holding capacity to minimize water stress during treatment. Temperature treatments were
applied in respective greenhouses and recorded using HOBO® Pro Series™ datalogger (Onset
Computer Corporation, Bourne, MA)(Figure4.1. A, B, C, D). Weather records for Baton Rouge,
Louisiana, including temperature (°C) and irradiance (i mol m? s* PPFD), were recorded daily
for the duration of the experiments (Louisiana Agriclimatic Information Systems, L SUAgCenter,
BAE) (Figure4.3. A & B). A total of 360 petunias were exposed to heat shock/stress treatments
where 282 plants were divided into weekly destructive harvests to determine growth and
development over a 3 week period and 78 plants were kept for subsequent acquired

thermotol erance test.
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Figure 4.1 Average day/night temperatures (°C) A) Control 30/25°C B) 35/25°C C) 40/30°C D)
45/35°C recorded in greenhouses for each temperature treatment over a4 week course of
experiment.

4.2.4 Acquired Thermotolerance Test

Following a4 week exposure to heat shock/stress treatments, all treated Petunia x
hybrida Dreams * Midnight” were exposed to subsequent heat stress of 45/35°C day/night for one
week in the greenhouse. Temperature in the greenhouse was recorded using HOBO® Pro
Series™ datalogger (Onset Computer Corporation, Bourne, MA) (Figure 4.2). Chlorophyll

fluorescence measurements were recorded after 4 weeks of heat shock/stress treatments, 3 and 7
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d after the acquired thermotolerance test. Quality ratings (1 to 5) were also taken on treated
petunias before and after acquired thermotol erance test followed by destructive harvest for data
collection. Overall marketable quality of plants was assessed based on 1 to 5 scale with 5 being
the best and 1 being the worst. Marketable quality scores; 5 to 4.5 = excellent plants with healthy
green leaves, compact uniform growth and good inflorescence, 4.5 to 3.5 = green healthy foliage
with moderate flowers, 3.5 to 2.5 = plants with chlorotic leaves and poor inflorescence, 2.5to 1.5
= plants with necrotic or dried leaves with terminal bud damage and poor flower set, <1.5S =

dead.
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Figure 4.2 Average day/night temperatures (45/35°C) in greenhouse during one week acquired
thermotolerance test.

4.2.5 Measurement of Growth and Development in the Greenhouse

Treated plants were destructively harvested for data collection every 7 d for 3 weeks
followed by afourth harvest after acquired thermotolerance test. Petunia x hybrida growth and
development was quantified by measuring number of flowers per plant, average flower size (cm)

per plant, chlorophyll concentration, average internode length (cm), total leaf area per plant
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(mm?), and shoot dry weight (g). Fully expanded flowers were visually counted and recorded
weekly. Flower size was determined by using a handheld metric ruler and measuring the
diameter (cm) of one flower visually estimated to be average for that respective plant. Average
chlorophyll content was determined by taking two measurements per plant using Minolta SPAD-
502 chlorophyll meter (Spectrum Technologies, Inc., Plainfield, IL). Average internode length
was determined by measuring lengths of first 3 internodes from newest true leaves on one branch
per plant. Tota leaf area per plant was measured using L1-3100C |leaf area meter (LICOR
Biosciences, Lincoln, NE). Shoot dry weights (g) were obtained after oven drying at 80°C for 24
h.
4.2.6 Chlorophyll Fluor escence M easurements

Chlorophyll fluorescence was measured using the FM S2 fiel d-fluorescence monitoring
system (Hansatech Instruments Ltd., England) on dark adapted leaves after four weeks of heat
shock/stress and 3 and 7 d after plants were subjected to acquired thermotol erance test (45/35°C
for one week). The FM S2 uses a modul ating beam (<0.05 pmol m s*) and short duration light
pulses (1.6 sec) to determine leaf fluorescence characteristics. Maximum quantum efficiency of
PSII was calculated using the following formula: (Fm - Fo/Fm) or (Fv/Fm) where Fm =
maximum fluorescence yield, Fo = fluorescence yield after dark-adaptation when all reaction
centers are “opened”, and Fv calculated as the difference between Fo and Fm known as variable
fluorescence. Dark adapted light measurements were taken on fully expanded young and mature
leaves for each plant after a 12 h dark period. The intensity and duration of the saturating light
pulse used to determine Fm was based on preliminary experiments (data not shown).
4.2.7 Experimental Design and Statistical Analysis

Heat shock treatments were arranged as a strip-split plot design in the greenhouse. Six

replicate plants were used for each temperature/duration treatment for each of the 4 harvests.
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Plants exposed to heat shock treatment were arranged in trays according to temperature and
duration with 4 harvests per tray. Statistical analysis was performed using SAS ProcMixed

Procedure (Statistical Analysis Software, version 9.1, Cary, NC).
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Figure 4.3 Average daily weather reports A) natural irradiance (n mol m? s* PPFD), B)
minimum and maximum daily temperature (°C) for Baton Rouge, L ouisiana during heat
shock/stress treatments and acquired thermotolerance test.
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43RESULTS
4.3.1 Effect of Heat Shock and Enduring Heat Stress
e Flowersper Plant
Temperature, duration and week had a significant effect on the number of flowers per
plant in Petunia x hybrida Dreams *Midnight’. Petunia heat shocked at 35°C for 6 h had
significantly increased flower count compared to petunia exposed to enduring heat stress (24h) at
40/30 and 45/35°C (Table 4.2). Petunia flower count increased for all temperatures and durations
over the 3 week treatment period (Table 4.3). Heat shock/stress treatments did not significantly
effect flower counts at week 1 (Table 4.4) while petunia heat shocked at 35°C for 6 h had higher
flower counts than all other treatments except petunia heat shocked at 40°C for 4 or 6 h (Table
4.5). At week 3, prior to acquired thermotolerance test, petunia exposed to enduring heat stress at
45/35°C (24 h) had fewer flowers than all other treatments (Table 4.6). Petuniagrown at 30/25°C
or exposed to heat treatment at 35 or 40°C had a greater number of flowers compared to petunia
exposed to 45°C after 3 weeks (Fig. 4.4 A). Also, petunia exposed to enduring heat stress (24 h
duration) had significantly less flowers per plant compared to heat shock for 2, 4 or 6 h,
regardless of temperature (Fig. 4.5 A).
e AverageFlower Size
Heat shock had the greatest effect on the average flower size of petunia after the first
week (Table 4.3). At week 1, flower size was significantly smaller in petunia exposed to
enduring heat stress at 35/25°C (24 h) compared to control or heat shock at 35°C for 2,4 or 6 h
or 40°Cfor 4 or 6 h or 45°C for 6 h (Table 4.4). At week 2 petunia exposed to heat shock were
significantly larger than petunia exposed to enduring heat stress (Table 4.5) while after 3 weeks
of treatment only petunia grown at 45/35°C had significantly smaller flower size (Table 4.6).

Average flower size in petunia grown at 30/25°C was significantly larger than petunia exposed to
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40 or 45°C (Fig. 4.4 B). The effect of duration was similar to flower count results where petunia
exposed to heat stress for 24 h had significantly decreased flower size (Fig.4.5 B).
Table 4.2. The effect of combined heat shock every 3 d and enduring heat stress temperature and

duration on growth and development of Petunia x hybrida Dreams ‘Midnight’ after three weeks
in the greenhouse.

Temperature  Duration Effect
(°C) (hours) | Flowersper Flower Size Shoot Dry  Leaf Area Internode
Plant (cm) Weight (g)  (mm?) L ength
30/25°C 24 h 9.94 abc” 7.01ab 380ab  62888a 133a
35°C 2h 10.83 ab 6.60 ab 3.92ab 64897a 124ab
4h 9.27 abc 6.77 ab 3.56 ab 581.62ab 1.33a
6h 1294 a 6.76 ab 43la 711.86a 1.19ab
35/25°C 24 h 8.83 bc 4.46 cd 3.8lab 726.56a 123ab
40°C 2h 9.33 abc 5.23 abcd 3.78 ab 610.17a 122ab
4h 1111 ab 6.81 ab 3.85ab 628.02a 1.11abc
6h 11.00 ab 7.20a 4.23a 71468a 117ab
40/30°C 24 h 6.00 cd 5.06 bcd 3.02 bc 494.37ab  1.07 abc
45°C 2h 9.66 abc 6.16 abc 3.43ab 570.33ab 1.15ab
4h 8.48 abc 5.79 abcd 3.31abc 554.26 ab 12838
6h 10.68 ab 6.99 ab 357ab 555.16ab  0.98 bc
45/35°C 24h 3.44d 3.67d 2.35¢ 375.05b  0.84c
Temp. x Duration * * * * *
Temp. X Dur. X Week * * NS NS *
Temperature * * * * *
Duration * * * NS *
Week * * * * *

Vaues significant (*) or not significant (NS) at the 5% level by the Ismean procedurein SAS
with Tukey’s correction.
X

Means within columns followed by the same |etters are not significantly different at 5% by
Ismean procedure in SAS with Tukey’ s correction.
Y

Valuesin the table are averages (n=18).
e Shoot Dry Weight
Heat shock temperature and duration had a significant effect on shoot dry weight of
petunia Dreams ‘ Midnight’. Shoot dry weight increased for both heat shock and enduring heat
stress treatments over the 3 week period (Table 4.3). However, at week 1 there was no

significant difference in petunia shoot dry weights (Table 4.4) while petunia heat shocked at
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35°C for 6 h had greater shoot dry weight compared to petunia grown at 40/30 or 45/35°C (24 h)
or heat shocked at 45°C for 4 or 6 h at week 2 (Table 4.5). At week 3, petunia exposed to
enduring heat stress at 45/35°C (24 h) weighed significantly less than petunia grown at 35/25°C
(24 h) or heat shocked at 35°C for 2 h or 40°C for 4 or 6 h (Table 4.6). Shoot dry weight was
significantly decreased in petunia exposed to 45°C compared to petunia exposed to 30 or 35°C
(Fig. 4.4 C). Exposure of 24 h heat stress reduced shoot dry matter accumulation compared to

heat shock for 2, 4 or 6 h over al temperatures (Fig. 4.5 C).

Table 4.3. The effect of combined heat shock and enduring heat stress treatments on growth and
development of Petunia x hybrida Dreams * Midnight’ at each week.

Effect
Flowers Flower Shoot Dry Leaf Area Internode
Week per Plant  Size (cm) Weight (g) (mm?) Length (cm)
1 "2.05¢" 4.99b 1.46 C 292.25 ¢ Oc
2 9.10b 6.67 a 3.32b 608.00 b 19 a
3 17.22 a 7.01a 6.16 a 915.99 a 1.65b

(Heat treatments included 30/25°C (control) and heat shock at 35, 40 or 45°Cfor 2, 4or 6 h
Svery 3 d or enduring heat stress at 35/25, 40/30 or 45/35°C.)

Means within columns followed by the same |etters are not significantly different at 5% by
Ismean procedure in SAS with Tukey’ s correction.

Y
Valuesin the table are averages (n=78).

e Total Leaf Area
Total leaf area of petunia Dreams ‘Midnight’ increased for all temperatures and durations
over the 3 week period (Table 4.3). At week 1 there were no differencesin petunialeaf areas
(Table 4.4) but was significantly greater in petunia heat shocked at 35°C for 6 h compared to
petunia heat shocked at 45°C for 4 h or enduring heat stress at 45/35°C at week 2 (Table 4.5).
Week 3 results showed that petunia exposed to enduring heat stress at 35/25°C (24 h) had

significantly increased leaf area compared to enduring heat stress at 45/35°C (Table 4.6).
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Table 4.4. The effect of heat shock/stress temperatures and durations on growth and devel opment
of Petunia x hybrida Dreams ‘ Midnight’ after one week of treatment in the greenhouse.

Temperature | Duration Week 1
(°C) (hours) Flowers Flower  ShootDry  Leaf Area Internode
PerPlant  Size(cm) Weight(g)  (mmd) Length (cm)

30/25°C 24 h Y250 & 6.51a 1.54a 314.23a N/A

35°C 2h 2.00a 52l1a 157a 305.20 a N/A

4h 166a 58la 121la 281.39 a N/A

6h 200a 5.66 a 167a 315.56 a N/A

35/25°C 24 h 0.83a 0.00b 13la 27355a N/A

40°C 2h 250a 2.25ab 182a 322.01a N/A

4h 250a 6.25a 140a 294.13 a N/A

6h 250a 6.81a 1.89a 382.01a N/A

40/30°C 24 h 1l16a 3.38ab 1.19a 239.93 a N/A

45°C 2h 2.00a 4.48 ab l16a 228.34 a N/A

4h 1.90 a 3.07ab 1.28 a 256.40 a N/A

6h 252a 6.87 a 157a 28243 a N/A

45/35°C 24 h 1.33a 4.06 ab 123a 235.44 a N/A

X
Means within columns followed by the same letters are not significantly different at 5% by
|smean procedure in SAS with Tukey’s correction.

! Vauesin the table are averages (n=6).
Treatment temperature had a significant effect on petunialeaf area where petunia exposed to
45°C greatly reduced total |eaf area compared to cooler temperatures (30, 35 or 40°C) (Fig.4.4 D).
Leaf areawas also significantly greater in petunia heat shocked for 6 h compared to petunia kept
in enduring heat stressfor 24 h duration (Fig. 4.5 D).
e AverageInternode Length

Temperature, duration and week had a significant effect on internode length of petunia
Dreams ‘Midnight’ (Table 4.2). Internode length increased after week 1, and then decreased after
week 3 for all heat shock and enduring heat stress treatments (Table 4.3). There was no
measurabl e differences internode length at week 1 (Table 4.4). However, at week 2, petunia
exposed to enduring heat stress at 40/30 or 45/35°C (24 h) had significantly shorter internodes
compared to petunia heat shocked at 40°C for 4 h (Table 4.5). At week 3, petunia heat shocked at

45°C for 4 h had significantly increased internode length compared to petunia exposed to
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Table 4.5. The effect of heat shock/stress temperatures and durations on growth and devel opment
of Petunia x hybrida Dreams ‘ Midnight’ after two weeks of treatment in the greenhouse.

Temperature | Duration

(°C) (hours)
30/25°C 24 h
35°C 2h
4h
6h
35/25°C 24 h
40°C 2h
4h
6h
40/30°C 24 h
45°C 2h
4h
6h
45/35°C 24 h

Week 2
Flowers Flower  Shoot Dry  Leaf Area Internode
PerPlant  Size(cm) Weight(g)  (mmd) Length (cm)
"816bcd®  691a  3.37abcd 586.24 abc 217 ab
9.66 bcd 7.20a 3.46bcd 658.13 abc 1.85 abc
8.16 bcd 7.25a 3.07bcd  558.38 abc 2.10ab
16.66 a 721a 4.84 a 915.31a 2.01 abc
8.00 bcd 6.20 ab 3.34bcd 643.29 abc 1.71 abc
8.50 bcd 5.98 ab 3.46abcd 605.48 abc 1.83 abc
11.66 abc 6.93 a 3.42abcd 631.85 abc 2.16a
13.50 ab 7.26a 4,16 ab 795.49 ab 1.82 abc
6.50 cd 5.70 ab 2.45cd 501.00 abc 1.66 bc
9.16 bcd 7.00a 342abc  687.26 abc 2.05ab
7.16 cd 6.73 a 2.90 bed 497.75 bc 1.96 abc
9.66 bc 7.05a 3.07bcd 517.62 abc 1.66 abc
4.33d 453 b 2.08d 371.47c 151c

X
Means within columns followed by the same letters are not significantly different at 5% by
Ismean procedure in SAS with Tukey’s correction.

Y
Valuesin the table are averages (n=6).

Table 4.6. The effect of heat shock/stress temperatures and durations on growth and devel opment
of Petunia x hybrida Dreams ‘Midnight’ Pre-ATT (after 3 weeks of heat shock and enduring
heat stress treatments and before exposure to acquired thermotol erance test).

Temperature | Duration

(°C) (hours)
30/25°C 24 h
35°C 2h
4h
6h
35/25°C 24 h
40°C 2h
4h
6h
40/30°C 24 h
45°C 2h
4h
6h
45/35°C 24 h

Week 3 (Pre-ATT)

Flowers
Per Plant
719.16 ab®
20.83 a
18.00 ab
20.16 ab
17.66 ab
17.00 ab
19.16 a
17.00 ab
10.33 bc
17.83 ab
16.33 ab
20.00 ab
4.66 C

Fower Shoot Dry
Size(cm) Weight (g)
7.60 a 6.51 ab
7.38a 6.73a
7.26 a 6.41 ab
741 a 6.44 ab
7.18a 6.75a
7.46 a 6.07 ab
7.25a 6.75a
751 a 6.66 a
6.11a 542 ab
7.00 a 5.71ab
7.58 a 572 ab
7.08 a 6.12 ab
241 b 3.73b

Leaf Area
(mm?)
986.19 ab
983.59 ab
905.10 ab
904.70 ab
1262.84 a
903.03 ab
958.09 ab
966.55 ab
742.19 ab
795.38 ab
907.91 ab
863.42 ab
518.25b

Internode

Length (cm)

1.81 abc
1.86 ab
1.89 ab

1.57 abcd

1.99a

1.85ab
1.18cd
1.70 abc

1.55 abcd
1.42 abcd

1.88 a
1.28 bcd
1.02d

X
Means within columns followed by the same | etters are not significantly different at 5% by
Lsmean procedure in SAS with Tukey’s correction.

Vauesin the table are averages (n=6).



enduring heat stress at 35/25 or 45/35°C or heat shocked at 40 or 45°C for 4 or 6 h, respectively
(Table 4.6). After 3 weeks of heat shock and heat stress, average internode length was
significantly reduced in petunia exposed to 45°C compared to petunia exposed to 30 or 35°C (Fig.
4.4 E). Internode length was a so significantly reduced in petunia exposed to 24 h duration
compared to 2 or 4 h durations (Fig. 4.5 E).
4.3.2 Effect of Heat Shock

Further investigation of the effect of heat shock temperature and duration alone on
petunia Dreams ‘Midnight’ every 3 d for 3 weeks proved insignificant for most growth
measurements (Table 4.7). However, heat shock treatments did have a significant effect on

Table 4.7. The effect of heat shock temperature and duration on growth and development of
Petunia x hybrida Dreams ‘Midnight’ over 3 weeks.

Temperature | Duration Effect
0) (hours) Flowers !:I ower Shqot Dry Leaf Azrea Internode
Per Plant  Size (cm) Weight (g) (mm°) Length (cm)
30/25°C (Control) 79948 745a 3803 628.88 3 1.99 3
2h 10.83 ab 6.95a 392a 648.97 a 1.86 ab
35°C 4h 9.27 ab 7.16a 356 a 581.62 a 200a
6 h 1294 a 7.13a 43la 71186 a 1.79ab
2h 9.33ab 7.09a 3.78a 610.17 a 1.84 &b
40°C 4h 1111 &b 7.22a 385a 628.02 a 1.67 ab
6h 11.00 ab 7.20a 4.23a 714.68 a 1.76 ab
2h 9.66 ab 6.91a 343a 570.33 a 1.73 &b
45°C 4h 8.34b 7.23a 33la 55453 a 192a
6h 10.70 ab 6.99 a 3.58a 554.76 a 1.47b
Temp. x Duration NS NS NS NS *
Temp. X Dur. x Week NS NS NS NS *
Temp. x Week NS * NS NS NS
Duration x Week NS NS NS NS NS
Temperature NS NS NS NS *
Duration NS NS NS NS NS
W%k * * * * *

Values significant (*) or not significant (NS) at the 5% level by the Ismean procedurein SAS
with Tukey’s correction.

X
Means within columns followed by the same letters are not significantly different at 5% by
Lsmean procedure in SAS with Tukey’s correction.

Valuesin the table are averages (n=18).
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Figure 4.4. The effect of heat shock and enduring heat stress temperatures (°C) on Petunia x
hybrida Dreams ‘Midnight’ A) flowers per plant B) average flower size (cm) C) shoot dry
weight (g) D) total leaf area (mm?) and E) average internode length (cm) after 3 weeks grown at
30°C or heat shock every 3 d at 35, 40 or 45°C for all durations (2, 4, 6 or 24h). Means within
each effect with different letters are significantly different at P<0.05 (Tukey’s Test).
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Figure 4.5. The effect of duration (hours) (for heat shock and enduring heat stress treatments) on
Petunia x hybrida Dreams ‘Midnight’ A) flowers per plant B) average flower size (cm) C) shoot
dry weight (g) D) total leaf area (mm?) and E) average internode length (cm) after 3 weeks
grown at 30°C or heat shock every 3 d for al temperatures (35, 40 or 45°C). Means within each
effect with different letters are significantly different at P<0.05 (Tukey’s Test).
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petunia average internode length. Petunia exposed to heat shock temperature of 45°C over 3
weeks showed a significant decrease in internode length compared to petunia grown at control
temperature (30/25°C), regardless of duration (Fig.4.6). Average internode length also decreased
significantly after the second week for all heat shock treatments (Table 4.8). Petunia exposed to
40°C for 4 h or 45°C for 2 h having the greatest decrease in internode length by 46 or 31%,
respectively (Fig.4.7). Although overall heat shock temperature was insignificant for petunia
flower size, there was a significant difference between temperatures for each week. Average
flower size of petunia grown at 30/25°C (control) decreased significantly (40%) after week 1,
while flower size was not significantly different for heat shock temperatures (35, 40, or 45°C) for

all weeks (Fig 4.8).

2.5

Average Internode Length (cm)

30°C 35°C 40°C 45I° C
Heat Shock Temperature (° C)
Figure 4.6. The effect of heat shock temperature on average internode length of Petunia x
hybrida Dreams ‘Midnight’ over 3 weeks of treatment. Error bars represent means of fifty-four
observations +SE.
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Table 4.8. The effect of combined heat shock treatments on growth and development of Petunia

x hybrida Dreams ‘Midnight’ for each week.

Effect
Week Flowers Flower Shoot Dry Leaf Area Internode
per Plant  Size (cm) Weight () (mm?) Length (cm)
1 72.25¢" 713 ab 1.51¢ 301.04 ¢ Oc
2 9.85b 7.04b 349b 635.50 b 2.00a
3 18.65a 7.39a 6.34 a 928.86 a 167b

(Heat shock treatments included 30/25°C (control) and heat shock at 35, 40 or 45°C for 2, 4 or 6

h every 3d).
X

Means within columns followed by the same letters are not significantly different at 5% by

Lsmean procedure in SAS with Tukey’s correction.
Vauesin the table are averages (n=60).
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Figure 4.7. The effect of heat shock temperature and duration on average internode length of
Petunia x hybrida Dreams ‘Midnight’ from week 2 to week 3. Error bars represent means of six

observations +SE.
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Figure 4.8. The effect of heat shock temperature on the average flower size of Petunia x hybrida
Dreams ‘Midnight’ at each week. Error bars represent means of elghteen observations +SE.

4.3.3 Effect of Enduring Heat Stress

Growth and development of petunia Dreams ‘Midnight’ was significantly affected by
exposure to enduring heat stress for 3 weeks. Petunia grown at 35/25°C had the greatest effect on
flower count after the first week while flower count of petunia grown at 40/30°C and 45/35°C
were significantly reduced after 3 weeks of exposure (Table 4.9). These results are similar for
average flower size of petunia exposed to enduring heat stress. Petunia grown at 35/25°C aso
had the greatest effect on flower size after week 1 and exposure to 45/35°C after week 2 (Table
4.9). Shoot dry weight of petuniaincreased for all heat stress temperatures over the 3 weeks but
was significantly reduced for petunia grown at 45/35°C after week 2 compared to cooler
temperatures (30/25, 35/25, or 40/30°C) (Table 4.9). Enduring heat stress did not have a
significant effect on leaf area of petunia Dreams ‘Midnight’ after 2 weeks exposure. However,

after 3 weeks exposure, growth at 40/30 or 45/35°C significantly decreased total leaf areain
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Table 4.9. The effect of enduring heat stress on growth and development of Petunia x hybrida
Dreams ‘Midnight’ for each week of exposure in the greenhouse.

Temperature Effect
°0) Week Flowers FI ower Shc_)ot Dry Ledf Azrea Internode
Per Plant Size(cm) Weight (g) (mm°) L ength (cm)
] 1 ¥250cd® 65labc  1.54d  314.23d Oc
30/25°C 2 816bc  69lab  337bc 5862bcd  217a
3 19.16 a 7.60 a 6.51 a 986.19 ab 1.81ab
1 Oe Oe 1.31d 273.55d Oc
35/25°C 2 8.00 bc 6.20 abc 3.34bc 643.3 bcd 1.71ab
3 17.66 a 7.18 ab 6.75 a 1262.84 a 1.99ab
1 1.16d 3.38 cd 1.19d 239.93d Oc
40/30°C 2 6.50bcd 5.70abcd 245bcd 501.00 cd 1.66 ab
3 10.33 b 6.11 abc 5.42 a 742.19 bc 1.55 bc
1 1.33d 4.06 bcd 1.23d 235.44 d Oc
45/35°C 2 433 bcd 4.53 abcd 2.08 cd 371.47 cd 1.51 bc
3 4.66 bcd 2.41 de 3.73b 518.25cd 1.02c
Temperature * * * * *
Week * * * * NS
Temperature X Week * * * * *

Vaues significant (*) or not significant (NS) at the 5% level by the Ismean procedurein SAS

with Tukey’s correction.
X

Means within columns followed by the same letters are not significantly different at 5% by

Ismean procedure in SAS with Tukey’s correction.
Y
Valuesin the table are averages (n=18).

Table 4.10. The effect of combined enduring heat stress treatments on growth and development
of Petunia x hybrida Dreams ‘Midnight’ after 1, 2 or 3 weeks of exposure.

Week Effect
Flowers Flower Shoot Dry Leaf Area Internode
per Plant  Size (cm) Weight () (mm?) Length (cm)
1 "1.45¢" 3.49b 1.31¢ 265.79 ¢ Ob
2 6.75b 5.83a 281b 525.50 b 176 a
3 12.95a 5.82a 5.60 a 877.37 a 159a

(Heat stress treatments included 30/25°C (control), 35/25, 40/30 or 45/35°C.)

X

Means within columns followed by the same |etters are not significantly different at 5% by
Ismean procedure in SAS with Tukey’s correction.
Y

Vauesin the table are averages (n=24).
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Figure 4.9. The effect of enduring heat stress on Petunia x hybrida Dreams ‘Midnight’ A)
flowers per plant B) average flower size (cm) C) shoot dry weight (g) D) total leaf area (mm?)
and E) average internode length (cm) after 3 weeks grown at 30/25°C (control) or 35/25, 40/30
or 45/35°C. Error bars represent means of eighteen observations +SE.
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petunia (Table 4.9). Average internode length was significantly reduced in petunia grown at
45/35°C compared to control (30/25°C) at week 2 and 3, 35/25°C at week 3 and 40/30°C at week
2 (Table 4.9).

The effect of enduring heat stress temperature overall after 3 weeks exposure was also
significant in petunia Dreams * Midnight’. Petunia grown at 40/30 or 45/35°C significantly
reduced the number of flowers per plant by 40 and 66%, respectively, compared to control
(30/25°C) (Fig.4.9 A). Average flower size was significantly larger for petunia grown at control
temperature by an average of 62% compared to all other heat stress temperatures (Fig.4.9 B).
Shoot dry weight was significantly reduced in petunia grown at 40/30 or 45/35°C by an average
of 30% compared to 35/25°C or control (30/25°C) (Fig.4.9 C). Total leaf areawas also
significantly reduced in petunia grown at 45/35°C by an average of 45% compared to petunia
grown at 35/25°C or control (30/25°C) (Fig.4.9 D). Petuniagrown at 45/35°C had the greatest
effect on average internode length by reducing lengths by 36% compared to control and 21%
compared to petunia grown at 40/30°C. However, petuniagrown at 40/30°C was aso
significantly reduced by 19% compared to control temperature (Fig.4.9 E). Overall growth and
development of petuniafor all temperatures did increase in flower count, flower size, shoot dry
weight, and leaf area each week except average internode length which was not affected after 2
or 3 weeks of exposure (Table 4.10).

4.3.4 Acquired Thermotolerance Test (ATT)

After 3 weeks of exposure to heat shock or heat stress treatments, petunia Dreams
‘Midnight’ were subsequently exposed to 45/35°C for one week to test for acquired
thermotol erance. Both heat shock and heat stress treatments had a significant effect on the
growth and development of petunia after exposureto the ATT (Table 4.11). For combined

treatments, petunia flower count, average flower size and average internode length significantly
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decreased after exposure to ATT, while shoot dry weight increased and total leaf areawas not
significantly affected (Table 4.12).
e Flowersper Plant
Petunia Dreams ‘Midnight’ grown at control temperature (30/25°C) or exposed to 35/25
or 40/30°C for 2, 4, 6, or 24 h durations did not have as significant effect on the number of
flowers per plant. However, petunia exposed to heat stress of 45/35°C (24h duration) did show a
Table4.11. The effect of heat stress/shock temperatures and durations on growth and

development of Petunia x hybrida Dreams ‘Midnight’ after acquired thermotolerance test (ATT,
exposure to 45/35°C for one week following heat treatments).

Temperature | Duration Effect
(°C) (hours) Flowers Flower  Shoot Dry Leaf Area Internode
Per Plant Size(cm) Weight(g)  (mm?) Length (cm)
30/25°C 24h | Y1491a" 6.35a 7.84a 980.68 a 1.21 ab
35°C 2h 15.00 ab 5.96 a 8.03a 991.04 a 1.35ab
4h 14.83 ab 6.10a 7.36a 900.92 ab 142 ab
6h 17.41 ab 6.35a 8.27a 953.37 ab 1.34ab
35/25°C 24 h 15.83 ab 6.18a 8.79a 1159.00 a 1.48 ab
40°C 2h 14.25ab 6.18a 7.63a 986.32 a 141 ab
4h 15.25 ab 556 a 6.70 ab 848.84 ab 1.00b
6h 15.08 ab 6.23a 8.38a 1035.50 a 1.21ab
40/30°C 24 h 11.16 ab 5.68a 7.18 ab 899.55 ab 1.48 ab
45°C 2h 1758 a 595a 722 ab 834.13 ab 1.37ab
4h 17.08 a 6.03a 7.37a 926.50 ab 156a
6h 17.16 a 591a 8.16 a 978.48 a 1.254ab
45/35°C 24 h 9.50b 3.69b 5.02b 628.04 b 1.06 b
Temp. X Duration * * * * *
Temp. x Dur. X ATT NS * NS NS *
Temperaturex ATT * * NS NS *
Duration x ATT * * NS NS NS
Temperature NS * * * NS
Duration * * * NS NS
ATT * * * NS *

Values significant (*) or not significant (NS) at the 5% level by the Ismean procedurein SAS

with Tukey’s correction.
X

Means within columns followed by the same letters are not significantly different at 5% by
Ismean procedure in SAS with Tukey’s correction.
Y

Valuesin the table are averages (n=12).
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significant decrease in flower count compared to petunia heat shocked at this temperature (Table
4.11). Post-ATT, there was no significant difference in petuniaflower counts for any heat
shock/stress temperature and duration (Table 4.13). However, treatment temperature had a
significant effect on petunia flower count post-ATT. There was no significant difference between
Pre-ATT flower counts for al temperature treatments. Flower counts of petunia pre-exposed to
40 or 45°C were not affected by the ATT, while flower count of petunia pre-exposed to 30 or
35°C decreased significantly by 46 or 36%, respectively (Table 4.14). Treatment duration also
had a significant effect on petuniaflower count. Flower count of petunia Dreams ‘Midnight’
exposed for enduring heat stress (24 h duration), regardless of temperature, did not significantly
decrease after exposure to the ATT (Table 4.15). However, petunia exposed for 2, 4, or 6 h
decreased flower counts by 35, 29, and 31%, respectively.

e AverageFlower Size
Petunia Dreams ‘Midnight’ grown at control temperature (30/25°C) or exposed to 35/25 or
40/30°C for 2, 4, 6, or 24 h durations did not have as significant effect on the average flower size
(cm) per plant (Table 4.11). However, petunia exposed to heat stress of 45/35°C (24 h duration)
did show a significant decrease in average flower size compared to petunia exposed to all other
temperatures and durations. These results are similar for the effect of combined heat shock
/stress treatment on average flower size pre and post-ATT (Fig. 4.10 A). While petunia exposed
to heat stress of 45/35°C (24 h) was the only temperature and duration to have significantly
reduced flower size pre-ATT (Table 4.6), there was no significant difference in flower size for
any temperature or duration post-ATT (Table 4.13). However, average flower size did
significantly decrease post-ATT for all temperatures and durations by an average of 30%, except
petunia pre-exposed to 40/30°C which was unaffected or 45/35°C for 24 h which significantly

increased by 104% (Fig. 4.10 A).
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Figure 4.10. The combined effect of heat shock and heat stress treatments on Petunia x hybrida
Dreams ‘Midnight’ A) average flower size (cm) and B) average internode length, before one

week exposure to 45/35°C, (Pre-ATT) and after exposure (Post-ATT). Error bars represent

means of six observations +SE.



Table 4.12. The effect of combined heat shock and heat stress treatments on growth and
development of Petunia x hybrida Dreams ‘Midnight’ after 3 weeks treatment in the greenhouse
(Pre-ATT) and post acquired thermotolerance test (ATT, after one week exposure to 45/35°C).

Effect
Test Flowers Flower Shoot Dry Leaf Area Internode
per Plant Size (cm) Weight (g) (mm?) Length (cm)
Pre-ATT | Y17.228" 7.01a 6.16 b 915.99 a 1.65a
Post-ATT 12.75b 490b 9.03a 967.06 a 0.94b

(Heat treatments included growth at 30/25°C (control) and heat shock at 35, 40 or 45°C for 2, 4
gr 6 h every 3d or heat stress of 35/25, 40/30 or 45/35°C).

Means within columns followed by the same letters are not significantly different at 5% by
Lsmean procedure in SAS with Tukey’s correction.

Valuesin the table are averages (n=78).

Figure 4.11. Pictorial representation of flower structures of Petunia x hybrida Dreams
‘Midnight’ after acquired thermotolerance test (45°C for one week) for A) petuniagrown at
30/25°C for 4 weeks, B) petunia heat shocked at 45°C for 4h every 3d for 4 weeks, and C)
petunia grown at 45/40°C for 4 weeks.
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Treatment temperature, regardless of duration, also had a significant effect on petunia
flower size pre-ATT, where petunia exposed to highest temperature, 45°C, had significantly
reduced flower size. However, while flower size did decrease from pre-test to post-test, there
was no difference among post-ATT for all temperature treatments (Table 4.14). These results are
also similar to the effect of treatment duration on petuniaflower size pre-ATT, where petunia
exposed 24 h had significantly reduced flower size. Post-ATT, average flower size was
unaffected at the 24 h duration while petunia pre-exposed to 2, 4 or 6 h decreased flower size by
34, 38 or 38%, respectively (Table 4.15). A pictoria representation of the effects of heat
shock/stress treatments on petunia grown at 30/25, 45/35°C or heat shocked at 45°C for 4 h post-
ATT aredepicted in Figure 4.11, A,B & C.

e Shoot Dry Weight

Compared to flower count and average flower size, heat shock/stress temperatures and
duration had similar effects on shoot dry weight (g) of petunia Dreams ‘Midnight’ both pre and
POStATT. Averages from pre and postATT showed shoot dry weight significantly decreased at
45°C for 24 h compared to the control and 35°C for 2, 4, 6 or 24 h, 40°C for 2 or 6 h, or 45°C for
4or 6h(Table4.11). Post-ATT shoot dry weight was less for petunia grown at enduring heat
stress of 45/35°C (24 h) compared to enduring heat stress at 35/25°C (24 h) or heat shock at 35,
40 or 45°C for 6 h (Table 4.13). For both pre and postATT, shoot dry weight was significantly
reduced in petunia exposed to 45°C compared to 30 or 35°C, and also significantly decreased for
petunia exposed for 24 h compared to 6 h duration (Table 4.16).

e Total Leaf Area
Leaf area of petuniawas significantly reduced when exposed to 45°C for 24 h compared to
petunia grown at control (30/25°C) or exposed to 35°C for 2 or 24 h, 40°C for 2 or 6 h, or 45°C

for 6 hfor preand post-ATT (Table 4.11). However, total leaf areas of petunia Dreams
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Table 4.13. The effect of heat shock/stress temperatures and durations on growth and
development of Petunia x hybrida Dreams *Midnight’ Post-ATT (preconditioned petunia after
exposureto ATT, 45/35°C day/night for one week).

Temperature | Duration

(°C) (hours)
30/25°C 24 h
35°C 2h
4h
6h
35/25°C 24 h
40°C 2h
4h
6h
40/30°C 24 h
45°C 2h
4h
6h
45/35°C 24 h

Post-ATT
Flowers Fower Shoot Dry Leaf Area Internode
Per Plant Size(cm) Weight (g) (mm?) Length (cm)
'10.66a° 5.10a 9.18 abc 975.17 a 0.61b
9.16a 455a 9.33 abc 998.50 a 0.84 ab
1166 a 493 a 8.31 abc 896.73 a 0.96 ab
14.66 a 530a 10.09 ab 1002.04 a 1.10ab
14.00 a 518a 10.82a 1055.14 a 0.98 ab
1150 a 490 a 9.19 abc 1069.61 a 0.97 ab
11.33a 3.88a 6.65 bc 739.59 a 0.82ab
13.16a 4.95a 10.10a 1104.44 a 0.71b
12.00 a 525a 8.93 abc 1056.91 a 1.40a
17.33a 490 a 8.74 abc 872.88 a 1.32ab
17.83a 4.48 a 9.02 abc 945.08 a 1.25ab
14.33 a 47538 10.21 ab 1093.53 a 1.22 ab
14.33 a 4.96 a 6.32 C 737.82a 1.10ab

X
Means within columns followed by the same |etters are not significantly different at 5% by
|smean procedure in SAS with Tukey’s correction.

Y
Vauesin the table are averages (n=6).

Table 4.14. The effect of combined heat shock/stress temperature on number of flowers per plant,
average flower size, and average internode length of Petunia x hybrida Dreams ‘Midnight’ after
3 weeks exposure to heat preconditioning (Pre-ATT) and after one week exposure to 45/35°C

(Post-ATT).
Effect
Temperature (°C) ATT Flowers per Flower Size Internode
Plant (cm) L ength (cm)
30°C Pre-ATT 719.16 8" 7.60 3 1.81a
(Control) Post-ATT 10.66 b 510c 06le
35°C Pre-ATT 19.16 a 7.31a 1.83a
Post-ATT 12.37b 499 c 0.97d
40°C Pre-ATT 15.87 ab 7.08 a 157 ab
Post-ATT 12.00b 474 c 0.98d
45°C Pre-ATT 14.70 ab 6.02b 1.40 bc
Post-ATT 15.95 ab 477 c 1.22 cd

X
Means within columns followed by the same | etters are not significantly different at 5% by
Lsmean procedure in SAS with Tukey’s correction.

Valuesin the table are averages (n=24).
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‘Midnight’ were not significantly different post-ATT (Table 4.13) or between pre- and post-ATT
for treatment temperatures, durations, or combination of temperatures and durations, respectively.
However, petunia exposed to specific treatment temperature for both pre and post-ATT
measurements did have a significant effect on total leaf area. Petunia exposed to 45°C showed

significantly reduced leaf area compared to petunia exposed to 35°C (Fig. 4.12).

Table 4.15. The effect of combined heat shock/stress durations on number of flowers per plant
and average flower size of Petunia x hybrida Dreams *Midnight’ after 3 weeks exposure to heat
preconditioning (Pre-ATT) and after one week exposure to 45/35°C (Post-ATT).

Effect
Duration (hours) ATT Flowers per Flower Size
Plant (cm)
oh Pre-ATT "18.70 8" 7.36a
Post-ATT 12.16b 486 c
h Pre-ATT 18.16 a 7423
Post-ATT 12.87b 46¢C
6h Pre-ATT 19.08 a 7.40 a
Post-ATT 13.20b 5.02c
Pre-ATT 12.95b 582hb
24h
Post-ATT 12.75b 5.12 bc

X
Means within columns followed by the same letters are not significantly different at 5% by
Lsmean procedure in SAS with Tukey’s correction.

Valuesin the table are averages (n=24).

Table 4.16. The effect of combined duration or temperature on Petunia x hybrida Dreams
‘Midnight’ shoot dry weight (g) after acquired thermotol erance test (exposure to 45/35°C for one
week following heat treatments).

Effect Temperature(°C) Duration (hours)
30°C 35°C 40°C 45°C 2h 4h 6h 24 h
St\;\‘;;tgatry v784a 81la 747ab 694b || 768ab 7.32ab 816a 7.21b

X
Means within rows, for each effect, followed by the same letters are not significantly different
91 5% by Ismean procedure in SAS with Tukey’s correction.

Vauesin the table are averages (n=48).
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Figure 4.12. The effect of combined heat shock/stress temperature on total |eaf area (mm?) of
Petunia x hybrida Dreams * Midnight’ for both pre and post-acquired thermotol erance test. Error
bars represent means of forty-eight observations +SE.

e AverageInternode Length
The average internode length (cm) of petunia Dreams *Midnight’ was significantly
reduced when exposed to 40°C for 4 h and 45°C for 24 h compared to petunia exposed to 45°C
for 4 hfor preand post-ATT (Table 4.11). Post-ATT, petunia grown at control (30/25°C) or heat
shocked at 40°C for 6 h had significantly reduced internode length compared to enduring heat
stress at 40/30°C (24 h) (Table 4.13). Average internode length was significantly reduced post-
ATT compared to internode length before the test for all heat treatments (Table 4.14). Petunia
grown at 30/25°C (control), 35/25°C or heat shocked at 40°C for 2 or 6 h had the greatest effect
on internode length by (-66, -50, -47 and -58%, respectively after ATT (Fig. 4.10 B).
e Reéative Chlorophyll Content
Heat shock/enduring heat stress treatments had a significant effect on the relative

chlorophyll content of petunia Dreams ‘Midnight’ pre and post-ATT. Petunia grown at control
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temperature 30/25°C or heat shocked at 35°C for 4 h or 45°C for 6 h had significantly lower
chlorophyll content than petunia exposed to enduring heat stress at 35/25, 40/30 or 45/35°C

which had significantly higher relative chlorophyll contents (Fig. 4.13).
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Figure 4.13. The effect of heat shock treatment (35, 40 or 45°C for 2, 4 or 6 h every 3 d) and heat
stress (35/25, 40/30 or 45/35°C, 24 h duration) on relative chlorophyll content of Petunia x
hybrida Dreams ‘Midnight’ prior to (pre-ATT) and after (post-ATT) one week exposure to 45°C
(ATT - acquired thermotolerance test). Error bars indicate means of six observations + SE.

e Marketable Quality Pre and Post-Acquired Thermotolerance Test
Heat shock and hest stress treatments had a significant effect on the marketable quality of
petunia Dreams ‘Midnight’ pre- and post-ATT. Prior to the ATT, petuniagrown at 35/25°C (24 h)
had significantly higher quality ratings than petunia grown at 40/30 or 45/35°C (24 h) or heat

shocked at 35°C for 2 or 4 h, 40°C for 4 h, or 45°C for 2 or 6 h (Fig. 4.14). Post-ATT there was
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no significant difference in petunia quality among any of the heat treatments (heat shock or heat

stress).
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Figure 4.14. The effect of heat shock (35, 40 or 45°C for 2, 4 or 6 h every 3d) or heat stress
(35/25, 40/30 or 45/35°C) on plant quality of Petunia x hybrida Dreams ‘Midnight’ after one
week exposure to 45°C (acquired thermotolerancetest - ATT). Error bars indicate means of six
observations + SE.

4.3.5 Heat Shock Treatment and Acquired Thermotolerance Test

Heat shock temperatures and durations imposed on petunia Dreams ‘Midnight’ did not
have a significant effect on most of the growth measurements taken for pre and post- ATT
(45/35°C for one week) (Table 4.17). For heat shock treatment, petuniaflower count, average
flower size and average internode length significantly decreased after exposureto ATT (-30, -33
and - 44%, respectively), while shoot dry weight increased 45 % and total |eaf area was not

significantly different (Table 4.18).

83



Heat shock temperatures did have a significant effect on thermotolerance of petunia
flower count. Flower count of petunia grown at control temperature (30/25°C) was significantly
decreased by 45% after ATT, while flower count of petunia exposed to 35°C decreased by 40%.
Flower counts of petunia exposed to 40 or 45°C were not significantly affected by subsequent
exposureto ATT (Fig. 4.15). Heat shock temperature and duration also had a significant effect
on thermotolerance of petunia Dreams ‘Midnight’ average internode length (cm). Average

internode length of petunia exposed to 45°C was least affected by the ATT where internode

Table 4.17. The effect of heat shock temperature and duration on growth and development of
Petunia x hybrida Dreams ‘Midnight’ after ATT (ATT-acquired thermotol erance test - exposure
to 45/35°C for one week following heat shock treatments every 3 d for 4 weeks).

Temperature | Duration Effect
°0) (hours) Flowers FI ower Sh(_)ot Dry Ledf Azrea Internode
Per Plant Size(cm) Weight (g) (mm®) Length (cm)
30/25°C (Control) Y14918¢ 6.35a 7843 980.68 & 1.214a
2h 15.00 a 596 a 8.03a 991.04 3 1.353a
35°C 4h 14.83 a 6.10 a 7.36a 900.92 3 1423
6h 1741 a 6.354a 8.27 a 953.37 3 1.343a
2h 14.25a 6.18 a 7.63a 986.32 a 1413
40°C 4h 16.43 a 594 a 7.37a 924.77 a 1.08 a
6h 15.08 a 6.23 a 8.38a 1035.49 a 1213
2h 17.58 a 595a 7.22a 834.13 3 1.37a
45°C 4h 17.08 a 6.03 a 7.37a 926.50 a 156 a
6h 17.16 a 591a 8.16 a 978.48 a 1.253a
Temp. x Duration NS NS NS NS NS
Temp. x Dur. X ATT NS NS NS NS *
Temp. x ATT * NS NS NS *
Duration x ATT NS NS NS NS NS
Temperature NS NS NS NS NS
Duration NS NS NS NS NS
‘ATT * * * NS *

Values significant (*) or not significant (NS) at the 5% level by the Ismean procedurein SAS
with Tukey’s correction.

X
Means within columns followed by the same letters are not significantly different at 5% by
Lsmean procedure in SAS with Tukey’s correction.

Vauesin thetable are averages (n=12).
% Represents growth measurements taken for pre- (acquired thermotolerance test — ATT) or post-
ATT.
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Figure 4.15. The effect of heat shock temperature for all durations (35, 40 or 45°Cfor 2,4 0or 6 h
every 3d) on flower count of Petunia x hybrida Dreams *Midnight’ after 3 weeks of heat shock
treatment (pre-ATT) and post-ATT (following exposure to 45/35°C for one week). Error bars
represent means of eighteen observations +SE.
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weeks of heat shock treatment (pre-ATT) and following exposure to 45/35°C for one week (post-

ATT). Error bars represent means of six observations £SE.
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length was not significant by ATT at 2 and 6 h. Petuniainternode length was severely affected
by exposure to subsequent ATT for petunia grown at control temperature (30/25°C) (- 66%) or
heat shocked at 35 or 40°C for 2 (- 54%) or 4 h (- 49%), or 2 (- 47%) or 6 h (- 58%), respectively
(Fig.4.16). The reduction of internode growth observed in petunia grown at 30/25°C after one

week heat stress at 45°C isdepicted in Figure4.17 A & B.

Table 4.18. The effect of combined heat shock treatments (every 3d for 3 weeks) on growth and
development of Petunia x hybrida Dreams ‘Midnight’ (pre-ATT) and following exposure to
45/35°C for one week (post-ATT).

Effect
ATT Flowers Flower Shoot Dry Leaf Area Internode
per Plant Size (cm) Weight (g) (mm?) Length (cm)
Pre-ATT | '18.65& 7393 6.34b 928.86 a 1.67 a
Post-ATT 1294 b 4.89b 921a 983.31a 0.93b
(Heat shock treatments included 30/25°C (control) and heat shock at 35, 40 or 45°C for 2, 4 or 6

Q every 3d).

Means within columns followed by the same letters are not significantly different at 5% by
Lsmean procedure in SAS with Tukey’s correction.

Vauesin the table are averages (n=60).

Figure 4.17. A pictorial representation of decreased internode length observed in Petunia x
hybrida Dreams ‘Midinght’ grown at 30°C after one week exposure to 45°C (acquired
thermotolerance test). A) Top view of petuniagrown at 30°C after one week exposure to 45°C
and B) Close-up view of decreased internode length.
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4.3.6 Enduring Heat Stress Acquired Thermotolerance

Enduring heat stress treatments had a significant effect on acquired thermotolerance of
petunia Dreams ‘Midnight’ (Table 4.19). Flower count of petunia was significantly reduced by
55% at control temperature (30/25°C) and significantly increased by 207% at 45/35°C (Fig.4.18
A). Before ATT, average flower size was significantly reduced by an average of 65% when
grown at 45/35°C. However, there was no significant difference between flower sizesfor all
treatment temperatures after ATT. Results show that ATT significantly reduced average flower
size by 33% of petunia grown at 30/25°C while average flower size increased over 200% in
petunia grown at 45/35°C (Fig.4.18 B). Average internode length of petunia was significantly
reduced after ATT grown at 30/25 and 35/25°C by 67% and 51%, respectively. However,
Table 4.19. The effect of enduring heat stress on growth and development of Petunia x hybrida

Dreams ‘Midnight’ after acquired thermotolerancetest (ATT - exposure to 45/35°C for one week)
following heat stress treatments for 4 weeks).

Temperature Effect
°0) ATT Flowers FI ower Sh(_)ot Dry Leaf Azrea Internode
per Plant Size(cm) Weight () (mm?) Length (cm)
30/25°C Pre-ATT | 719.16 &° 7.60 a 6.51c 986.19 abc 1.81ab
Post-ATT | 8.66 bc 5.10 bc 9.18 a 975.17 abc 0.61le
35/25°C Pre-ATT | 17.66 ab 7.18 ab 6.75 bc 1262.84 a 1.99a
Post-ATT | 14.00abc  5.18 bc 10.82 a 1055.14 ab 0.98 de
40/30°C Pre-ATT | 10.33abc  6.11 abc 542 cd 742.19 abc 1.55 abc
Post-ATT | 12.00abc  5.25bc 8.93 ab 1056.91 ab 1.40 bed
45/35°C Pre-ATT 4.66 c 241d 3.73d 518.25¢ 1.02 cde
Post-ATT | 14.33 ab 496 ¢c 6.32C 737.82 bc 1.10 cde
Temperature * * * * *
“ATT NS NS * NS *
Temperature X ATT * * NS NS *

Values significant (*) or not significant (NS) at the 5% level by the Ismean procedure in SAS
with Tukey’s correction.
X

Means within columns followed by the same letters are not significantly different at 5% by
|smean procedure in SAS with Tukey’s correction.

Y

Valuesin the table are averages (n=6).
% Represents growth measurements taken for pre- (acquired thermotolerance test — ATT) or post-
ATT.
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Figure 4.18. The effect of enduring heat stress on Petunia x hybrida Dreams *Midnight’ A)
flower count, B) average flower size (cm) and C) average internode length (cm) after enduring
heat stress for 3 weeks (Pre-ATT) and following exposure to 45/35°C for one week (Post-ATT -
acquired thermotolerance test). Error bars represent means of six observations +SE.

Table 4.20. The effect of enduring heat stress temperatures on overall growth and development
of Petunia x hybrida Dreams *Midnight’ before (Pre-ATT) and Post-ATT (ATT - acquired
thermotol erance test at 45/35°C for one week).

Heat Stress Effect
Temperature Flowers Flower Shoot Dry Leaf Area Internode
(°C) per Plant Size (cm) Weight (Q) (mm?) Length (cm)
30/25°C | Y13.91 ab” 6.35a 7.84 ab 980.68 a 1.21 ab
35/25°C 15.83a 6.18a 8.79a 1159.00 a 148a
40/30°C 11.16 ab 5.68 a 7.18b 899.55 ab 148a
45/35°C 9.50b 3.69b 5.02c 628.04 b 1.06b

(Heat stress treatments included 30/25°C (control), 35/25, 40/30 or 45/35°C.)
X

Means within columns followed by the same letters are not significantly different at 5% by
Lsmean procedure in SAS with Tukey’s correction.

Valuesin the table are averages (n=12).
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Figure 4.19. Pictorial representation of the effect of one week heat stress at 45°C (acquired thermotolerance test) on non-heat shocked
Petunia x hybrida Dreams * Midnight’ grown at 30°C. A) Side view of petunia grown at 30°C before exposure to 45°C, B) Top view of
petunia grown at 30°C before exposure to 45°C, C) Side view of petuniagrown at 30°C after one week exposure to 45°C and D) Top

view of petuniagrown at 30°C after one week exposure to 45°C.
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exposureto ATT did not affect average internode length of petunia grown at 40/30 or 45/35°C
(Fig.4.18 C).

Overall heat stress temperatures for both pre and post-ATT measurements had a
significant effect on all growth measurements. Results show that petunia grown at 45/35°C had
significantly reduced flower count compared to 35/25°C, while average flower size (cm), shoot
dry weight and total leaf area (mm?) were reduced at 45/35°C compared to control temperature
(30/25°C) (Table 4.20). Average internode length significantly decreased in petunia grown at
45/35°C compared to 35/25 and 40/30°C. The effect of subsequent acquired ATT on petunia
grown at control temperature (30/25°C) is represented in Figure 4.19 A, B, C, & D.

4.3.7 Chlorophyll Fluorescence
e Heat shock

Heat shock treatment did not have a significant effect on the maximum guantum
efficiency of PSII (Fv/Fm) for either young or mature leaves of petunia Dreams ‘ Midnight’
(Table 4.21). However, heat shock temperature did have a significant effect on Fv/Fm of young
leaves, where petunia grown at control temperature (30/25°C) had significantly decreased Fv/Fm
of 0.857 compared to petunia heat shocked at higher temperatures (35, 40 or 45°C) (Table 4.22).
However, there was no difference between heat shock treatments and chlorophyll fluorescence
measurements in young leaves taken before ATT, and 3 or 7 d after ATT. The maximum
guantum efficiency of PSII in mature leaves was unaffected by specific heat shock temperatures
and durations, but was significantly decreased pre-ATT compared to 3 or 7 d post-ATT (Table
4.21).

e Enduring Heat Stress
Enduring heat stress had a significant effect on the maximum quantum efficiency of

young and mature leaves of petunia Dreams ‘Midnight’. For young leaves, Fv/Fm measurements
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were not significant between readings but were significantly lower in petunia grown at 30/25°C
(Table 4.23). For mature leaves, Fv/Fm was significantly lower for petunia grown at 30/25 and

35/25°C, and was significantly lower in petunia before exposureto ATT (Table 4.23).

Table 4.21. The effect of heat shock temperature and duration on the maximum quantum
efficiency of PSII (Fv/Fm) using chlorophyll fluorescence measurements of dark-adapted young
and mature leaves of Petunia x hybrida Dreams ‘Midnight’ before acquired thermotolerance test
(Pre-ATT), and 3 or 7 d after acquired thermotol erance test (exposure to 45/35°C for one week).
. M aximum Quantum Efficiency of PSI1 (Fv/Em)
Tem(egﬂ ure D(ﬁ(ﬁt;g)n Y oung L eaf Mature L eaf
Pre-ATT 3d 7d Pre-ATT 3d 7d

30/25°C (Control) 0.85bc® 0.85bc” 086abc| 0.83bcd 0.86abc 0.86ab
2h 0.86abc 086abc 0.86abc| 08lde 0.85abc 0.86ab
35°C 4h 087abc 086abc 0.86abc| 084bc 086abc 0.87a
6h 0.86abc 086abc 0.86abc| 0.83bcd 0.85abc 0.86ab
2h 0.86abc 086abc 0.86abc| 083cd 085abc 0873
40°C 4h 087ab 0.86abc 0.88a 084bc 0.85abc 0.86ab
6h 0.87abc 086abc 0.87abc| 082cd 0.86akc 0.86ab
2h 0.87abc 086abc 0.86abc| 082cd 0.85abc 0.86ab

45°C 4h 0.86abc 0.86abc 0.86abc| 0.83bc 0.85abc 0.86ab

6h 0.87abc  0.86abc 0.86abc| 0.83bcd 0.86abc 0.87a
Temp. X Duration NS NS
Temp. X Dur. X ATT NS NS
Temp. X ATT NS NS
Duration X ATT NS NS
Temperature * NS
Duration NS NS

‘ATT NS *

For young or mature leaves, values significant (*) or not significant (NS) at the 5% level by the
Lsmean procedure in SAS with Tukey’s correction.

Means within columns and rows for young leaves or mature leaves followed by the same letters
are not significantly different at 5% by Ismean procedure in SAS with Tukey’s correction.

Y

Vauesin the table are averages (n=6).
% Represents Fv/Fm measurements taken for pre- (acquired thermotolerancetest — ATT) or 3 or 7
d after ATT.
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Table 4.22. The effect of heat shock treatment temperatures on the maximum quantum efficiency
of PSII (Fv/Fm) using chlorophyll fluorescence measurements of dark-adapted young |leaves of
Petunia x hybrida Dreams ‘Midnight’.

Heat Shock Maximum Quantum Efficiency
Temperature of PSII (Fv/Fm) in
(°C) Young L eaf
30/25°C (Control) 70.857 b*
35/25°C 0.864 a
40/30°C 0.870a
45/35°C 0.867 a
(Heat shock treatments included 30/25°C (control) and heat shock at 35, 40 or 45°C for 2, 4 or 6
Q every 3 d).

Means within columns followed by the same |etters are not significantly different at 5% by
Lsmean procedure in SAS with Tukey’s correction.

Vauesin the table are averages (n=60).

Table 4.23. The effect of enduring heat stress temperatures on the maximum quantum efficiency
of PSII using chlorophyll fluorescence measurements of dark-adapted young and mature leaves

of Petunia x hybrida Dreams ‘Midnight’ before acquired thermotolerance test (Pre-ATT), and 3
and 7 d after acquired thermotolerance test (exposure to 45/35°C for one week).

Heat Stress M aximum Quantum Efficiency of PSII (Fv/Fm)
Temperature Y oung L eaf Mature L eaf
(°C) Pre-ATT 3d 7d Pre-ATT 3d 7d
30/25°C Y0.855¢cF 0.855¢C 0.861 bc 0.836b 0.860ab 0.865ab
35/25°C 0.878ab 0.875abc 0.865abc | 0.806¢c 0.848ab 0.868a
40/30°C 0.880ab 0.875abc 0.868abc | 0.866a 0.875a 0.875a
45/35°C 0.876ab 0.883a 0.873abc | 0.870a 0.875a 0.873a
Temperature * *
ZATT NS *
Temp. X ATT NS *

For young or mature Leaves, values significant (*) or not significant (NS) at the 5% level by the

Ismean procedure in SAS with Tukey’s correction.
X
Means within columns and rows for young leaves or mature leaves followed by the same letters

ere not significantly different at 5% by |smean procedure in SAS with Tukey’ s correction.

Valuesin thetable are averages (n=6).
% Represents Fv/Fm measurements taken for pre- (acquired thermotolerancetest — ATT) or 3 or 7

d after ATT

92



4.4 DISCUSSION

Heat preconditioning of petunia through short duration heat shock or enduring heat stress
reveaed differences in promoting acquired thermotolerance in marketable plants during
greenhouse production. Acquired thermotolerance occurs when plants are pre-exposed to varying
levels of nonlethal stress and subsequently develop the ability to survive extreme temperatures
(Senthil et a., 2003). Certain adaptabl e characteristics have been associated with acquired
thermotolerance in plants, such as smaller and thicker leaves, shortened internodes and increased
stability of PSII (Beadle, 1981; Natarajan, 2005; Berry and Bjorkman, 1980). The heat shock and
enduring stress treatments used in the present study provide some insight of the temperatures and
durations critical to the induction of acquired thermotolerance in petunia, while still producing a
marketable plant.

Results indicated that heat shock and enduring heat stress temperature or duration,
respectively, had a significant effect on the acquired thermotolerance of all the morphol ogical
traits studied. The average of 3 weeks exposure to heat shock or enduring heat stress revealed
that the 45°C treatment temperature, regardless of duration, reduced petunia flower count (Fig.
4.4. A). However, prior to the acquired thermotolerance test (ATT), there were no significant
differences between petunia flower counts of any heat shock or enduring heat stress temperature,
indicating that petunias are still able to maintain flower production after 3 weeks of exposure to
temperatures as high as 45°C (Table 4.11). After exposureto ATT, flower count was reduced in
petunia grown at control (30/25°C) or exposed to 35°C but was unaffected in petunia
preconditioned at 40 or 45°C, revealing an increased heat tolerance when pre-exposed to these
temperatures (Table 4.11). Similar results of known heat tolerant and heat sensitive cultivars of
tomato (Lycopersicon esculentum Mill.) were reported when the heat tolerant cultivar produced a

greater number of flower buds and displayed earlier flowering when exposed to enduring
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35/30°C compared to heat sensitive cultivar (Lohar and Peat, 1998). The present study only uses
one cultivar, Dreams ‘Midnight’, with no predetermined heat tolerance. However, Dreams
‘Midnight’ clearly exhibits the ability to acquire thermotolerance to much higher temperatures
similar to the known heat tolerant tomato cultivar used in the study by Lohar and Peat (1998).
Enduring heat stress (24 h duration) compared to heat shock at 2, 4 or 6 h, regardless of
temperature, significantly decreased the number of flowers per plant after three weeks of
treatment and the flower count was unaffected by ATT (Table 4.12). However, flower count of
petunia heat shocked for 2, 4, or 6 h decreased significantly post-ATT. These results indicated
that petuniaflower set is sensitive to continuous high temperatures of greater than 40°C but that
exposure to this temperature for shorter durations of heat shock used in this study were not
adequate for promoting acquired heat tolerance. Although petunia Dreams *Midnight’ proved to
be tolerant of 45°C, the reduced flower counts caused by enduring heat stress pre-ATT would not
be an ideal growing regime to produce a quality plant. Similar results were observed for petunia
flower size, where the average flower size pre-ATT was significantly reduced at 45°C or for 24 h
durations at any temperature (Tables 4.11 & 4.12). Post-ATT flower sizes decreased
significantly from pre-ATT sizesfor all heat shock temperatures but were not significantly
different from each other. Petunia pre-exposed to 45°C did not decrease in flower size as much
as petunias pre-exposed to lower temperatures indicating a greater tolerance when previously
heat shocked or grown at 45°C.

Results revealed that shoot dry weight and total |eaf area of petunia exposed to 45°C was
significantly less than petunia exposed to 30 or 35°C which may be directly related to inhibition
of water and nutrient uptake due to decreased root growth at higher temperatures (Graves et al.,
1991). Similarly, shoot dry weight and leaf area decreased in wheat (Triticum aestivumL.)

grown at 25/35 or 35/35°C shoot/root temperatures compared to regimes with cooler root
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temperatures (25/25 or 35/25°C) (Kuroyanagi and Paulsen, 1988). Rivero et a. (2003) found
similar results in tomato (Lycopersicon esculentum Mill.) grown at 10/10, 25/25 (optimal) or
35/35°C day/night temperatures for 30 d, where tomato grown at 35/35°C had significantly
reduced shoot biomass compared to plants grown at the optimal 25/25°C. However, shoot dry
weight and leaf areaincreased for all treatments during the 3 weeks of heat shock or enduring
heat stress treatments, and continued to increase in shoot dry weight following the acquired
thermotolerance test. This may have indicated that metabolism of petunia as related to growth
was functional at day temperatures as high as 45°C or night temperatures as high as 35°C even
after 4 weeks at this temperature. Compared to the present study, the critical temperature of 35°C
found for tomato in the study by Rivero et a. (2003) did not result in significantly reduced shoot
dry weight in petunia compared to the optimal temperature (30/25°C), suggesting that petunia
Dreams ‘Midnight’ may be more stress tolerant than other species within the Solanaceae family.
Heat shock and enduring heat stress treatments of 45°C also had the greatest effect on
promoting heat tolerance related to petuniainternode length pre-ATT and post-ATT (Table 4.11).
Pre-exposure to 45°C, regardless of duration, resulted in petunia developing shortened internodes
which has been described as an adaptable morphological characteristic associated with improved
heat tolerance seen in salvia (Salvia splendens F. Sellow ex Roem & Schult.) (Natargjan, 2005)
and cowpea (Vigna unguiculata (L.) Walp.) (Ismail et a., 2000). The decreased internode length
observed over time also resulted in a more compact plant overal, which makes for amore
marketable and efficient plant in the landscape. These results were similar to research done on
selections and evaluations of lisianthus (Eustoma grandiflorum Salisb.) cultivars based on
resistance to heat-induced rosetting during development (Harbaugh and Scott, 1999). The
authors concluded that the semi-dwarf cultivars ‘ Florida Pink’ and ‘ Florida Light Blue' were

considered more appropriate landscape plants due to their compact growth and diverse flower
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color (Harbaugh and Scott, 1999). Post-ATT, petuniathat had previously developed shortened
internodes at higher temperatures and longer durations were unaffected by the subsequent heat
stress while control petunia (30/25°C) displayed severely reduced internode growth (- 66%) (Fig.
4.10. B) and resulted in very tight almost whorled appearance of the terminal portions of petunia
branches (Fig. 4.17. B).

The maximal quantum efficiency of PSII was investigated using chlorophyll fluorescence
yields of leaves pre-ATT, and 3 and 7 d post-ATT that had been dark adapted for 12 h at room
temperature. The averaged decreased Fv/Fm ratio observed in young leaves of control (30/25°C)
petunias compared to heat shocked leaves at 35, 40 or 45°C (Table 4.21) may be related to the
larger leaf area of control plants. Research by Knight and Ackerly (2003) found correlations
between reduced specific leaf area and increased thermal tolerance of PSII where species
(Atriplex hymenelytra, Encelia farinosa, Eriogonum latifolia and Salvia mohavensis) with
smaller specific leaf areas could withstand higher temperatures (39 to 46°C) indicated by
stability of Fv/Fm at a critical temperature before 50% reduction in the variable to maximal
fluorescence ratio. The increased Fv/Fm observed in younger leaves may be associated with
smaller leaf areas seen in petunia exposed to higher temperatures (Fig. 4.12). Increased Fv/Fm of
mature leaves exposed 40/30 or 45/35°C pre-ATT may be the result of a protective mechanismin
heat stressed plants to help dissipate excess excitation energy. Tang et al. (2007) found that
spinach (Spinacia oleracea L.) leaves subjected to heat stress (25 to 50°C for 30 min) caused an
aggregation of the light-harvesting complex of PSI1 (LHCII) and increased thermal energy
dissipation in plants heat stressed above 35°C. The study also associated the LHCII aggregates
with reduced susceptibility in heat stressed plants to solubilization of chlorophyll protein
complex at high temperatures. The decreased susceptibility of solubilizaton is associated with

conformational changes in the chloroplast that occur at temperatures lower than photosynthesis
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inhibiting temperatures. This was also seen in temperature induced changes in bean (Phaseolus
vulgaris L.) chloroplasts where the ratio of the quantum efficiencies of PSII and O, evolution
remained constant when plants were exposed to 20 to 35°C indicating that changesin chloroplast
happened before photoinhibition at high temperatures (Pastenes and Horton, 1996). Although the
present study does not investigate these protein analyses, increased relative chlorophyll content
was found in petunia grown at enduring heat stress 35/25, 40/30 or 45/35°C compared to control
and may be related to the LHCII protective mechanism mentioned by Tang et a. (2007). It is
also important to note that all Fv/Fm ratios for any leaf are within what is considered to be a
healthy range (> 0.83) (Bjorkman and Demmig, 1987) and this did not change in petunia
previously exposed to any temperature which indicates that photosynthetic decline in petunia
does not in occur up to at least 45°C. However, acute decreases in Fv/Fm may have been
observed if fluorescence yields were measured during heat stress rather than after recovery at
room temperature for 12 h. However, the results indicate that heat shock and enduring heat stress
treatments do not cause permanent stressto PSII or irreversible damage to the photosynthetic
apparatus.

Investigation of various temperatures and durations to induce acquired heat tolerance
revealed that higher temperatures of 45°C or longer durations of 24 h promoted the greatest
tolerance. However, the marketable quality of plants grown at 40/30 or 45/35°C was severely
reduced and would therefore not be recommended as preconditioning treatment for greenhouse
production of petunia. At the same time, the control temperature (30/25°C) which is considered
optimal for petunia did not have reduced quality pre-ATT, but had the |least heat tolerance when
exposed to ATT and should not be considered as an ideal growing temperature when promoting
heat tolerance. Figure 4.20 represents petunia pre-exposed to 45°C for 2,4,60r 24h (A, B, C &

D, respectively) and shows the unacceptable quality of petunia at 24 h duration. However,
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petunia heat shocked at 45°C for 4 h appeared to have the best quality out of the durations used
at this temperature due to its compact and uniform growth and acceptable flowering (Fig. 4.20.
B), though this was not significantly reflected in the data collected pre or post-ATT. Further
investigation using different durations and/or increased frequency of application (i.e. every day
rather than every 3 d) at 45°C may produce a greater effect of acquired thermotolerance using a

specific temperature and duration combination.

Figure 4.20. Pictorial representation of the effect heat shock at 45°C every 3 d on Petunia x
hybrida Dreams ‘Midnight’ for durations of A) 2 h, B) 4 h, C) 6 h or D) 24 h.
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CHAPTER 5. INDUCTION OF ACQUIRED THERMOTOLERANCE IN DIFFERENT
CULTIVARSOF PETUNIA X HYBRIDA AND EVALUATION OF SUBSEQUENT
LANDSCAPE PERFORMANCE
5.1 INTRODUCTION

Bedding plants account for some of the largest percent of sales (wholesale) within the
floriculture industry and were valued at $1.26 billion in wholesale value in 2007 (U.S.
Department of Agriculture, 2008). Bedding plants have great potential profit with the greatest
demand coming from the public in retail nurseries followed by an increasing demand by
landscape contractors (Copes, 2000; Fossler, 1993). Providing quality plants that perform well in
the greenhouse and that also perform well in the landscape is an important goal for plant breeders,
growers, and landscape contractors. However, achieving optimum bedding plant quality is highly
dependent upon the growing environment, which can have detrimental effects during undesirable
conditions (Armitage, 1989).

Heat stressisamajor factor affecting bedding plant production, where prolonged
exposure can result in irreversible damage to plant function (Hall, 2001) and ultimately
decreased growth, development and yield (Gusta et al., 1997; Harding et al., 1990). Heat stress
can have strong morphological effects on plants including decreased shoot and root growth, leaf
chlorosis and necrosis, abnormal flower development, and increased flower abortion (El Ahmadi
and Stevens, 1979; Guilioni et al., 1997; Pollock et al., 1993) as well as physiological effects
such as decreased cell membrane stability, stomatal conductance, net photosynthesis, and
transpiration (Medina and Cardemil, 1993; Ortiz and Cardemil, 2001; Natargjan and Kuehny,
2008).

Effects of heat stress and plant toleranceis vital for survivability in stressful
environments (Lichtenthaler, 1996). Some plants have displayed adaptive responses to heat

stress by developing smaller and thicker leaves, shortened internodes (Beadle, 1981; Natargjan,
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2005; Ismail et al., 2000), increased membrane stability (Y eh and Hsu, 2004), and induction of
heat shock proteins (Park et al., 1996; Vierling, 1991). This acquired thermotolerance in some
plant species can be achieved by preconditioning by using supraoptimal temperatures for a
specific duration of time, also known as heat shock (Natargjan, 2005; Sung et al., 2003). Effect
of heat shock and subsequent heat tolerance varies by species and often between cultivars. There
has been little research on inducing acquired thermotol erance during greenhouse production of
bedding plants followed by quantitative evaluation of heat tolerance postproduction in the
landscape. Therefore, the objective of the present study was to induce acquired thermotolerance
in several classes of Petunia x hybrida during greenhouse production and to determine heat
tolerance by evaluation of landscape performance.
5.2 MATERIALSAND METHODS

5.2.1 Plant Material

Nineteen cultivars of Petunia x hybrida Hort. Ex Vilm. (Table 5.1) were used in the
present study. Petunia x hybrida Dreams ‘Midnight’ (Ball Horticultural Company, West Chicago,
IL) used in previous research (Chapter 3 and 4) was used in this experiment as the standard for
comparison. Sixteen additional cultivars were selected based on their overall performance rating
as evaluated by Kelly et al. (2007). Petunia cultivars were grouped into the following plant
classes: floribunda, grandiflora, and spreading. These classes and cultivars can be further
separated into eight different series of petunia: Madness, Dreams, Storm, Ultra, Easy Wave,
Ramblin, Avalanche, and Wave (Ball Horticultural Company, West Chicago, IL). Within each
series, two cultivars were chosen and labeled as either the best or worst rated for overall
performance as evaluated by Kelly et al. (2007). Two additional cultivars, ‘Mitchell Diploid’ and
‘44568 were provided by the University of Florida. The ‘44568’ is transgenic ethylene-

insensitive petuniaand *Mitchell Diploid’ isitswild type. The cultivars used in this study are
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labeled by a specific number asindicated in Table 5.1, so that cultivars may be easily referenced
in tables and figures. Petunia seeds were planted 5 August 2008 into 288 (4.9 cm®) plug tray
using lightweight media Fafard™2M Mix (Conrad Fafard, Incorporated, Agawam, MA) and
germinated at 26°C day/night under intermittent mist (every 2 h for six seconds) in a
polycarbonate greenhouse for five weeks.

Table 5.1 The class, number, series and cultivar, and overall performance of selected Petunia x
hybrida as evaluated by Kelly et al. 2007.

Class No. Selected Cultivars Overall
Performance
Floribunda 1 ‘Madness Waterfall Mix’ Best
2 ‘Madness Lavender Glow’ Worst
3 ‘Dreams Burgundy Picotee’ Best
Grandiflora 4 ‘Dreams Wild Rose Mix’ Worst
19 ‘Dreams Midnight’ Unknown
Grandiflora 5 ‘Storm Violet’ Best
6 ‘Storm Red’ Worst
Grandiflora 7 ‘Ultra Salmon’ Best
8 ‘UltraRed' Worst
Grandiflora 17 ‘Mitchell Diploid * Unknown
18 ‘44568’ * Unknown
: 9 ‘Easy Wave Shell Pink’ Best
Spreading 10 ‘Easy Wave Red' Worst
) 11 ‘Ramblin Lavender’ Best
Spreading 12 ‘Ramblin White' Worst
) 13 ‘Avaanche Lilac’ Best
Spreading 14 * Avalanche White’ Worst
) 15 ‘Wave Pink’ Best
Spreaxing 16 ‘Wave Blue Worst

**Mitchell Diploid’ and ‘44568 were provided by Dr. David G. Clark from University of
Florida (Gainesville, FL). Other seed was contributed by Ball Horticultural Company (West

Chicago, IL).

5.2.2 Greenhouse Establishment Prior to Treatments

Greenhouses used in the present study are located at Campus Greenhouses 440-7 and

440-8 at Louisiana State University, 30° N 91° W Baton Rouge, Louisiana. The present study

was replicated simultaneously using two greenhouses for each experiment. A total of four

polycarbonate covered greenhouses with 40% shade cloth (1000 umol m? s*) were used to
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complete treatments. Each greenhouse has respective automated heating and cooling systems
using Wadsworth STEP® Control 50A (Wadsworth Control Systems Incorporated, Arvada, CO)
with day/night 12 h temperature settings. On 10 September 2008, petunia plugs were
transplanted into (650 cm®) plastic pots using a middleweight media Fafard™4M Mix (Conrad
Fafard, Incorporated, Agawam, MA) media. One plant was transplanted into each pot and was
placed on greenhouse benches. Broad spectrum fungicide was applied as a drench to each pot
after transplant at arate of 19.5 ml/L (Banrot® 8G, a.i. 3% Etridiazole, a.i. 5% Thiophanate-
methyl, Scotts-Sierra, Marysville, OH). Petunias were grown at 30/20°C and fertigated using
Hozon™ Brass Siphon Mixer (1:16) (Phytotronics, Incorporated, Earth City, MO) with 200 ppm
N 15N-2.2P-12.4K (15-5-15 Cal Mg, Scotts-Sierra, Marysville, OH) daily for one week before
starting heat shock treatment.
5.2.3 Heat Shock Treatment

Heat shock treatment was applied to all petunia cultivars after two weeks growth at
30/25°C in the greenhouse. Heat shock treatment was chosen based on the optimum temperature
and duration determined in Chapter 4. Treatments included continuous exposure to control
temperature (30/25°C day/night) or heat shock at 45°C for 4 h every 3 d of plants grown at
30/25°C day/night. Heat shock temperature was established in respective greenhouses by
increasing temperature setting on the automated control system (Wadsworth STEP® Control 50A,
Wadsworth Control Systems Incorporated, Arvada, CO) from 30 to 45°C at 1000 HR and
decreased back to 30°C at 1400 HR every 3 d for 3 weeks. Prior to heat shock exposure, plants
were irrigated to maximum water holding capacity to minimize water stress during treatment.
Each heat shock experiment used two greenhouses for atotal of two control greenhouses and two
greenhouses where heat shock was applied. Temperatures in respective greenhouses were

recorded using HOBO® Pro Series™ datalogger (Onset Computer Corporation, Bourne, MA)
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(Figure5.1 A, B, C & D). Weather records for Baton Rouge, L ouisiana, including temperature
(°C) and irradiance (1 mol m? s* PPFD), were also taken daily for the duration of the

experiments (Louisiana Agriclimatic Information Systems, LSUAgCenter, BAE) (Figure5.2. A
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Figure 5.1. Average day/night temperatures (°C) A) Control 30/25°C, B) 30/25°C and heat shock
at 45°C for 4h every 3d, C) Control 30/25°C, D) 30/25°C and heat shock at 45°C for 4 h every 3
d recorded in greenhouses for each temperature treatment over a4 week course of experiment.
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Figure 5.2. Average daily weather reports A) natural irradiance (L mol m? s* PPFD), B)
minimum and maximum daily temperature (°C) for greenhouse experiment located at Louisiana
State University, Baton Rouge, Louisiana.

5.2.4 M easurement of Growth and Development in the Greenhouse
Petunia cultivars were destructively harvested for data collection every 7 d for 4 weeks
with first harvest taken after one week growth at 30/25°C for baseline comparative and the

following 3 harvests every 7 d after heat shock treatment began. Petunia growth and
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development was quantified by measuring number of flowers per plant, average flower size (cm)
per plant, relative increase in growth of shoot dry weight (g) or average internode length (cm)
expressed in terms of arate of increase in weight or length per unit of weight or length, relative
growth rate (RGR), providing for a more equitable comparison of dry weight where:
RGR = (loge W2- 10ge W1) / (t2-t1)
or internode growth analysis where:
RGR = (loge L2- l0ge L1) / (t2-t1)

That isthe natural log of the mean weight (W) or length (L) over the interval of weeks (t)
measured (Hunt, 1990). The total leaf area of a plant (mm?) (La) per plant shoot dry weight (W)
was also recorded as the leaf arearatio (LAR) and was determined using the following formula
(Hunt, 1990):

LAR= ([La/W4]) + [La/ W2])/2

Fully expanded flowers were visually counted and recorded weekly. Flower size was
determined by using a handheld metric ruler and measuring the diameter (cm) of one flower
visually estimated to be average for that respective plant. Average internode length was
determined by measuring lengths of first 3 internodes from newest true leaves on one branch per
plant. Total leaf area per plant was measured using L1-3100C leaf area meter (LICOR
Biosciences, Lincoln, NE). Shoot dry weights (g) were obtained after oven drying at 80°C for
24 h.
5.2.5 Field Study Establishment

Postproduction was evaluated by transplanting heat shocked and control plantsin field
trial landscape beds. The transgenic cultivars ‘44568’ and ‘ Mitchell Diploid’ were not evaluated
inthefield. A broad spectrum fungicide (Banrot® 8G, a.i. 3% Etridiazole, a.i. 5% Thiophanate-

methyl, Scotts-Sierra, Marysville, OH) was applied in the greenhouse 3 d prior to field transplant.
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Petunias were transplanted on 13 October 2008 into trial beds 3 d after the last heat shock
treatment was applied in the greenhouse. The field trial was located at L SU AgCenter Burden
Research Station, 30° N 91° W Baton Rouge, Louisiana. The landscape trial was conducted in
raised beds (1.5 m wide by 50 m long) and consisted of an Olivier silt loam soil amended with
composted pine bark. Petunia were planted using 30 x 30 cm spacing and were irrigated as
needed by drip tape placed in between two plants that continued for the entire length of the row.
Weather records were taken daily from the Burden Center weather station for the duration of the
field trial (Louisiana Agriclimatic Information Systems, LSUAgCenter, BAE) (Figure 5.3 A &
B). Petunias were allowed to establish one week before data measurements were taken.
5.2.6 Field Data Collection

Growth and development and landscape performance of treated petunias were evaluated
every two weeks after transplant. Data collected included number of flowers per plant, average
flower size (cm), and quality ratings. Quality rating scale ranged from 1 to 5, where 1=dead and
5= optimum performance. Quality is based on a combination of plant flowering, leaf color and
compactness of plant. Quality scores; 4.5 to 5= excellent plants with healthy green leaves,
compact uniform growth and good inflorescence, 3.5 to 4.5= green healthy foliage with moderate
flowers, 2.5 and 3.5= plants with chlorotic leaves and poor inflorescence, 1.5 to 2.5= plants with
necrotic or dried leaves with terminal bud damage and poor flower set, <1.5 = dead. After six
weeksin the field, petunias were destructively harvested and data collected was: number of
flowers per plant, average flower size (cm) per plant, average internode length (cm), total leaf

area per plant (mm?), and shoot dry weight (g).
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Figure 5.3. Average daily weather reports A) natural irradiance (1 mol m? s* PPFD), B)
minimum and maximum daily temperature (°C) for field study located at Burden Center, Baton
Rouge, Louisiana.

5.2.7 Experimental Design and Statistical Analysis

Heat shock treatments were arranged as randomized compl ete block design in the
greenhouse. The greenhouse experiment was replicated once using three plants (sample units)
per treatment for each cultivar and for each of the 4 harvests in the greenhouse and for transplant
in thefield. Statistical analysis was performed using SAS ProcMixed Procedure (Statistical

Analysis Software, version 9.1, Cary, NC).
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5.3RESULTS
5.3.1 Effect of Heat Shock on Growth and Development of Different Petunia Cultivars

Growth and development of several Petunia x hybrida plant classes (Floribunda,
Grandiflora or Spreading) was not significantly affected by heat shock at 45°C for 4 h every 3d
compared to petuniagrown at control temperature (30/25°C) (Fig. 5.4 A, B, C, D & E). However,
there were significant differences in some growth measurements between plant types. After 3
weeks of heat shock in the greenhouse, floribunda had a significantly greater flower count
compared to spreading when grown at 30/25°C. However, there was no difference in the number
of flowers per plant for petunia types that were exposed to heat shock treatment (Fig. 5.4 A).
Floribunda and grandiflora plant types had significantly larger flower size than petunia spreading
types in both control and heat shocked plants (Fig. 5.4 B). Relative growth rate (based on shoot
dry weight) was not significantly different (Fig. 5.4 C) or leaf arearatio (Fig. 5.4 D) in heat
shocked or control plants. Grandiflora petunias grown at 30/25°C had a significantly higher
relative rate of internode growth compared to spreading exposed to heat shock at 45°C for 4 h
every 3d (Fig. 5.4 E).

When investigating the effect of heat shock during greenhouse production on growth and
development of all nineteen Petunia x hybrida cultivars, there was no significance between
treatments for respective cultivars for flower count, average flower size or relative growth rate
(Table 5.2). However, heat shock at 45°C for 4 h every 3 d had a significant effect on the relative
rate of internode growth and leaf arearatio for the petunia cultivars ‘Ultra Red’ (8) and
‘44568’ (18), respectively, which had reduced growth compared to growth at 30/25°C.

The effect of heat shock was also significant at certain times during treatment in the
greenhouse. Heat shock (45°C for 4h every 3 d) did not have a significant effect on flower count

after 3 weeks of exposure compared to petunia cultivars grown at 30/25°C day/night. However,
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Figure 5.4. The effect of heat shock (45°C for 4 h every 3 d) (Control = 30/25°C day/night) on
the A) number of flowers per plant, B) average flower size (cm), C) relative growth rate, D) leaf
arearatio and E) relative internode length of nineteen cultivars of Petunia x hybrida after 4
weeks in the greenhouse. Error bars represent means of observations £SE (Floribunda n=48)
(Grandifloran=216) (Spreading n=192).
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Table 5.2. Growth and development of nineteen Petunia x hybrida cultivars grown at control

(30/25°C day/night) or heat shock (45°C for 4 h every 3 d).

Internode
, Flowersper Flower Size  RGR LAR Length
Cultivar Treatment Plant (cm) 9g? (mm? (cm.cm™®
week!)  mg?) week )
Control "1.83ab* 156abcde 0.93a 3.44b 0.47 a
1 Heat Shock 1.16 abcd 1.74 abcde 091a 3440 0.39a
Control 0.41 de 1.05 abcde 1.09a 3.80ab 0.43a
2 Heat Shock 0.25de 0.55 cde 0.98 a 331b 0.32a
Control 0.25de 0.79 cde 097a 39 ab 0.47 a
3 Heat Shock 0.041 de 0.22 de 10la 372ab 0.48 a
Control 1.16 abcd 1.98 abc 0.89a 3.13b 0.28 a
4 Heat Shock | 1.04 abcde  1.52 abcde 0.74a 3.37b 0.38a
Control 2.16 a 2.38a 1.01a 359b 0.51a
5 Heat Shock 1.58 abc 1.81 abc 1.01la 3.28b 0.46 a
Control Oe Oe 112 a 361b 0.62 a
Heat Shock Oe Oe 0.88a 321b 0.30a
- Control 0.95 bcde 2.37ab 101a 3.27b 0.80a
Heat Shock 0.41 de 1.80 abcd 1.10a 3.50b 0.35a
8 Control 0.41 de 1.05 abcde 1.05a 3.17b 0.78 a
Heat Shock 0.21 de 0.61 cde 0.98 a 352b Ob
9 Control 0.37 de 0.80 bcde 0.92a 3.54b 0.33a
Heat Shock 0.75 bcde 1.22 abcde 1.06a 3.55b 0.30a
10 Control 0.05 de 0.20 de 0.86 a 3.16b 0.21a
Heat Shock 0.13 de 0.18 de 0.93a 347b 0.01 ab
11 Control 0.25de 0.22 de 0.90a 3.26b 0.02 ab
Heat Shock Oe Oe 0.92a 3.18b 0.02 ab
12 Control Oe Oe 0.90 a 2.94b 0.38 a
Heat Shock Oe Oe 0.89a 3.10b 0.19a
13 Control 0.16 de 0.22 de 0.87a 3.19b 0.25a
Heat Shock 0.08 de 0.21 de 1.04a 3440 0.17a
14 Control Oe Oe 0.91a 294 b 0.09 ab
Heat Shock Oe Oe 0.97 a 2.84b 0.01 ab
15 Control Oe Oe 0.84a 3.66b 0.15a
Heat Shock Oe Oe 091a 4.13ab 0.03 ab
16 Control Oe Oe 1.07 a 3.30b Ob
Heat Shock Oe Oe 1.12a 3.66 b Ob
17 Control Oe Oe 0.97 a 3.36b 0.13a
Heat Shock Oe Oe 1.08 a 3.25b 0.18a
18 Control Oe Oe 1.02a 550a 0.26 a
Heat Shock Oe Oe 1.04a 3440 0.31la
19 Control 0.83 bcde 1.22 abcde 0.87a 2.82b 0.57a
Heat Shock 0.45 cde 0.83 abcde 1.02 a 2.96b 0.47 a

X
Means within columns followed by the same letters are not significantly different at 5% by
Lsmean procedure in SAS with Tukey’s correction.

Valuesin the table are averages (n=24)
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there was significantly higher flower count in both treatments after 4 weeks of exposure but
control petunias (30/25°C) had greater number of flowers compared to petunia exposed to heat
shock (Table 5.3). Theseresults are similar to the effect on average flower size and relative
growth rate, where heat shocked petunia had significantly decreased flower size and shoot dry
weight compared to control after 3 weeks of heat shock exposure (Table 5.3). The leaf arearatio
was not affected by heat shock after 4 weeks exposure in the greenhouse, while the internode
RGR increased over the 4 weeks but was not significantly different between treatments (Table
5.3).

Table 5.3. The effect of heat shock (45°C for 4 h every 3 d) or control 30/25°C day/night) on

growth and development of all cultivars of Petunia x hybrida for each week during greenhouse
production.

Internode
Week Treatment | Flowers Flower RGR LAR Length
per Size(cm) (99’ (mm? (cm.cm™
Plant week ) mg™) week™)
1 Control Yo ¢ 0d N/A N/A N/A
Heat Shock Oc od N/A N/A N/A
5 Control Oc od 1.15a 3.33a Oc
Heat Shock Oc od 1.29a 3.25a Oc
3 Control 0.16c 0.72cd 111a 3.56a 0.25b
Heat Shock 0.31c 0.95c 1.24a 3.32a 0.29b
4 Control 2.33a 271a 0.64 b 3.58a 0.95a
Heat Shock 1.34b 1.86b 0.37c 3.60a 0.75a

(N/A represents no measureable change).

X
Means within columns followed by the same letters are not significantly different at 5% by
Lsmean procedure in SAS with Tukey’s correction.

Valuesin the table are averages (n=144).
5.3.2 Field Study
Heat shock treatment of 45°C for 4 h every 3 d during greenhouse production did not
have a significant effect on the number of flowers per plant within petunia cultivars after 6 weeks
transplant in the field. However, there was a significant difference between several cultivars for

respective treatments. For petunia cultivars grown at 30/25°C, ‘ Madness Waterfall Mix’ (1),
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A ‘Madness Waterfall Mix’ B ‘Madness Lavender Glow’

Figure 5.5. A pictorial representation of Floribunda cultivars of Petunia x hybrida after 3 weeks growth at 1) control (30/25°C) or 2)
exposure to heat shock at 45°C for 4 h every 3d or for A) ‘Madness Waterfall Mix’ and B) ‘Madness Lavender Glow’.

Transgenic Grandiflora Cultivars

A ‘Mitchell Diploid B ‘44568

Figure 5.6 A pictoria representation of transgenic grandiflora cultivars of Petunia x hybrida after 3 weeks growth at 1) control (30/25°C)
or 2) exposure to heat shock at 45°C for 4 h every 3d or for A) ‘Mitchell Diploid and B) ‘44568’ .
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Grandiflora Cultivars

A ‘Dreams Burgundy Picotee’ (3) B ‘Dreams Wild Rose Mix’ (4)

o £ ¢ = ‘ ‘ \’
C ‘Storm Violet' (5) D ‘Storm Red’ (6)

Figure 5.7 A pictorial representation of Grandiflora cultivars of Petunia x hybrida after 3 weeks growth at 1) control (30/25°C) or 2)
exposure to heat shock at 45°C for 4 h every 3 d or for A) ‘Dreams Burgundy Picotee’, B) ‘ Dreams Wild Rose Mix’, C) *Storm Violet’
and D) ‘Storm Red'.
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Grandiflora Cultivars (continued)

5 ’ N\
A ‘Ultra Salmon’ (7) B ‘UltraRed’ (8) r___g ‘DreamsMidnightﬁﬁg)
Figure 5.8 A pictorial representation of Grandiflora cultivars of Petunia x hybrida after 3 weeks growth at 1) control (30/25°C) or 2)

exposure to heat shock at 45°C for 4 h every 3 d or for A) ‘Ultra Salmon, B) ‘UltraRed’ and C) ‘ Dreams Midnight’.

Spreading Cultivars

e - 4

) " e e m} "\ y
%&-‘Easy Wave Shell Pink’ (9) & E_asy Wave Red’ (10) _E ‘Ramblin Lavender’ (11)

Figure 5.9. A pictorial representation of Spreading cultivars of Petunia x hybrida after 3 weeks growth at 1) control (30/25°C) or 2)
exposure to heat shock at 45°C for 4 h every 3 d or for A) ‘Easy Wave Shell Pink’, B) ‘Easy Wave Red and C) ‘Ramblin Lavender’.
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Spreading Cultivars (continued)

. L s \
=— ave Pink | “Wave Blue

Figure 5.10. A pictorial representation of Spreading cultivars of Petunia x hybrida after 3 weeks growth at 1) control (30/25°C) or 2)

exposure to heat shock at 45°C for 4 h every 3d or for A) ‘Ramblin White', B) *Avalanche Lilac’, C) ‘ Avalanche White', D) ‘Wave
Pink’ and E) ‘Wave Blue'.
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‘Avalanche Lilac’ (13) and ‘ Dreams Midnight’ (19) had significantly greater flower countsin the
field compared to cultivar *Wave Pink’ (15) (Fig. 5.11). For cultivars exposed to heat shock at
45°C for 4 h every 3 d, ‘Wave Pink’ (15) had significantly decreased flower countsin the field
compared to ‘ Madness Waterfall Mix’ (1), * Storm Violet’ (5), * Storm Red’ (6), ‘ Easy Wave Shell
Pink’ (9), ‘Ramblin Lavender’ (11), ‘ Avalanche Lilac’ (13) and * Avalanche White' (14). Petunia
cultivar ‘Madness Waterfall Mix’ aso had significantly more flowers per plant compared to

‘UltraRed’ (8) and ‘ Easy Wave Red' (10) (Fig. 5.11).

24
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Figure 5.11. The effect of heat shock (45°C for 4h every 3 d) (Control = 30/25°C day/night)
applied in the greenhouse on the number of flowers per plant of seventeen cultivars of Petunia x
hybrida after 6 weeks in the field. Error bars represent means of eighteen observations +SE.

Results for the effects of heat shock on average flower size in transplanted petunias were

very similar to flower count results. There was no significant difference in the average flower
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size of heat shocked plant compared to plant grown at 30/25°C within a specific cultivar.
However, cultivar had a significant effect on flower size in the landscape within each greenhouse
treatment. For cultivars grown at 30/25°C day/night, ‘Wave Pink’ (15) had a significantly smaller
flower size compared to * Madness Waterfall Mix’ (1), ‘Madness Lavender Glow’ (2), ‘ Dreams
Wild Rose Mix’ (4), * Storm Violet’ (5), * Storm Red’ (6), ‘ Ultra Salmon’ (7), ‘UltraRed' (8), ‘ Easy
Wave Red' (10), ‘ Ramblin Lavender’ (11), ‘ Avalanche Lilac’ (13) and ‘ Dreams Midnight’ (19)
(Fig. 5.12). For cultivars exposed to heat shock, ‘Wave Pink’ (15) had a significantly smaller
flower size compared to * Madness Waterfall Mix’ (1), ‘Madness Lavender Glow’ (2), ‘ Dreams
Wild Rose Mix’ (4), * Storm Violet’ (5), * Storm Red' (6), Ultra Red’ (8),  Easy Wave Shell Pink’ (9),

‘Ramblin Lavender’ (11), ‘ Avalanche Lilac’ (13) and * Avalanche White' (14) (Fig. 5.12).
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Figure 5.12. The effect of heat shock (45°C for 4 h every 3 d) (Control = 30/25°C day/night
applied in the greenhouse) on average flower size (cm) of seventeen cultivars of Petunia x
hybrida after 6 weeks in the field. Error bars represent means of eighteen observations +SE.
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Heat shock treatment of 45°C for 4 h every 3 d during greenhouse production compared
to control (30/25°C) did not have a significant effect on shoot dry weight within petunia cultivars
after 6 weeks transplant in the field. However, there was a significant difference between several
cultivars for respective treatments. Petunia cultivars * Madness Lavender Glow’ (2) and
‘Avalanche Lilac’ (13) exposed to heat shock at 45°C for 4 h every 3 d or control (30/25°C)
during greenhouse production had significantly increased shoot dry weights after 6 weeks
transplant in the field compared to heat shocked ‘Wave Blue' (16) (Fig. 5.13).

Results also indicated that for petunias grown at control temperature (30/25°C) in the
greenhouse, total leaf areawas significantly larger in * Avalanche Lilac’ (13) compared to control

or heat shocked ‘ Avalanche White' (14) (Fig. 5.14).

1="Madness Waterfall Mix' 9='Easy Wave Shell Pink'
50 q2='"Madness Lavender Glow' 10='"Easy Wave Red' Control
3='Dreams Burgundy Picotee' 11="Ramblin Lavender' Heat shock
45 - 4='Dreams Wild Rose Mix' 12='Ramblin White'
5='Storm Violet' 13='Avalanche Lilac'
40 - 6='Storm Red' 14='Avalanche White'
—~ 7="Ultra Salmon’ 15='Wave Pink’
= 8='Ultra Red" 16="Wave Blue'
E 35 1 19='"Dreams Midnight' ?
= %
T 30 % %
= é ) %
S N ? 7 I/ ? 4
) T % 7B 7B % %
= AAAA A AR A AN AN 7
o s WEVEERLRYNVERLER R YL 7
AAA AN AA NN AN N
AN AN ANA A
v IV ELL R LR LR LY
A IAA A A
AAANAAANA AN AN
s W REE N EREREEREERRERERRE
ol 78 0 A7/ 70 070 /070 7007
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 19

Cultivars

Figure 5.13. The effect of heat shock (45°C for 4 h every 3 d) and Control (30/25°C day/night)
applied in the greenhouse on shoot dry weight (g) of seventeen cultivars of Petunia x hybrida
after 6 weeksin the field. Error bars represent means of eighteen observations +SE.
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Figure 5.14. The effect of heat shock (45°C for 4 h every 3 d) and Control (30/25°C day/night)
applied in the greenhouse on total leaf area (mm?) of seventeen cultivars of Petunia x hybrida
after 6 weeksin thefield. Error bars represent means of eighteen observations +SE.

Heat shock at 45°C for 4 h every 3 d during greenhouse production did not have a
significant effect on the average internode length (cm) for each cultivar after 6 weeksin the
landscape. However, there were differences in internode length between several cultivars for
respective treatments. For petunias grown at control (30/25°C), the cultivar  Madness Lavender
Glow’ (2) had significantly increased internode length compared to ‘ Easy Wave Shell Pink’ (9),
‘Ramblin Lavender’ (11), ‘Ramblin White' (12), ‘ Avalanche White' (14), ‘Wave Pink’ (15) and
‘Wave Blue' (16) (Fig. 5.15). ‘Madness Lavender Glow’ (2) was unaffected by heat shock but

had significantly longer internode lengths compared to heat shocked cultivars ‘ Easy Wave Red’
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(10), ‘Ramblin Lavender’ (11), ‘ Avalanche White' (14), ‘Wave Pink’ (15) or ‘Wave Blue' (16)

(Fig. 5.15).
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Figure 5.15. The effect of heat shock (45°C for 4 h every 3 d) and Control (30/25°C day/night)
applied in the greenhouse on average internode length (cm) of seventeen cultivars of Petunia x
hybrida after 6 weeks in the field. Error bars represent means of eighteen observations +SE.

There were no significant differencesin plant quality for control and heat shock treated
plants after greenhouse production for all petunia cultivars. Petunia cultivars grown at 30/25°C,
showed no significant difference in plant quality after 6 weeks in the landscape. However,
cultivar had a significant effect on landscape quality of petunias exposed to heat shock (45°C for
4h every 3 d). For heat shocked cultivars, ‘ Storm Red’ (6) had significantly higher quality rating
than ‘Easy Wave Red’ (10), ‘Ramblin White' (12) or ‘Wave Pink’ (15) (Fig. 5.15).
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Figure 5.16. The effect of heat shock (45°C for 4 h every 3 d) and Control (30/25°C day/night)
applied in the greenhouse on landscape plant quality of seventeen cultivars of Petunia x hybrida
after 6 weeksin the field. Error bars represent means of eighteen observations +SE.

5.4 DISCUSSION

Heat shock treatment of 45°C for 4 h every 3 d during 3 weeks greenhouse production
was not significant when investigating responses of three Petunia x hybrida plant classes
(floribunda, grandiflora and spreading). Results indicated that floribunda cultivars displayed a
higher flower count than spreading cultivars when grown at control temperature (30/25°C).
However, there was no significant difference between plant classes exposed to heat shock,
suggesting that there may be significant effects of heat shock for specific cultivars within a plant
class. After further investigation of heat shock response of nineteen Petunia x hybrida cultivars

from these petunia classes, heat shock resulted in reduced relative internode length in ‘ Ultra Red’
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(8) cultivar and reduced leaf arearatio in ‘44568 (18) compared to respective cultivars grown at
control (30/25°C) (Table 5.2). The decreased relative internode length of heat shocked *Ultra
Red' (8) indicated that this cultivar may have a higher capability of withstanding heat stress by
developing shorter internodes. Decreased internode length was observed in more heat tolerant
cultivars of cow pea (Vigna unguiculata (L.) Walp.) (Ismail et a., 2000) and is also an adaptive
response that can be devel oped through heat shock (Natargjan, 2005). The ‘44568’ cultivar isa
transgenic ethylene-insensitive petunia that has been used in previous studies where ethylene
insensitivity resulted in decreased adventitious root formation (Clark et al., 1999). Decreased
root growth as aresult of heat stress can strongly affect plant shoot growth and nutrient uptake as
seen in wheat (Triticum aestivum L.) (Kuroyanagi and Paulsen, 1988) and creeping bentgrass
(Agrostis palustris Huds. cv. Penncross) (Huang and Xu, 2000). A decrease in root growth
caused by ethylene insensitivity may have further enhanced the effect heat shock at and could be
responsible for the reduced LAR observed in ‘44568’ . The number of flowers per plant, average
flower size and relative growth rates were not affected by heat shock when averaged after 3
weeks of exposure which indicated that heat shock at this temperature, duration and frequency is
not severe enough to cause an immediate response that is sustained over the entire treatment
period. Rather, heat shock at 45°C for 4 h every 3 d had an accumulated response, where
decreased flower count, flower size and relative growth weights only occurred after being heat
shocked for at least 3 weeks (Table 5.3) indicating that these traits are not directly sensitive to
the higher temperature but rather the amount or frequency of heat shock exposures. Natargjan
(2005) found that Salvia splendens F. Sellow ex Roem & Schult. exposed to heat shock every 3
daysfor 3 hours at 30, 35, 40 and 45°C, resulted in decreased root and shoot dry weight as

temperature increased.
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Heat shock at 45°C for 4 h every 3 d during 3 weeks greenhouse production did not
promote hesat tolerance in the landscape. Petunia cultivars grown at control temperature (30/25°C)
did not perform any different than the respective heat shocked cultivar for flower count, flower
size, shoot dry weight, leaf area, internode length or quality in the landscape. However, results
indicated differences between cultivars, irrespective of treatments. After investigating growth
responsesin the field, petuniasin the ‘Wave' series, ‘Wave Pink’ (15) and ‘Wave Blue' (16),
appeared to have limited overall growth or performance in the field. The flower count, size and
quality of ‘Wave Pink” was the most significantly affected. These results contradict petunia
evaluations by Kelly et a. (2007) who considered ‘Wave Pink’ to have the best overall landscape
performance within spreading class. For some measurements, ‘Madness Lavender Glow’ (1) and
‘Avalanche Lilac’ (13) had increased growth effects compared to several other cultivars which
does agree with previous landscape evaluations (Kelly et al., 2007; Liu, 2009). Cultivar ‘Ultra
Red' (8) was not significantly affected in the landscape even though it has been previously
evaluated as having poor landscape performance. Decreased internode length observed in ‘Ultra
Red’ (8) during greenhouse production has been considered an adaptive characteristic for heat
tolerance and may have had an effect on the subsequent landscape performance.

This study isthefirst to report on the effects of heat shock during bedding plant
production to induce acquired thermotolerance and subsequent growth and development in the
landscape. Although heat shock at 45°C for 4 h every 3 d had little effect on plant growth and
development in the greenhouse and did not significantly promote heat tolerance in the landscape,
an increase in frequency and/or duration of heat shock application may have a more significant
effect. Based on the results of this study, further research investigating heat shock frequency and
duration should be conducted to develop an effective heat shock protocol in the greenhouse to

induce acquired thermotol erance and improve petunia landscape survivability.
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CHAPTER 6. SUMMARY AND CONCLUSIONS

Heat stressis one of the greatest challenges for growth and development of bedding
plants during greenhouse production and postproduction in the landscape, particularly in the
southern United States or during the summer months. Inducing acquired thermotol erance during
production by exposing plants to supraoptimal temperatures for specific durationsin the
greenhouse would be most beneficia to growersin heat stressed environments. However, little
research has been done to investigate the morphological effects of bedding plants during heat
shock or enduring heat stress preconditioning in the greenhouse or the resulting performance in
the landscape.

Preliminary studies indicated that petunia grown at enduring hesat stress 35/25 or 40/30°C
induced some desirable traits such as compact vegetative growth for improved shipping and
landscape performance but also resulted in detrimental effects to petunia flowering habit during
greenhouse production. Although petunia grown at these temperatures were able to adapt in the
landscape, growing plants at enduring 35/25 or 40/30°C in the greenhouse did not result in
marketable plants and would therefore not be arecommended growth temperature to growers.
Preliminary heat shock studies revealed that exposure to 35 or 40°C for 2 h once per week did
not have a significant effect on petunia growth and development.

Further research of growth under enduring heat stress and heat shock treatments with
increased temperatures, durations and frequency at every 3 d during production were attempted
and investigated with subsequent acquired thermotolerance test. Results indicated that the effect
of heat shock or enduring heat stress temperature for inducing acquired thermotol erance
appeared to be most critical at 45°C for petunia Dreams ‘Midnight’, although the critical duration
and frequency necessary for a heat tolerant marketable plant at this temperature was not fully

elucidated within the treatments used. Longer durations at critical temperatures (enduring heat
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stress) appeared to promote better heat tolerance but did not result in a marketable plant.
Therefore heat shock using shorter durations at higher frequencies than every 3 d during
production should be considered for future research.

The critical acquired thermotol erance temperature of 45°C observed in petunia Dreams
‘Midnight’, was further investigated on nineteen cultivars of petuniathat were separated into 3
different plant classes; floribunda, grandiflora and spreading. Heat shock at 45°C for 4 h every
3 d during greenhouse production did not have a significant effect on growth and development of
petunia cultivars or classes compared to petunia grown at control temperature (30/25°C). Petunia
cultivars exposed to heat shock did not appear to have increased heat tolerance or better
performance in the landscape. However, certain cultivars did perform differently in the
greenhouse and the landscape indicating that cultivars may differ in heat tolerance or have
different critical temperatures for inducing acquired thermotolerance. The study also reveaed
that the decreased overall landscape performance in cultivar ‘Wave Pink’ contradicted previous
landscape evaluations where ‘Wave Pink’ was observed as having better performance.

This research was the first to quantify morphological and physiological responsesto heat
shock and enduring heat stress during bedding plant production for devel oping a greenhouse
protocol for inducing acquired thermotolerance for improved landscape survivability. While the
critical temperatures used in this study are effective for promoting heat tolerance in petunia,
specific exposure durations or frequency of exposure during production should be further
investigated in order to define an effective acquired thermotolerance protocol to improve

landscape survivability.
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